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All-SiC Modules Equipped with SiC Trench Gate
MOSFETSs

NAKAZAWA, Masayoshi*

DAICHO, Norihiro*

TSUJI, Takashi*

ABSTRACT

There are increasing expectations placed on products that utilize SiC modules to achieve higher efficiency,
smaller size and larger capacity in power conversion equipment. Fuji Electric has been producing products that in-
corporate All-SiC modules with a rated capacity of up to 1,200 V/100 A in a package with a new structure. This pack-
age achieves higher performance and higher reliability for SiC modules. In order to expand the rated capacity, Fuiji
Electric has recently developed a large-capacity package with a new structure. This new package utilizes an All-SiC
module with a rated capacity of 1,200 V/400 A, being equipped with an SiC trench gate MOSFET that achieves both

low on-resistance and high-speed switching characteristics.

1. Introduction

In order to mitigate environmental problems such
as global warming and achieve a low-carbon society, it
is necessary to develop energy-saving power conversion
equipment and actively utilize renewable energies.
Power semiconductors play a major role in efficient
power conversion. Up until now, silicon (Si) has been
used as a major semiconductor material. However,
in spite of characteristic improvement efforts for Si
semiconductor devices, their performance is already
approaching the theoretical limit determined by the
physical properties. It is against this backdrop that
wide band gap semiconductor silicon carbide (SiC) has
been focused as a next generation semiconductor mate-
rial. SiC devices can achieve significantly lower loss
than Si devices, it is thus expected that they will con-
tribute to further energy savings.

Fuji Electric commenced operation of the indus-
try’s first 6-inch SiC wafer production line at the
Matsumoto Factory in 2013 as shown in Fig. 1. In
2014, Fuji Electric developed and started producing
an All-SiC chopper module that combined SiC metal-
oxide-semiconductor field-effect transistor (SiC-MOS-
FET) and SiC Schottky barrier diode (SiC-SBD) for the
booster circuit used in mega solar power conditioning
systems (PCSs).” This All-SiC chopper module has
achieved the world’s highest level of conversion effi-
ciency at 98.8% while also contributing to miniatur-
ization of about 60% when compared to conventional
PCSs. Furthermore, Fuji Electric developed an All-
SiC 2-in-1 module in 2016 and has utilized its features
(low loss, high-temperature working guarantee, high
reliability and low thermal resistance) to successfully
develop a totally-enclosed self-cooled inverter (IP65 in-

* Electronic Devices Business Group, Fuji Electric Co., Ltd.
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Fig.1 6-inch SiC wafer

verter).®

Fuji Electric has already developed an All-
SiC module with a maximum rated capacity of
1,200 V/100 A.® In order to meet the demand for fur-
ther expansion of power module capacity, Fuji Electric
developed a large-capacity package with a new struc-
ture. This new package utilizes an All-SiC 2-in-1
module with a rated capacity of 1,200 V/400 A, being
equipped with a 1st-generation SiC trench gate MOS-
FET that achieves both low on-resistance and high-
speed switching characteristics. The following sections
introduce this module.

2. Line-Up of All-SiC 2-in-1 Modules

Table 1 shows the line-up of All-SiC 2-in-1 mod-
ules. A line-up of Type 1, Type 2 and Type 3L newly
structured packages are provided for their respective
rated current. Compared with the conventionally
highest rated Type 2 module of 1,200 V/100 A, the cur-
rent product development utilizes a newly developed



Table 1 Line-up of All-SiC 2-in-1 modules

Type 1 Type 2 Type 3L

External di- W68 x D26 x | W68 x D26 x | W126 x D45 x
mensions (mm) H13 H13 H13
External
appearance

Voltage

1,200
Rat- | (V)
in;
& (CA‘)”ent 25, 50 75, 100 200, 300, 400

Main

termi- Solder pin Screw terminal
Ter- |nal
minal | Ayxil-

iary ter- Solder pin

minal

Main
Con- | termi- Printed circuit board Bus bar
nec- | hal
tion | Auxil-
point | jary ter- Printed circuit board

minal

large-capacity Type 3L package to achieve a 2-in-1
module with a maximum rating of 1,200 V/400 A.

3. AII-SiC Module Elemental Technologies

3.1 Newly structured large-capacity package

Figure 2 shows a comparison of the newly struc-
tured package developed for All-SiC modules and the
conventionally structured package for Si-IGBT mod-

External pin
terminal

} Power
substrate
I~ Copper
| / | } pin
| ] [J ]
/ Ceramic insulating
SiC-SBD substrate

Pin terminal high |_|

heat-resistant epoxy resin

SiC-MOSFET

(a) Newly structured package

Silicone gel

Power chip /

/

Aluminum wiring

Terminal case .
Terminal

‘

Metallic base

Ceramic insulating substrate

(b) Conventionally structured package

Fig.2 Comparison of package structures

All-SiC Modules Equipped with SiC Trench Gate MOSFETs

ules.”? The conventional package utilizes aluminum
bonding wire for the wiring, silicone gel resin for the
insulation sealing resin and a thin copper ceramic
insulating substrate for the insulating substrate. In
contrast to this, the newly structured package utilizes
implant pins for the wiring, high heat-resistant epoxy
resin for the sealing resin and a thick copper ceramic
insulating substrate for the insulating substrate. As
a result, it facilitates high-density mounting in which
multiple SiC chips are connected in parallel, while also
achieving reduced internal inductance, low thermal re-
sistance and high reliability.

The large-capacity newly structured package is
based on these technological characteristics and is dis-
tinguished by the following 3 development points:

(a) Making it easy to connect the main terminals
and laminated bus bar

(b) Making it easy to connect the auxiliary termi-
nals and the printed circuit board

(¢) Securing an isolating distance between termi-
nals, and between terminals and ground, while
simultaneously achieving low inductance

Laminated bus bar is preferred to achieve low in-
ductance when connecting an input power supply with
a power module. This large-capacity newly structured
package utilizes a screw terminal structure for con-
necting the laminated bus bar and the power module.
The screw terminal structure is designed by laser
welding together the external pin terminals and a cop-
per bar with a threaded hole located on the top part of
the external pin terminals.

Furthermore, to achieve high-speed high-frequency
switching, it is necessary to reduce gate-source wir-
ing inductance. Therefore, a solder pin is used for the
auxiliary terminals to enable direct connection with
the circuit board via soldering. This made it possible
to arrange the gate driver circuit in the vicinity of the
module.

In addition, it is necessary to secure a sufficient
isolating distance to comply with IEC 60077 and IEC
62497 for the insulation while also obtaining an ex-
ternal shape that enables expansion of the absolute
maximum rated voltage to 1,700 V. However, in this
respect, there was the issue of increasing the package
size. Furthermore, to suppress surge voltage during
high-speed turn off current, there was the issue of re-
ducing internal inductance of the module. Therefore,
external shape of this package has the same low height
as the conventional Type 2 package to secure a suffi-
cient isolating distance, shorten the main circuit path
and achieve low inductance.

3.2 SiC trench gate MOSFET with rated withstand voltage
of 1,200V
Fuji Electric has been providing the market with
All-SiC modules equipped with planar gate MOSFET.
As is well known, one effective way to further reduce
on-resistance per unit area for planar gate MOSFET is
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Fig.3 SiC trench gate MOSFET cross sectional structure and
chip external appearance

to reduce the cell pitch. However, excessive reduction
of the cell pitch can lead to increased junction field-
effect transistor (JFET) resistance. As a result, on-
resistance can’t be lower.

Therefore, the trench gate MOSFET is adopted to
suppress the increase in the JFET resistance resulting
from reduction of the cell pitch, and thus, make it pos-
sible to achieve low on-resistance. Figure 3 shows the
cross sectional structure of the recently developed SiC
trench gate MOSFET and the external appearance of
the chip.®

In order to simultaneously establish a low on-
resistance and a high threshold voltage that does not
induce malfunction, the cell pitch was reduced, and
the channel length was also optimized. Furthermore,
to improve the reliability of the oxide film, a p-well is
used to enclose the gate oxide film at the bottom of the
trench to help ease the high electric field on the gate
oxide film. Moreover, as shown in Fig. 3, the JFET re-
gion (see C in the figure) that is between the p-well at
the bottom of the trench (see A in the figure) and the
p-well connected to the source (see B in the figure) was
optimized.

By adopting the above-mentioned trench gate
MOSFET and optimizing various parameters, the de-
velopment of an SiC MOSFET with a rated withstand
voltage of 1,200 V with the world’s highest-level of on-
resistance at 3.5 mQ-cm? and a threshold voltage of
5V has been achieved.

4. Characteristics of 1,200-V/400-A All-SiC 2-in-1
Module

4.1 Output characteristics

Figure 4 shows the output characteristics of All-
SiC module (1,200-V/400-A rated product) that is
achieved by the large-capacity newly structured pack-
age equipped with the trench gate MOSFET and 7th-
generation “X Series” Si-IGBT module (1,200-V/450-A
rated product).® Because MOSFETSs have no built-in
voltage unlike as IGBTSs, the steady-state loss during
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Fig.4 Comparison of output characteristics

continuous operation of the All-SiC module is lower
than that of the Si-IGBT module.

4.2 Switching characteristics

Figure 5 shows the turn-on, turn-off and reverse
recovery switching waveforms of the All-SiC module.
The waveforms are stable and that there is no mal-
function.

Figure 6 shows a comparison of turn-on losses, Fig.
7, turn-off losses, Fig. 8, reverse recovery loss, and
Fig. 9, total switching losses. Compared with the 7th-
generation Si-IGBT module, the All-SiC module re-
duces turn-on loss by approximately 87%, turn-off loss

Ty;=175°C, Vo =600V, Ip =400 A,
Vs =+20 V=3 V, Rgoniott = 11 Q

| Vst 10 Vidiv

Turn-on —-——————~\ :

- \ . Vps: 200 V/div

] Zak t: 200 ns/div

; | Vs 10 Vidiv

Turn-off LA A
_Ip: 200 A/div |

T W N

l————-——-‘. T,
Vog: 1200.V/div. t: 200 ns/div

Reverse AL Ie: 200 A/div
recovery \ifs e

Vi: 200 V/div t: 200 ns/div

Fig.5 All-SiC module switching waveforms (1,200 V/400 A)
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Fig.6 Turn-on loss

Ty;=175°C, Ve =600V, I =400 A,
Si-IGBT module: Vgg = +15 V/-15 V
All-SiC module: Vgg = +20 V-3V

300
E
S 250}
%Q Si-IGBT module
g 9200} 450-A rated product
rg 150 F Recommended
% gate resistance
5 100 | All-SiC module
E 400-A rated product
5 50}
Sl
0 L MR |7|L|? 7777777777 [
0.1 1 10 100

Gate resistance Rg (Q)

Fig.7 Turn-off loss
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Fig.8 Reverse recovery loss
by approximately 74% and reverse recovery loss by ap-

proximately 95%. As a result, total switching loss was
reduced by about 84%.
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Ty;=175°C, Voe =600 V, I = 400 A,
Si-IGBT module: Vg = +15 V/-15V
All-SiC module: Vgs =+20 V/-3V
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Fig.9 Total switching loss

4.3 Inverter loss simulation

Figure 10 shows the simulation results for inverter
loss under general use conditions for the inverter
mounted All-SiC module and 7th-generation “X Series”
Si-IGBT module. Compared with the Si-IGBT module,
the All-SiC module reduced inverter loss for the in-
verter by approximately 57 %.

Figure 11 shows the simulation results with respect
to the carrier frequency dependence of the inverter
loss. Compared with the Si-IGBT module, the switch-
ing loss for the All-SiC module was extremely low. The
results shows that using the All-SiC module with high
carrier frequency can lead to the significant miniatur-
ization of passive components such as DC reactors and
isolation transformers. As one example, the auxiliary
power supplies of electrical rolling stock can achieve
device weight savings and miniaturization of about
50% compared with conventional utility frequency link

fo=60Hz, f.=4kHz, Voc =600V, I, =140 Arms,
Power factor = 0.9, Modulation rate = 1.0,
Three-phase modulation

250

2001 e __ 186 Reverse recovery
§ loss
<= A . . .
2 150 | 5? %rox Diode conduction
= reduction _/ loss
-
g 100 } M — Turn-off loss
g -/ Turn-on loss
S

50 | Switching element
conduction loss

400-A rated 450-A rated
product product
All-SiC Si-IGBT

Fig.10 Inverter loss simulation results
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Power factor = 0.9, Modulation rate = 1.0,
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Fig.11 Inverter loss carrier frequency dependence
system.
5. Postscript

In this paper, All-SiC module that comes equipped
with SiC trench gate MOSFETSs was introduced. By
equipping the newly developed large-capacity package
with a new structure with SiC trench gate MOSFETS,
2-in-1 module with a rated capacity of 1,200 V/400 A
has been successfully developed. In the future, we
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plan to increase the power density and expand our
line-up of All-SiC modules to contribute to the minia-
turization, high-efficiency and high-reliability of vari-
ous types of power conversion equipment.

Some of the development work has been car-
ried out as part of a project of the joint research body
Tsukuba Power Electronics Constellations (TPEC).
We would like to conclude by expressing our apprecia-
tion to all those involved in the project.
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3.3-kV All-SiC Modules for Electric Distribution
Equipment

TANIGUCHI, Katsumi*

KANEKO, Satoshi*

KUMADA, Keishiro*

ABSTRACT

Fuji Electric has partnered with the New Energy and Industrial Technology Development Organization (NEDO)
in a project to develop electric distribution equipment and control systems that contribute to power grid stabilization
when distributed energy sources such as solar power generation are massively introduced. For electric distribution
equipment, an All-SiC module with a withstand voltage of 3.3 kV has been developed in that purpose. Compared to
conventional Si-IGBT modules, it reduces the generated loss of inverters by 64%. As a result, our electric distribution
equipment becomes so small and lightweight that they can be mounted to a single utility pole, which was not possible

for conventional Si-IGBT modules due to size restrictions.

1. Introduction

There has been growing demand to reduce emis-
sion of greenhouse gases such as CO2 in order to miti-
gate global warming. To achieve this, it is necessary
to use renewable energies actively and adopt energy-
saving power electronics equipment. Playing a major
role in power conversion for power electronics equip-
ment is power semiconductors. Up until now, the
technological advance of silicon (Si) devices has made
them widely popular, but they are already nearing the
performance limit of their physical properties. Against
this backdrop, it is expected that next-generation sili-
con carbide (SiC) semiconductor devices will enable
even greater reductions in power loss while simultane-
ously contributing to energy savings and the reduction
of size and weight of power electronics equipment.

In September 2014, Fuji Electric began working
with the New Energy and Industrial Technology Devel-
opment Organization (NEDO) in the “Demonstration
Project for Constructing a Distributed Energy Next-
Generation Electric Power Network.” We have been
developing next-generation voltage regulators (electric
distribution equipment) and applicable control systems
such as a static var compensator (SVC) that uses SiC
power semiconductors. This development is aimed at
supporting the expanded installation of renewable en-
ergies such as photovoltaic power generation and also
support to maintain and improve Japan’s international
competitiveness in the electric power equipment and
systems industry.

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

2. AII-SiC Power Semiconductor Modules for
Electric Distribution Equipment

In the “Demonstration Project for Constructing a
Distributed Energy Next-Generation Electric Power
Network” that we have been participating in with
NEDO, one of the goals has been to facilitate the large-
scale adoption of distributed energy sources such as
photovoltaic power generation to electric distribution
systems. In this regard, we have been developing elec-
tric distribution equipment and applicable control sys-
tems to deal with many technological challenges, such
as the generation of surplus power, lack of power for
frequency adjustment and voltage rise in distribution
wires (see Fig. 1). Particularly in Japan, the increased
adoption of household photovoltaic power generation
would create challenges such as power loss caused by
reverse power flow at times of voltage rise in 6.6-kV
distribution systems and output suppression of photo-
voltaic power generation. Therefore, it is necessary to
utilize electric distribution equipment for these 6.6-kV
distribution systems. In this respect, it would be nec-
essary for them to be compact and lightweight so that
they could be mounted to existing utility poles (single
poles) and be self-cooling because they would not be
able to support water or air based cooling systems.

Electric distribution systems with conventional
Si power semiconductor were susceptible to large
amounts of loss and required large heat sinks for dis-
sipating heat generated by the module, thus making it
impossible to achieve size reductions and weight sav-
ings. Therefore, it was necessary to install dedicated
infrastructure for double utility poles,” and as a re-
sult, the adoption of these systems was infeasible due
to the problem of installation space and cost factors.

However, size reduction, weight savings and single
pole mounting can be achieved for electric distribution
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Next-generation distributed automation system
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Fig.1 Overview of NEDO’s “Demonstration Project for Con-
structing a Distributed Energy Next-Generation Electric
Power Network”

equipment equipped with our newly developed All-SiC
power semiconductor modules. Furthermore, they
can be operated at high-frequency (13 kHz or higher),
which is higher than the audible frequency of humans,
thus making it possible to install the equipment in resi-
dential areas and accelerate adoption of them. Figure
2 shows the recently developed 3.3-kV All-SiC module
for electric distribution equipment and the external
appearance of an SVC mounted with the module. This
paper describes the structure and characteristics of the
3.3-kV All-SiC 1-in-1 module developed for electric dis-
tribution equipment.

The All-SiC module contains SiC metal-oxide-
semiconductor field-effect transistor (SiC-MOSFET)
and SiC Schottky barrier diode (SiC-SBD) chips. Since

(Unit: mm)
Inverter

\ /41,300
1,120

(b) Pole SVC
(under development)

(a) 3.3-kV withstand voltage,
200-A rated
All-SiC 1-in-1 module

Fig.2 3.3-kV All-SiC module and pole-mount SVC
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on-resistance per unit area increases in proportion
with increases in withstand voltage, insulated gate
bipolar transistor (IGBT) mostly utilized for voltages
of 600V and higher in Si devices. IGBTSs reduce on-
resistance through conduction modulation that mi-
nority carrier holes are injected into the drift layer.
However, this also becomes a cause of large switching
loss, because tail current occurs during switching due
to an accumulation of minority carriers. In contrast,
SiC devices exhibit lower drift layer resistance than Si
devices, and as a result, are characterized by low on-
resistance even without conduction modulation. SiC
MOSFETSs thereby establish both high withstand volt-
age and low loss.

3. Module Structure

Figure 3 shows a comparison of the schematic struc-
tures of the cross-section of conventional and new mod-
ules. The structure of the 3.3-kV All-SiC module follows
the design principles for the structure of the 1.2-kV
All-SiC module for mass-produced power conditioning
systems (PCSs), and thus has a structure that is vastly
different from conventional Si-IGBT modules.?® The
structure of the All-SiC module utilizes copper pin
wiring on the power board instead of the conventional
aluminum bonding wire. This enables large current
flow and facilitates high-density mounting of SiC de-
vices. The insulating substrate on which the chips are
mounted utilizes a high-strength silicon nitride (SisNy)
insulating substrate bonded with thick copper plates
instead of conventional aluminum nitride (AIN) as a
design feature for improving resistance to epoxy resin
sealing stress. Furthermore, by adopting epoxy resin

Copper pin  Semiconductor chip Power board

/ } Epoxy resin
TERERL U suie

copper plate

Ceramic
[ T | Back
copper plate

o

Ceramic insulating
substrate

(a) Developed structure (All-SiC module)

Silicone gel ~ Aluminum wire Ceramic insulating substrate

Semiconductor chip /

External terminal

Resin case

/

/4
Solder
(b) Conventional structure (Si-IGBT module)

Copper base

Fig.3 Comparison of modules’ cross-sectional schematic
structures
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instead of the conventional silicone gel as the sealing
material for the inside of the module, we were able
to suppress solder degradation and insulation per-
formance reduction during high-temperature opera-
tion while also securing high reliability and achieving
weight savings without using a metal base nor case.

Figure 4 shows the results of a ATy power cycle
test for the All-SiC module and conventional 3.3-kV Si-
IGBT module at room temperature. The All-SiC mod-
ule exhibited a power cycle capability of at least 120
times greater than that of the Si-IGBT module at ATy; =
125°C. Electric distribution equipment is required to
have a service life of at least 20 years, which is twice
that of general industrial machines, which is 10 years.
In this respect, the product has a sufficient power cycle
capability to support this requirement.

4. Characteristics

The newly developed 3.3-kV All-SiC 1-in-1 module
has a rated current of 200 A. We compared its charac-
teristics with that of a same rated 200-A Si-IGBT 1-in-1
module that we made by replacing the SiC-MOSFETSs
with Si-IGBTSs and the SiC-SBDs with Si free wheeling
diodes (Si-FWDs).

4.1 /-V characteristics during conduction

The IV characteristics determine the amount of
steady-state loss, the loss generated at the time of
conduction in the module. Figure 5 shows the I- V char-
acteristics of an All-SiC module and Si-IGBT module
at Tvj = 25°C and Tyj = 150°C. Compared with the Si-
IGBT module, the All-SiC module had a smaller drain
voltage by 48% at 25°C and 20% at 150°C at a rated
current of 200 A. The SiC-MOSFET has lower steady-
state loss than Si-IGBT due to the lower on-resistance.

4.2 Switching characteristics

Switching loss can be classified into three different
types: turn-on loss generated during turn on, turn-off
loss generated during turn off and reverse recovery
loss generated during reverse recovery. Figure 6 shows

3.3-kV All-SiC Modules for Electric Distribution Equipment

turn-on loss, Figure 7, turn-off loss, and Figure 8, re-
verse recovery loss at Tvj = 150°C. Similarly, Fig. 9
shows total switching loss.

Compared with the Si-IGBT module, the All-SiC
module reduces turn-on loss by 80%, turn-off loss by
78% and reverse recovery loss by 85% when gate re-
sistance is 4.7 Q. As a result, total switching loss was

Ves=+15V
300 , . i
All-SiC / ’
module ) ’
250 | T,;=20°C ¢ J Si-IGBT
2 \ Si8% ) module
= 200} ! reduction 0% T =25°C
~ ’ <:| . 6
g / ,’l reduction
£ 150 ’
g /! 4 All-SiC module
5 ! T = 150°C
g 1w0f I i
A /! ’
501 / / Si-IGBT module
! /. Ty =150°C
P z
0 L L L L
0 1 2 3 4 5 6
Drain voltage Vps (V)

Fig.5 /-V characteristics

Vee= 1,650V, Iy = 200 A, T\; = 150°C
Vas = +15 V /=5 V (SiC), +15 V / ~15 V (Si)

5
3
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Fig.6 Turn-on loss
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Fig.7 Turn-off loss
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Fig.8 Reverse recovery loss
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Fig.9 Total switching loss
reduced by 80%.

4.3 Loss simulation of Inverter generated

Figure 10 shows the circuit configuration of the
3-level inverter in the SVC of electric distribution
equipment under development. Figure 11 shows simu-
lation results of the inverter generated loss for the
All-SiC module and Si-IGBT module under the operat-
ing condition of the 3-level inverter for SVC. As the
operating conditions of 3-level inverters for SVC, a car-
rier frequency was set at 13 kHz, which is higher than
that generally used for Si-IGBT modules, and thus a
steady-state loss occupied only several percent. The
inverter generated loss was almost entirely dependent
on switching loss. The simulation result showed that
inverter generated loss for the All-SiC module was
lower by 64% comparing with the Si-IGBT module.
This low generated loss resulted in a simplified product
design that adopts a self-cooling system for the cooling
structure for the SVC inverter while also facilitating
size reduction and weight savings and enabling single
pole mounting of the distribution system.

Figure 12 shows the carrier frequency dependence
for the generated loss of the inverter. Under condi-
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tions of 3-level inverter operation for SVC, the differ-
ence in generated loss between the All-SiC module and
the Si-IGBT module grew in proportion with carrier
frequency. Based also on this result, it can be said
that the All-SiC module is superior when operated at
high frequency.

5. Postscript

This paper introduced the 3.3-kV All-SiC modules
for electric distribution equipment. This module has
high reliability, which follows the design principles of
the structure of the 1.2-kV All-SiC module for power
conditioning systems. It is characterized by its low
loss and high-frequency operation, and those charac-
teristics contribute to the development of smaller and
lighter SVC, the electric distribution equipment that
can be mounted on a single pole.

We plan to accelerate the development of All-SiC
2-in-1 modules and large-capacity All-SiC modules for
rolling stock and achieve even greater size reduction
and weight savings in electric distribution equipment
so that we can further contribute to the development of

3.3-kV All-SiC Modules for Electric Distribution Equipment

power electronics technology and help realize of a low-
carbon society.

The content of this paper is based on the re-
sults obtained from the “Demonstration Proj-
ect for Constructing a Distributed Energy Next-
Generation Electric Power Network” implemented by
the New Energy and Industrial Technology Develop-
ment Organization (NEDO). We would like to con-
clude by expressing our appreciation to all those in-
volved in this project.
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“PrimePACK™?” of 7th-Generation ‘‘X Series”
1,700-V IGBT Modules

YAMAMOTO, Takuya®

YOSHIWATARI, Shinichi*

OKAMOTO, Yujin*

ABSTRACT

The demand for large-capacity IGBT modules has been expanding for power conversion systems used in vari-
ous sectors such as industrial, consumer, automotive and renewable energy. Fuji Electric has developed the “Prime-
PACK™” as the 7th-generation “X Series” IGBT modules. The module reduces power dissipation through character-
istic enhancement of semiconductor chip and significantly reduces thermal resistance by using a newly developed
high thermal conductive insulating substrate. Furthermore, by improving the capacity of ATy; power cycle and the heat
resistance of insulating silicone gel, the module has increased the guaranteed continuous operating temperature from
150°C to 175°C. With these technical development, Fuji Electric has achieved a product with a maximum rated cur-

rent of 1,800 A using newly developed technologies.

1. Introduction

These days, reduction of CO2 emission is as world-
wide trend to prevent global warming. Because of
the background and expectation for power electron-
ics technology, power conversion systems with power
semiconductors are expanding in various application
fields such as consumer and industrial, automotive ap-
plications. Especially, the demand for insulated gate
bipolar transistors (IGBTs) has been expanding as a
key device of power conversion systems for renewable
energy, such as photovoltaic power generation or wind
power generation, which have been introduced rapidly.

By many technological innovations, Fuji Electric
has achieved downsizing, improvement of power dis-
sipation and higher reliability of IGBT modules which
contribute to higher efficiency or downsizing of power
conversion systems in the past. In order to satisfy
further market demands as more downsizing and
higher efficiency, Fuji Electric has developed the 7th-
generation “X series PrimePACK™*1”,

2. Features of X Series PrimePACK™

Figure 1 shows the outline appearance of the X Se-
ries PrimePACK™., The X Series PrimePACK™ has 2
kind of packages named “M271” and “M272,” as same
shape as those of conventional “V Series” IGBT mod-
ules. Table 1 shows the X Series PrimePACK™ family.
Maximum current rating of the X Series PrimePACK™
is 1,800 A for both 1,200V and 1,700 V ratings. The
maximum current rating is about 29% expansion com-
pared with 1,400 A of conventional product. Further-
more, continuous operation junction temperature of
Tviop =175°C has been achieved by advanced charac-

* Electronic Devices Business Group, Fuji Electric Co., Ltd.
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(a) M271

(b) M272

Fig.1 X Series PrimePACK™

teristics of semiconductor chips and package technolo-
gies with long-term reliability performance.

3. Electrical Characteristics

In order to improve energy conversion efficiency,
it is important to reduce power dissipation of IGBT
module. The power dissipation is caused and affected
by electrical characteristics of installed semiconductor
chips, such as IGBT and free wheeling diode (FWD).
The X Series PrimePACK™ enables significant reduc-
tion of power dissipation compared with conventional
product by adopting the X series chips with latest fine
cell technology and thin wafer technology.® Moreover,
high temperature operating Tvjop =175°C, 25°C higher
than conventional has been realized by improving reli-
ability and withstand capability during higher tempera-

*1: PrimePACK™ is a trademark or registered trade mark
of Infineon Technologies AG.



Table 1 X Series PrimePACK™ family

Ratin; i i i
Package Vol g — Type I;;I;lslgc;?eg Insulat‘l;t))rllt ;vglghstand CTT* Teion
1,200V 900 A 2MBI900XXA120P-50 Al203
1,200 A 2MBI1200XXE120P-50 AIN
M2l 1700V 900 A 2MBI900XXA170-50 Al203
1,200 A 2MBI1200XXE170-50 AIN
1,200V 1,400 A 2MBI1400XXB120P-50 Al2Os3 4.0kV AC >600 175°C
1,800 A 2MBI1800XXF120P-50 AIN
M272 1,000 A 2MBI1000XXB170-50 Al203
1,700 V 1,400 A 2MBI1400XXB170-50 Al203
1,800 A 2MBI1800XXF170-50 AIN

* Comparative tracking index
ture operation.

3.1 IGBT characteristics

Trade-off relationship between saturation voltage
and turn-off energy has been dramatically improved
by the X series IGBT with newly developed fine cell
technology and thinner wafer technologies. Figure 2
shows comparison of the trade-off characteristic for the
X Series PrimePACK™ and a conventional product.
The characteristics of the X Series are improved about
0.7V of saturation voltage and about 11% of turn-off
energy compared with conventional product. More-
over, optimized field stop layer has realized suppres-
sion of voltage oscillation during turn off and enough
breakdown withstand voltage, even adapting thinner
wafer.

3.2 FWD characteristics

Forward voltage of the X series FWD has been im-
proved by thinner drift layer as well as X Series IGBT
chip. Furthermore, both of soft recovery waveforms
and improvement of reverse recovery energy have
been realized by lifetime control optimization. Figure
3 shows trade-off relationship between forward voltage
and reverse recovery energy. The characteristics of the

X Series are improved about 0.15V of forward voltage
and about 16% of reverse recovery energy. In gener-
ally, thinner drift layer causes voltage oscillation and
higher voltage spike during reverse recovery. However,
the X Series has equal or better performances than the
conventional product by optimization of back side volt-
age termination structure in FWD.

X Series: 2MBI1400XXB170-50
Conventional product: 2MBI1400VXB-170E-50
Vee=900V, I.=1,400 A, R = +0.47/-0.56 Q,
Vep=+/-15V, Ty; = 150°C
@ 600 -
.L; @® Measurement point
%Q' 500 F ==- Estimated value .
&) . e
> | e T
% 400 "‘~.mltional e
£ el product
= 300} X Series S
>
-
4
g 200F
e Forward voltage: Approx. 0.15-V reduction
2 100k Reverse recovery energy: Approx. 16%
) improvement
>
B 0 ' '
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Fig.3 Vr — Er trade-off relationship (FWD)
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Fig.4 Power dissipation

215

issue: Power Semiconductors Contributing in Energy Management



3.3 Power dissipation

Figure 4 shows calculated results of power dis-
sipation.  According to the results, the X Series
PrimePACK™ can reduce its power dissipation about
13.8% at a carrier frequency 1 kHz compared with con-
ventional product, and enables to contribute higher ef-
ficiency of power conversion systems.

4. Packaging Technology

Table 2 shows a comparison of the X Series and
conventional PrimePACK™. The X Series PrimePACK™
is designed to increase output current of power conver-
sion systems with same package size as conventional
product. In order to achieve the higher output current,
it is necessary to consider countermeasures for higher
temperature raising of semiconductor chips and degra-
dation of long-term reliability performance. Reduction
of semiconductor chips temperature rising is realized
by newly developed packaging technologies. Addition-
ally, continuous operation temperature upgrading also
has been achieved from 150°C to 175°C as shown in
Table 2. Long-term reliability has been also improved
to realize high temperature operation in application
field.®®

4.1 Newly developed high thermal conductive insulating

substrate

Improvement of junction-to-case thermal resis-
tance is important to realize effective cooling for heat
from semiconductor chips and main terminals. High-
est current rating of the X Series PrimePACK™ has
newly developed high thermal conductive insulating
aluminum nitride (AIN) substrate for higher cool-
ing performance. As a results, thermal resistance of
junction-to-case has been improved by about 45% com-
pared with conventional alumina (Al2Os) substrate in
case of same chip size. Figure 5 shows experimental
results for temperature raise in package. The results
show that about 11°C temperature reduction of IGBT
part has been achieved by the new AIN substrate com-
pared with conventional. Main terminals temperature
has also been improved by about 7°C.

Table 2 Comparison of X Series and conventional Prime-

PACK™
X Series Conventional

PrimePACK™ product
Rated voltage 1,200V, 1,700V | 1,200V, 1,700 V
Max. rated current 1,800 A 1,400 A
Insulating substrate AIN Al2O3
'Contl.nuous operation 4 175°C 150°C
junction temperature Tyjop
Silicone gel heat resis- 175°C 150°C
tance
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Temperature
I High

Low

(b) Conventional product

Fig.5 Experimental results of temperature rise

4.2 Expansion of continuous operation junction tempera-

ture Tyjop

In order to realize more higher output current, op-
eration junction temperature Tvjop has been expended
from 150°C to 175°C compared with conventional
product. For the expansion, capability improvement
against repetitive thermal stress (47y; power cycle ca-
pability) is necessary.

Figure 6 shows the ATy; power cycle capability.
The AT, power cycle capability is degraded by high

Condition: Cumulative failure rate = 1%
_10E
2 E
< .
E: '\\
"? el \\ Two times
7 10°k el S« improvement X Series
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© C e
o
k- -
3 B
&
= 10° .
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%9 | Conventional product (Tyjm. = 175°C)
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Fig.6 ATy power cycle capability
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Fig.7 Relationship between temperature and estimated sili-
cone gel life time

temperature operation. For example, the capability of
conventional product at Tvjmax = 175°C is lower than
at 150°C. However, the capability of the X Series
PrimePACK™ has been improved about 2 times higher
than conventional product under conditions of Tyjmax
= 175°C and ATv; = 50°C. The superior capability has
been realized by newly developed solder material and
new wire bonding technology for semiconductor chips.

According to the results, the X Series PrimePACK™
has realized higher ATv; power cycle capability at Tvjmax
= 175°C than that of conventional product even at
Tvimax = 150°C.

4.3 Newly developed silicone gel for high temperature
operation

IGBT module has silicone gel in its inside to have
enough insulation performance. However conventional
silicone gel is degraded by high temperature operation
such as 175°C.

Figure 7 shows the relationship between tempera-
ture and silicone gel life time. According to the data,
conventional silicone gel has over 10 years life time at
150°C. However it’s only about 2 years at 175°C. The
X series products utilize newly developed silicone gel
to have enough life time against high temperature op-
eration such as 175°C. The new silicone gel has over 10
years life time at 175°C, it is almost same life time as
convention one at 150°C.

5. Summary

Operation temperature upgrading to Tyjop = 175°C
by the X Series PrimePACK™ family has been realized
by serval advanced new technologies such as power dis-
sipation reduction by semiconductor chips improvement,
extra cooling by new AIN substrate, ATy; power cycle

“PrimePACK™” of 7th-Generation “X Series” 1,700-V IGBT Modules

Fig.8 Output current and IGBT junction temperature

capability reinforce and high temperature operating
capability by new silicone gel. As a results of these Fuji
Electric efforts, higher energy conversion efficiency and
more output power of power conversion systems can be
realized.

Figure 8 shows relationship between output cur-
rent of the system and IGBT junction temperature as
an example of improvements. As the result, 1.46 times
output current can be achieved with the X Series Prime-
PACK™ compared with the conventional product.

6. Postscript

The T7th-generation “X Series” IGBT module
“PrimePACK™” has achieved top class performance in
the power semiconductor market by dramatic improve-
ment of semiconductor chip characteristic and new
packaging technology. Further downsizing and higher
efficiency of power conversion systems will be achieved
by the X series families. It will contribute to safe, secure
and sustainable society. Fuji Electric will continuously
offer superior products with advanced technologies
and will contribute to achieving many benefits such as
downsizing, higher efficiency and reliable performance
of power conversion systems.
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“HPnC” High-Current SiC Hybrid Module

SEKINO, Yusuke® MITSUMOTO, Takahiro® MORIYA, Tomohiro*

ABSTRACT

Fuji Electric has been developing the “HPnC” high-current power module to be used with electric railcars and
photovoltaic and wind power generation facilities. The chip uses 7th-generation “X Series” technology, enabling it to
achieve lower power loss. The package employs an aluminum nitride (AIN) insulating substrate that utilizes a high
heat-dissipating member, as well as base materials consisting of magnesium and silicon carbide composite materials
(MgSiC). Adopting a laminated structure for the enclosure of the terminal makes the internal inductance decrease to
10 nH. Furthermore, Ultrasonic terminal welding is used to comply with the RoHS directive. With these technologies,
the module achieves a high current density, which is 12% greater than the conventional HPM.

1. Introduction

In recent years, there has been increasing demand
to improve energy efficiency and reduce COs2 emis-
sions as measures for preventing global warming. As
a result, the use of power conversion equipment that
employs power semiconductors has been spreading to
a wide variety of fields. In particular, there has been
advancements in equipment capacity and miniaturiza-
tion in the fields of electric railcars, photovoltaic power

Fig.1 “HPnC” high-current SiC hybrid module

Table 1 Product line-up

generation and wind power generation. In this re-
spect, the high-current insulated gate bipolar transis-
tor (IGBT) modules used for these types of equipment
have been required to be compact by increasing cur-
rent density.

In order to meet this demand, Fuji Electric has
been developing the “HPnC” (High Power next Core)
high-current power module. It uses a new package
equipped with 7th-generation “X Series” IGBT chips®
and SiC Schottky barrier diode (SiC-SBD) chips® (see
Fig. 1).

2. Product Line-Up Considerations

Table 1 shows the HPnC product line-up and fea-
tures. Fuji Electric has been considering two series for
the HPnC line-up, namely, a 3,300-V/450-A series and
1,700-V/1,000-A series. The HPnC line-up uses the X
Series IGBT. As for FWD, it uses Si based X Series
PiN diodes and SiC-SBDs that have enhanced charac-
teristics. In this paper, Fuji Electric will introduce the
3,300-V/450-A HPnC that comes equipped with a 3.3-
kV X Series IGBT and SiC-SBD.

Circuit configuration is 2 in 1 with a thermistor
for detecting temperature rise inside the module. For
the insulating substrate, an aluminum nitride (AIN)

Rated Rated Package Circuit Insulatin
Product type voltage | current IGBT FWD g configura- | Thermistor € Base
type . substrate
W) (A) tion
2MBI450XUF330-50 SiC-SBD
3,300 450 -
2MSI1450XUF330-50 . X Series . o .
X Series - M288 2in1 Built-in AIN MgSiC
2MBI1000XUF170-50 SiC-SBD
1,700 1,000 -
2MSI1000XUF170-50 X Series

* Electronic Devices Business Group, Fuji Electric Co., Ltd.
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ceramic is used to ensure high heat dissipation and
high reliability. As for the base plate, a magnesium
and silicon carbide (MgSiC) material is used, which is
the same coefficient of thermal expansion as the alumi-
num and silicon carbide composite material (AlSiC) of
conventional products. It secures the high reliability
needed for electric railcars. Moreover, MgSiC base
plate is higher thermal conductivity than AlSiC base
plate. Figure 1 shows the external appearance of the
module. The package has mounting compatibility with
the modules of other manufacturers.

3. “HPNnC” Features

Table 2 shows a comparison of characteristics with
the conventional for electric railcar module “HPM”
(High Power Module). Compared with the HPM, this
new module reduces surge voltage by improving para-
sitic inductance (internal inductance for the module),
increases current density, improves assembly during
parallel connections and complies with the RoHS Di-
rective®!.

3.1 Low inductance package

The internal inductance for the HPnC module
achieves 10nH, a 76% improvement compared with
the HPM’s value of 42 nH. Figure 2 shows the cross-
sectional structure of HPnC. A laminate structure is
used between the collector terminal and the emitter
terminal to reduce internal inductance. Figure 3 shows
a comparison of waveforms during turn off for the
HPnC and HPM. When both modules are evaluated at
same di/d¢ 5-kA/us, surge voltage for the HPnC during
turn off is about 150 V lower than that of the HPM as
a result of reducing inductance. This means that the

Table 2 Package characteristics

Collector Emitter AC
terminal terminal

Laminate structure terminal

Insulating substrate 1 Insulating substrate 2

Fig.2 HPnC cross-sectional structure

HPnC can be faster di/d¢ than the HPM during turn
off, in order to reduce switching loss.

3.2 Higher current density

The HPnC achieves a footprint-based current den-
sity of 6.43 A/ecm?, which is about 12% higher than
that of the 3.3-kV breakdown voltage HPM, which is
5.76 A/cm? This is the result of reducing thermal re-
sistance Ring.cp using a low-loss 7th-generation IGBT
chip and utilizing an MgSiC base, which has 1.5 times
the heat conductivity of the HPM’s AlSiC base.

3.3 Easy parallel connection assembly and superior

inductancee

High-current IGBT modules are often paralleled to
use for high current circuits. Table 3 shows a compari-
son of inductance and assembly during parallel connec-
tion for the HPM and HPnC. Total rated current for
the HPM was 2,000 A, with a pair of two 1,000-A 1-in-1
configuration modules connected in series, that are
made to be in a 2-in-1 configuration, connected in par-

Package HPnC HPM (conventional product) Improvement rate (%)
W: 100 W: 130

f}n)lifsmal appearance/dimensions I]-)I égo g égo _
Circuit 2in 1 lin1 -
Rating (typical) 3,300 V/450 A + 450 A 3,300 V/1,000 A -
Module internal inductance (Lp) 10nH 42 nH (for 2-in-1 configuration) 76.2
Surge voltage (V) 401 548 26.8
Footprint (cm?) 140 173.7 19.4
Current density (A/cm?) 6.43 5.76 11.6
Parallel connectivity Excellent Poor -
Inductapce during 2 in parallel 9.5nH 21 nH 89.0
connection (Lp)

RoHS Directive Compliant Not compliant -

#1: RoHS Directive: Directive issued by the European Union

(EU) concerning restrictions of the use of certain hazard-

ous substances in electrical and electronic equipment.

“HPnC” High-Current SiC Hybrid Module
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Fig.3 Turn-off comparison

allel. In contrast to this, rated current for the HPnC is
1,800 A, with four 450-A 2-in-1 configuration modules
connected in parallel.

Assembly of parallel connections for the HPM is
not easy when assembling bus bars to the main circuit

Table 3 Comparison of parallel connections for HPM and HPnC

since it involves 3 overlapping layers depending on
the terminal position, which include the collector bus
bar, AC bus bar and emitter bus bar. Assembly has
improved with use of the HPnC since it avoids this 3
layer overlap by positioning the AC terminal by itself
on the opposite side of the collector terminal and emit-
ter terminal.

Furthermore, the position of the emitter terminal
is far from the capacitor in the HPM, and thus the
emitter bus bar needs to be lengthened, which causes
an increase in main circuit inductance. As for HPnC,
the positions of the collector terminal and emitter ter-
minal are close to the capacitor, which shortens the
length of the bus bar and reduces the inductance of
the main circuit. Module internal inductance for the 2
HPM modules connected in parallel was 21 nH, while
4 HPnC modules connected in parallel was 2.5 nH,
equating to about a 90% reduction. Inductance is de-
termined by the internal inductance of the module and
the main circuit. Therefore, by reducing both of these
values, it is possible to achieve even faster switching.

3.4 RoHS compliance

In order to comply with the RoHS Directive, the
HPnC uses ultrasonic bonding instead of solder bond-
ing to join the terminals and insulating substrate. Fuji
Electric achieves higher reliability than the conven-
tional product by matching the coefficients of linear
thermal expansion of the materials to be joined.
4. Improvement of Chip Characteristics
Improving generated dissipation for the IGBT
module, which is important in miniaturizing the mod-

(total of 3,300 V/1,800 A)

Four 2-in-1 HPnC modules connected in parallel

Two 1-in-1 HPM modules connected in parallel
(total of 3,300 V72,000 A)

AC bus bar

\\'*4

Comparison of
assembly during
module parallel
connections

Emitter bus bar

Emitter bus bar

10 nH

= -

1 1

1 1

Comparison of o !
module : H
inductance o T 1
during parallel : ,
connections o : :
1

1

Total inductance: 10/4 =2.5 nH

Total inductance: (21 +21)/2 =21 nH

#: In order to make the structure easier to understand, it was represented using a spacer.
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ule (increasing current density), is greatly dependent
on IGBT chip and FWD chip characteristics.

4.1 Improvement of IGBT chip characteristics

Figure 4 shows the improvement in characteristics
compared with conventional IGBT chips at Tv; = 150 °C.
Turn-off loss Eoff has remained the same as before, but
collector-emitter voltage VcEat) for the X Series IGBT
chip is 2.5V, which is an improvement of 1.2V com-
pared with the 3.7V of conventional IGBT chips. The
X Series IGBT has been able to improve the trade off
between VCEieat) and Eofr by expanding the active area
through edge structure optimization and thinner the
drift layer.

4.2 Reduction of switching loss through use of SiC-SBD
Figures 5 and 6 show comparisons of waveforms
for the conventional 3.3-kV Si-IGBT module (HPM)
and 3.3-kV X Series SiC hybrid modules (HPnCs). In
this comparison, 2 HPnCs are connected in parallel to
match the rated current to the HPM. The SiC hybrid
significantly reduces turn-on loss Eon, and recovery loss
FEr does not occur through reduction of peak current Iy,
during reverse recovery. This is due to the fact that the

1,200
. = === X Series IGBT
1,100 N ®  Conventional IGBT
AY
~ 1,000 | .
) '\
£ g0} '\
% ' 1.2-V improvement
5 800 .\< g
5 AN
£ 700} “
=} ~
& so00f N
500 | T
400 : : '
2.0 2.5 3.0 3.5 4.0
Collector-emitter voltage Vcgeat) (V)

Fig.4 Improvement of 3.3-kV “X Series” IGBT chip character-
istics

Rgeonsofh = 1.6 Q

Vg =+15V/-15V, Ty; = 150°C, V¢ = 1,800 V

2,500 7 1,500
L HPM (Conventional
IGBT module)
% 2,000 L0
-2 I R G
= Z 500 ~
S 1,500 g~ &)
s | N\ e g
8 ====0 2
S 1,000 5
Q =500 ©
)
3
g 500 —1,000
0 —1,500
0 2 4 6 8
Time (us)
Fig.6 Comparison of recovery waveforms
Table 4 Comparison of switching loss (unit: mJ)
Turn-on Turn-off | Recovery Total
loss loss loss loss
Eon Eost Eyy Elotal
HPM (conventional 3,493 2,417 903 6,813
product)
HPnC (SiC hybrid) 2,374 2,294 2 4,670
Improvement rate (%) 32 5 99.8 31

SiC-SBD is a unipolar device, and this means that there
is no I;» because no carrier occurs. As shown in Table 4,
FEon is greatly improved by 32% and E.r by 99.8%.

4.3 Inverter generated loss

A comparison of the results of inverter generated
dissipation simulations for a 3,300-V/1,000-A HPM and
two 3,300-V/450-A HPnC modules connected in parallel
is shown in Fig. 7.

Total loss is improved by about 40% compared
with the HPM at a carrier frequency fc of 5 kHz and
an output current of 450 A. Furthermore, at the
same output current, the f; value for the HPnC can be
achieved to 9 kHz, which was 1.8 times higher than the
5 kHz value for the HPM. Moreover, when f; for both

Vg =+15V/-156V, Ty; = 150°C, V¢ = 1,800 V
RG(on/off) =16Q

2,500 2,500
HPM
Tow (Conventional IGBT
2,000 module) 2,000

1,500

1,000

500

(SiC hybrid
%, module)
AY

1,500

- 1,000

500

Current (A)

Collector-emitter voltage (V)

7,000

% Output current 1.6 times

o 6,000 |

=3

'*g | fc 1.8 times ’ ‘

2 5,000

[}

2 |\ 1

2 4,000 |- Py | Approx. 40%

2 I improvement

£ 3,000} f

Q

<}

j}

22,000 Pyt
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=
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g
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(1) HPM (Conventional product) Output current: 450 A fq: 5 kHz
(2) HPnC (SiC hybrid) Output current: 450 A f¢: 5 kHz
(3) HPnC (SiC hybrid) Output current: 450 A f: 9 kHz
(4) HPnC (SiC hybrid) Output current: 720 A f¢: 5 kHz

Fig.5 Comparison of turn-on waveforms

“HPnC” High-Current SiC Hybrid Module

Fig.7 Results of inverter generated dissipation simulation
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modules was 5 kHz, output current could be increased
1.6 times from 450 A to 720 A. The expansion in cur-
rent density and output current increasing contributes
to the miniaturization of the filter through expansion
of £ contributes to miniaturization and lower loss in
inverters.

5. Postscript

In this paper, Fuji Electric introduced the “HPnC”
high-current SiC hybrid module. The 3.3-kV break-
down voltage SiC hybrid module HPnC is capable
of suppressing surge voltage, improving high-speed
switching and supporting high current applications
through parallel connections as a result of employing
a laminate structure and reducing inductance through
optimization of the main terminal position in the mod-
ule’s package structure. Moreover, the utilization of
ultrasonic terminal welding technology secured a reli-
ability just as high as conventional products while also
fulfilling compliance with the RoHS Directive.

222

In addition, the improvement in characteristics
through use of the X Series IGBT and SiC-SBD for the
chip enabled the module to reduce inverter generated
dissipation, increase current density, expand f. and
achieve miniaturization. In the future, Fuji Electric
will work to further improve our packages and our chip
technology in order to contribute to the development of
power electronics technology.

Some of our research was carried out as part of
a project of the joint research body Tsukuba Power
Electronics Constellations (TPEC). We would like to
conclude by expressing our appreciation to all those in-
volved in the project.
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7th-Generation “X Series’”’ RC-IGBT Module
Line-Up for Industrial Applications

YAMANO, Akio*

TAKASAKI, Aiko®

ICHIKAWA, Hiroaki"

ABSTRACT

In order to meet the market demand of the smaller size, lower power dissipation and higher reliability for IGBT
modules, Fuji Electric has developed a reverse conduction insulated gate bipolar transistor (RC-IGBT) that integrates
an IGBT and a FWD on a single chip. We have also developed the “Dual XT” to expand the line-up of the 7th-gener-
ation “X Series” RC-IGBT module for industrial applications that has a rated voltage of 1,200 V. While the “Dual XT”
6th-generation “V Series” IGBT module for industrial applications had a maximum rated current of 600 A, the new
module has an expanded rated current of 1,000 A. Compared with the conventional product, which uses the same
package, the new product greatly improves the junction temperature and junction temperature rise of the chip dur-
ing actual operation. This module will contribute to further increase of the output and extension of service life of the

power converters.

1. Introduction

In recent years, there has been increasing expec-
tations for power electronics technologies that can ef-
ficiently utilize energy and contribute to energy conser-
vation in order to prevent global warming and realize a
safe, secure and sustainable society. In particular, the
demand for power semiconductors has been expanding
as a key device of power conversion systems in various
fields such as industry, consumer, automobile and re-
newable energy.

Since Fuji Electric commercialized an insulated
gate bipolar transistor IGBT) module in 1988, we have
contributed to miniaturization, cost reduction and per-
formance improvement of power conversion systems
through many IGBT module technology innovations
especially to miniaturize the size, reduce the loss and
improve the reliability. However, further miniaturiza-
tion of IGBT modules increases the power density, and
it would lead to create the risk of lower reliability due
to increasing the operating temperatures of IGBTs and
free wheeling diodes (FWDs). For this reason, techno-
logical innovations for chips and packages are essenti-
ality in order to maintain high reliability and increase
the power density of the IGBT modules.

To achieve this, we have innovated chip and pack-
aging technology and has developed 7th-generation
“X Series” IGBT module, which has facilitated in-
creased power density through its low loss and high re-
liability characteristics.®® In addition, we have also
developed a reverse-conducting IGBT (RC-IGBT) that
integrates an IGBT and FWD into a single chip.®® We
have reduced the number of chips and total chip area
while reducing generation loss. We have also achieved
further increase in power density through our 1,200-V

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

Tth-generation “X Series” RC-IGBT (X Series RC-
IGBT) module for industrial applications by combining
this chip and packaging technology. Currently, we are
proceeding with the series of X Series RC-IGBT mod-
ules, and this time, we have developed the “Dual XT”
with RC-IGBT.

2. Characteristics of 7th-Generation “X Series”
RC-IGBT Module for Industrial Applications

Figure 1 shows the schematic diagram and equiva-
lent circuit of the X Series RC-IGBT. Inverters that
are widely used as power conversion systems require
antiparallel connection of an IGBT and a FWD chip.
In contrast to this, the RC-IGBT integrates an IGBT
and FWD into a single chip.

Compared with the 6th-generation “V Series”
IGBT, the X Series RC-IGBTs have also applied finer
pattern design rules of X Series chip technology and
achieved significant reduction in collector-emitter satu-
ration voltage VcE@at). Moreover, the latest thin wafer

FWD

IGBT
Collector Cathode

Gate %S

Emitter Anode

RC-IGBT

Collector

Emitter

Fig.1 Schematic diagram and equivalent circuit for 7th-genera-
tion “X Series” RC-IGBT for industrial applications
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processing technology has also been applied to improve
the trade-off relationship between the saturation volt-
age and turn-off switching loss. In general, there is
the risk of voltage oscillation and breakdown voltage
reduction during turn off when utilizing thin wafers.
However, the X Series RC-IGBT suppresses them
through optimization of each structure for the chip.
Thermal resistance has also been greatly reduced
through applying a heat high-dissipating insulating
substrate, which is one of the packaging technologies
of the X Series. In addition, the module guarantees op-
erating virtual junction temperature under switching
conditions Tyjop at 175°C and secures high reliability
through optimization of wire bonding, utilization of high-
strength solder and highly heat-resistant silicone gel.
By employing these technologies, X Series RC-
IGBT module achieves a higher rated current in the
same package size as previous products that are com-
posed of both conventional IGBT chip and FWD chip.®

3. Product Line-Up
Figure 2 shows the external appearance of the

newly developed X Series RC-IGBT Dual XT module,
Table 1 shows the line-up and Table 2 shows the char-

(Unit: mm)

Fig.2 7th-generation “X Series” RC-IGBT “Dual XT” module for
industrial applications

Table 1 “Dual XT” line-up

Rated voltage Rated current (A)
1,200V 225 ‘ 300 ‘ 450 ‘ 600 | 800 | 900 | 1,000
'V Series IGBT +
V Series FWD

Dual XT ] ] T

. . X Series
+

X ?erles IG‘rBT X S‘:erles FVYD RC-IGBT

Table 2 “Dual XT” characteristics

acteristics. The 7th-generation X Series RC-IGBT
Dual XT module has expanded maximum rated cur-
rent to 1,000 A, whereas the 6th-generation “V Series”
IGBT Dual XT module for industrial applications has a
maximum rated current of 600 A.

4. Characteristics of 7th-Generation “X Series”
RC-IGBT “Dual XT” Module for Industrial
Applications

Figure 3 shows the output characteristics of the
X Series RC-IGBT Dual XT module with a rated cur-
rent of 1,000 A compared with the V Series IGBT Dual
XT module with a rated current of 600 A in the same
package size. The X Series RC-IGBT allows an electric
current to flow in both the forward (IGBT) and reverse
(FWD) directions by a single chip. In the RC-IGBT,
conductivity modulation of IGBT can become difficult
to occur when a gate voltage is applied and the IGBT
flows the current. In particular, the snapback phe-
nomenon can occur in a low saturation voltage case.®®
In contrast to this, the X Series RC-IGBT has solved
the snapback phenomenon through optimization of
each structure for the chip.

Figure 4 shows the turn off waveform of the X Se-
ries RC-IGBT Dual XT module. Compared with the V
Series IGBT Dual XT module, surge voltage has been
decreased by about 100V during turn off under the
same switching conditions. Furthermore, there was no
observation of abnormal waveforms such as voltage os-
cillation or reach-through waveforms.

Figure 5 shows the IGBT trade-off relationship of

1,000
800 |-
600 |- X Series RC-IGBT module

(2MBI1000XRNE120-50)
400 |
200 |-
0 -
FWD (I <0)

-200 |

—400 |

—600 |

-800

—-1,000 :
-4 -3 -2 -1 0 1 2 3 4

Collector-emitter saturation voltage Vcggat) (V),
Forward voltage Vi (V)

IGBT (Ic > 0)

V Series IGBT module
(2MBI600VN-120-50)

Collector current I (A)

Fig.3 Output characteristics

Rated voltage

1,200 V

Representative type

2MBI600 VN-120-50

2MBIS800XNE120-50

2MBI1000XRNE120-50

Series name

6th-generation V Series

Tth-generation X Series

Tth-generation X Series

IGBT module IGBT module RC-IGBT module
Chip V Series IGBT + V Series FWD X Series IGBT + X Series FWD X Series RC-IGBT
Thermal resistance: 1/1.5 0.85/1.1 0.55/0.55
Ringo (a.u.) (IGBT/FWD) (IGBT/FWD) (IGBT/FWD)
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Measurement conditions: Ve =600V, I =600 A,
Ver =+156V/-15V, T'; = 150°C, L, = 35 nH,
Reverse recovery dv/dt = 10 kV/us
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Fig.4 Turn-off waveforms

Measurement conditions: Vgar): Ic =600 A, Vg =+15V,
Ty;=150°C

Eof: Voe=600V,Ic=600A, Vg =+15V/-15V,
Ty;=150°C, L = 35 nH, Reverse recovery dv/d¢t = 10 kV/ps
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Fig.5 IGBT trade-off relationship

the X Series RC-IGBT Dual XT module. The dotted
line in the figure represents the adjustment of trade-off
through structural parameter control. In case of the
same switching loss, the X Series RC-IGBT Dual XT
module reduces saturation voltage by 0.9 V compared
with the V Series IGBT Dual XT module.

Figure 6 shows the inverter power dissipation,
virtual junction temperature 7Tv; and delta virtual
junction-to-case temperature A Tv;.c of the X Series RC-
IGBT Dual XT module. By combining X Series chip
technology with RC-IGBT technology, the module has
been able to expand maximum rated current and re-
duce power loss by 11% compared with the V Series
IGBT Dual XT module under the same inverter power
dissipation conditions. Furthermore, by combining X
Series packaging technology with RC-IGBT technology,
the module has been able to greatly reduce thermal re-
sistance and also reduce virtual junction temperature
Ty by 34°C and A Tyj.c by 41%.

Figure 7 shows the variation of Tvj during low-
frequency operation. The X Series RC-IGBT Dual XT

Calculation conditions: Ve =600V, Iy =500 Arms,
Reverse recovery dv/dt = 10 kV/us, fo = 50 Hz,
fc =4 kHZ,
Power factor = 0.9, Modulation rate = 1.0,
Ambient temperature T, = 25°C
1,400
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Fig.6 Inverter power dissipation and virtual junction tempera-

ture
Calculation conditions: Ve =600V, I, =400 Arms,
Reverse recovery dv/dt = 10 kV/us, fo =1 Hz, fc =4 kHz,
Power factor = 0.9,
Modulation rate = 0.02, Ambient temperature 7'y = 25°C
— X Series RC-IGBT module
(2MBI1000XRNE120-50)
—— V Series IGBT module
(2MBI600VN-120-50)
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Fig.7 Time variation for virtual junction temperature T7.; during
low-frequency operation

module significantly reduces Tvjmax through reduction
in generated loss and thermal resistance. Further-
more, since the RC-IGBT can flow the current through
both IGBT and FWD in the same chip, the thermal
ripple is smaller than conventional chips.

Therefore, compared with the V Series IGBT Dual
XT module, the X Series RC-IGBT Dual XT module
greatly reduces the delta virtual junction tempera-
ture A7Ty;. This makes it possible to relax the thermal
stress at aluminum wire junctions and solder junctions
under the silicon chip. Figure 8 shows the results of
calculating ATy; power cycle capability and tempera-
ture rise during low-frequency operation. The X Series
RC-IGBT Dual XT module has dramatically improved
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Fig.8 AT.jpower cycle capability

ATyi power cycle capability during low-frequency oper-
ation by great reduction A T%;. As a result, higher out-
put power can be expected in the case of same power
cycle capability, and higher reliability can be expected
in the case of same A TY;.

Figure 9 shows the inverter operation pattern dur-
ing continuous operation and overload operation. Fig-

A Output current during overloaded operation (200%)

G Ty; calculation
point for overloaded
3s operation

Output current during
continuous operation (100%)/

T\; calculation point for
continuous operation

Output current I, (A)

Time (s) ;

Fig.9 Operation pattern of inverter during continuous operation
and overload

Calculation conditions: Vi = 600V,
Reverse recovery dv/dt = 10 kV/us, fo = 50 Hz, fo = 4 kHz,
Power factor = 0.9, Modulation rate = 1.0,
Ambient temperature T, = 25°C
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Fig.10 Virtual junction temperature during continuous opera-
tion
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Calculation conditions: V=600V,
Reverse recovery dv/dt = 10 kV/us, fo = 50 Hz, fc = 4 kHz,
Power factor = 0.9, Modulation rate = 1.0,
Ambient temperature T, = 25°C
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Fig.11 Virtual junction temperature during overloaded opera-
tion

Calculation conditions: Ve =600 V.

Reverse recovery dv/d¢ = 10 kV/us, fo =50 Hz, fc=4kHz,
Power factor = 0.9, Modulation rate = 1.0,

Ambient temperature T, = 25°C

2MBI1000XRNE120-50: during overload I, = 790 Arms

(a) X Series RC-IGBT module

2MBI600VN-120-50: during overload I = 620 Arms

(b) V Series IGBT module

Fig.12 Contour figure created by FEM analysis during over-
loaded operation

ure 10 shows the results of calculating output current
I, and Tj when each I is 100% (rated current) under
the continuous conditions. Figure 11 shows the results
of calculating I, and 7+; when each I, is 200% in 3 sec-
onds under the overload conditions. Figure 12 shows a
contour figure created by finite element method (FEM)
analysis at a Tv;j of 150°C during overloaded operation.
As shown in Fig. 10, since reducing power dissipation
and thermal resistance, moreover raising the Tvjop
from 150°C of the V Series IGBT module to 175°C of
the X Series IGBT module, the X Series RC-IGBT Dual
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XT module can expand the output current by 42% in
the same package during continuous operation. As
shown in Fig. 11, the X Series RC-IGBT Dual XT mod-
ule can expand the output current by 48% even during
overloaded operation. Furthermore, as shown in Fig.
12, the contour figure created by FEM analysis has
confirmed that the X Series RC-IGBT Dual XT mod-
ule is capable of achieving the same T+; of 150°C even
when expanding output current by 27% compared with
the V Series IGBT Dual XT module. Moreover, a more
uniform temperature distribution was also observed
as a result of optimizing the chip size and internal lay-
out. Therefore, it can be expected that the module will
achieve higher reliability through relaxing the thermal
stress for all materials.

5. Postscript

In this paper, we introduced the 7th-generation “X
Series” RC-IGBT module line-up for industrial applica-
tions. The module achieves a rated current expansion
that is inconceivable through utilizing conventional
IGBT and FWD. Thus we believe that the module will
contribute further to the size and cost reduction of
power conversion systems. In the future, we will con-
tinue to work for innovating IGBT module technolo-

gies so that we can realize a safe, secure and sustain-
able society.
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“M660” High-Power IGBT Module for Automotive
Applications

OSAWA, Akihiro*

HIGUCHI, Keiichi*

ABSTRACT

NAKANO, Hayato™

IGBT modules for automotive applications need to have low power loss to efficiently use battery power. They
are also required to achieve small size and lighter weight while having high power. In response to these market de-
mands, Fuji Electric has developed the “M660” direct water-cooled power module. This module adopts a lead frame

structure, instead of wire bonding, which was conventionally used for internal wiring.

It also employs the cooling

structure that integrates a water jacket with reverse-conducting insulated gate bipolar transistors (RC-IGBTSs) that
have improved characteristics. With these structures, the M660 achieves the rated capacity of 750 V/1,200 A, which
is the world’s highest power as a general-purpose 6-in-1 IGBT module.

1. Introduction

Efforts around the world to reduce CO2 emissions
and achieve energy savings have been rapidly increas-
ing. Against this backdrop, automobile manufactur-
ers have been actively promoting the use of electri-
cally powered vehicles such as hybrid electric vehicles
(HEV) and electric vehicles (EV) instead of vehicles
powered by internal combustion engines that use con-
ventional gasoline and diesel fuel. Insulated gate bipo-
lar transistor (IGBT) modules are used in HEV and EV
as one of the key components of the power electronics
technology employed in the operation of electric mo-
tors. IGBT modules are being required to achieve size
reductions and weight savings, as well as realize low
power loss in order to facilitate better use of battery
power. In addition, they are also required to be larger
capacity.

In order to meet these demands, Fuji Electric has
developed a direct water-cooled power module. In this
paper, we will introduce the features and performance
characteristics of the “M660” high-power IGBT module
for automotive applications.

2. “M660” Characteristics

Figure 1 shows the external view of the M660, and
Table 1, its characteristics.

As can be seen from Table 1, compared with the
conventional product, the M660 has reduced collector-
emitter saturation voltage Vogeat) by 22% and thermal
resistance Rinj.w) by 31%, while improving power den-
sity by 58%. The definitions for power density and mo-
tor output used in Table 1 are as follows:

(a) Power density = Used DC voltage X Output cur-

* Electronic Devices Business Group, Fuji Electric Co., Ltd.
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rent / Module volume
(b) Motor output = Used DC voltage x Output cur-
rent X Motor efficiency

Fig.1 “M660” high-power IGBT module for automotive applica-

tions

Table 1 “M660” characteristics

Item M660 Conventional product
Internal wiring Lead frame Wire bonding
Chip RC-IGBT RC-IGBT
Collector-emitter 750 V 750 V
voltage
Rated current 1,200 A 800 A
Collector-emitter
saturation 1.54V 1.98V
voltage
Thermal 0.09°C/W 0.13°C/W
resistance

Dimensions (mm)

W178 x D116 x H24

W162 x D116 x H24

Power density

684 kVA/L

433 kVA/L

Motor output

200 kW

150 kW




3. Technologies Applied to “M660”

3.1 Application of lead frame technology

Fuji Electric has utilized a lead frame for the main
circuit wiring of the direct water-cooled power module.
In contrast to wire bonding connections, the use of a
lead frame structure has the following 2 advantages:

(a) By reducing the size of the direct copper bond-
ing (DCB) substrate, making the product size
smaller. Wire bonding connections require
larger size of the DCB substrate than lead frame
structure because it needs the bonding area of
multiple wires.

(b) The lead frame structure has larger contact area
with the chip, and this creates more heat dis-
sipation, thus reducing the maximum tempera-
ture of the chip.

In addition to the advantages mentioned in (a) and
(b), the use of resin as the sealing material has made
it possible to reduce stress generated in the solder
under the lead frame, thus improves the power cycle
capability. Furthermore, in wire bonding connections,
it is necessary to make multiple bonding processes for
wires. In contrast to this connection, by the lead frame
structure, a single lead sheet is laid and connected to
DCB substrate, thus providing the IGBT module with
excellent productivity.

Figure 2 shows the internal layout of the half
bridge circuit of an IGBT module that utilizes wire
bonding connections, as well as one that utilizes a lead
frame structure.

By employing lead frame technology for the M660,
the size of the IGBT module has been reduced by 23%
compared with modules that utilize a wire structure.

3.2 RC-IGBT utilization and characteristic improvement

In order to reduce the size of the module, the M660
makes use of a reverse-conducting IGBT (RC-IGBT).
The RC-IGBT uses an IGBT with a field stop (FS)
structure as the base, while using a structure that ar-
ranges stripe-shaped IGBT units and free wheeling
diode (FWD) units alternately placed on a single chip.
Figure 3 shows the schematic structure of the RC-
IGBT.

The use of the single chip made it possible to re-

== O

(a) Wire bonding connection

(b) Lead frame structure

Fig.2 Internal layouts of half bridge circuits

“M660” High-Power IGBT Module for Automotive Applications
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Fig.3 Schematic structure of RC-IGBT

duce the size of the region referred to as the guard ring
(a region for securing breakdown voltage for the pe-
riphery of the chip), thus enabling a smaller chip area
than conventional products that employed a structure
composed of separate chips for the IGBT and FWD.
Moreover, heat is dissipated from the region of the
FWD when the IGBT operates, and conversely, from
the region of the IGBT when the FWD operates, reduc-
ing thermal resistance when either the IGBT or FWD
operate.V

Fuji Electric has been releasing modules for au-
tomotive applications that come equipped with an
RC-IGBT.® This time, we have undertaken to reduce
loss even further for the IGBT module. Reduction of
steady-state loss through chip thinning is one method
for reducing loss in mounted RC-IGBT chips. There-
fore, we developed a cutting-edge thin wafer process-
ing technology that has reduced steady-state loss for
the RC-IGBT by thinning the wafer to a thickness
sufficient for a breakdown voltage of 750 V. In addi-
tion, the surface structures such as trench pitch, chan-
nel density and contact were all optimized. Figure 4
shows the VcEgat)-collector current Icrm characteristics
for the M660 and a module with the conventional RC-
IGBT, and Figure 5 shows the diode forward voltage
Vr-diode forward current Irrm characteristics.

Compared with the conventional product, the
M660 has reduced Vcgsaty by 22% and Vi by 4.2% at
a rated current of 1,200 A by optimizing the cell design
of the IGBT.

1,200

1,000

M660
800 |-

600 |- .
Conventional
400 F product

ICRM (A)

200 |

Vegean (V)

Fig.4 Vcesay-/crm characteristics
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Fig.5 VE-/erm characteristics

3.3 /% capability

Current squared time I% is an indicator that rep-
resents the overcurrent withstand capability for the
FWD built into the IGBT module. A current from the
inverter in its regenerative operation flows through
FWD and charges a capacitor. The FWD needs to
withstand the regenerative current % without break-
ing down (see Fig. 6). The main failure modes of the
FWD during regeneration relate to device destruction
due to large current flow or generated heat destruction
of the wire due to heat being generated in the wire.®

Figure 7 shows the I% capabilities for the M660
and an IGBT module with wire bonded separate

Regenerative current

- - Cefnerative current
o—1 .
1 1
| |
- H@:H |
1 1
Smoothing —-! 4 ===
it M
capacitor : . _____»\ )
1 A Motor
1
I 1
1
| |
[ — e

Fig.6 Inverter regenerative operation
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0

M660  Separate chip + wire structure

Fig.7 /% capability

230

chips. It can be seen that the M660 has an I?; capabil-
ity of at least 3 times that of the IGBT module with
wire bonded separate chips. Temperature rise in the
FWD region is suppressed in the RC-IGBT because
heat spreads to the IGBT region when current flows
through the FWD region. Furthermore, the lead frame
structure employed by the M660 widens the contact
region for the chip compared with wire bonding con-
nection. Therefore, heat is transferred to the surface of
the lead frame and local temperature rise is mitigated.

3.4 Utilization of efficient heat dissipating cooling unit

Fuji Electric has elucidated the fact that space
yielded between the water-cooled fins and water jacket
causes degradation in thermal resistance, and it has
been developing a high-efficiency cooling structure that
integrates the heat sinks and water jacket.®

To further improve the cooling efficiency brought
about by the water jacket integrated cooling structure,
the internal structure improvement for the cooling unit
is made in the M660.

As a result, the M660 reduced thermal resistance
Rihg-w) to 0.1°C/W, which is a 23% improvement over
the Ringw) value of 0.13°C/W for the conventional
product. However, when implementing a thermal de-
sign, it is necessary to use the maximum Rin.w) value
in the module. Therefore, it was believed that thermal
resistance could be reduced even further by reducing
in-plane fluctuations for cooling performance. Figure
8 shows the positional relationship for the operation
phases of the M660, as well as the in-plane fluctua-
tion for Ring-w) before and after optimizing the internal
structure for the cooling unit.

: U phase low arm
: U phase high arm
: V phase low arm
: V phase high arm
: W phase low arm
: W phase high arm

(a) M660 phase positional relationship

0.105

0.100 | | Before optimization
Il After optimization

0.095 |

0.090 |

0.085
0.080
0.075
0.070
0.065

R n-w) CCIW)

UL UH VL VH WL WH

(b) Rn-w) evaluation results

Fig.8 Thermal resistance Rin-w) evaluation results before and
after cooling unit improvement
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As 1s clear from Fig. 8(b), it was possible to fur-
ther improve Ring.w) another 10% to achieve a value of
0.09°C/W by improving the in-plane distribution for
VH phase cooling performance.

4. Operable Current

In order to estimate maximum allowable current, a
simulation was implemented with respect to chip tem-
perature Tijop with output current as a parameter in
both the M660 and the conventional product (equipped
with RC-IGBT with wire bonding).

The simulation conditions included battery voltage
Vbc = 450 V, PWM switching frequency £ = 5, 8 and 10
kHz, refrigerant temperature Ty = 65°C and refriger-
ant flow rate = 10 L/min. Figure 9 shows the results of
the Tyjop simulation for the M660, and Figure 10 shows
the results of the Tyjop simulation for the conventional
product.

Please note that Figs. 9 and 10 do not taken into

200

125

ijop (o C)

100

75

50 ! ! !
0

Output current (Arms)

Fig.9 M660’s Tyjop simulation results
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ijop (o C)

100
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200 400 600
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Fig.10 Conventional product’s Tyjop Simulation results
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consideration RC-IGBT characteristic fluctuations or
changes in thermal resistance due to solder cracking
while simulating actual use. At £ = 10 kHz, the maxi-
mum output current for which Tijop remains below
150°C was improved to 525 Arms for the M660, which
is 1.35 times better than the conventional product’s
value of 390 Arms.

Actual products should have some margin in the
characteristics in consideration of characteristic fluctu-
ations in the mounted chip and solder cracking during
actual operation. The guaranteed temperature for the
RC-IGBT mounted to the M660 is 175°C. In a worst
case scenario that includes margin at £z = 10 kHz, the
M660 will be able to output current up to about 600
Arms.

The M660 reduces loss for the chip and achieves
excellent heat dissipation performance through the use
of lead frame technology, improved characteristics of
RC-IGBT chip and cooling structure that integrates an
optimized water jacket. As a result, the M660 is capa-
ble of operating in a larger current than conventional
products.

5. Postscript

In this paper, we introduced the “M660” high-
power IGBT module for automotive applications. The
M660 is a general purpose 6-in-1 IGBT module that
has achieved the world’s largest rated capacity of 750
V/1,200 A through the utilization of a lead frame,
characteristic enhanced RC-IGBT and cooling struc-
ture that integrates an optimized direct water-cooled
water jacket.

We will continue to work to meet the growing de-
mands of the electric vehicle industry so that we can
help alleviate global warming.
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6.5th-Generation Automotive Pressure Sensors

UZAWA, Ryohei”

NISHIKAWA, Mutsuo®

TANAKA, Takahide*

ABSTRACT

There is increasing demand for reducing the environmental load of automobiles. Automotive pressure sen-
sors, which are indispensable for control systems for high efficient engines and cleaner exhaust gas, are required to
achieve high-temperature operation, corrosion resistance, electrification resistance, and miniaturization. In order to
meet these demands, the 6.5th-generation automotive pressure sensors have been developed. They inherit from the
6th-generation series while providing several enhancements, such as improved electrification resistance and corro-
sion resistance to exhaust gas and vaporized fuel, as well as a smaller size and improved reliability of sensor accu-
racy. They optimize temperature characteristic to guarantee operation at 150 °C and add a clamp function to prevent
erroneous detection by separating the diagnostic voltage range from the normal output voltage range.

1. Introduction

Currently, automobiles are strongly required to re-
duce their environmental impact as seen in the imposi-
tion of air pollutant and CO2 emissions regulations, as
well as to improve safety and comfort. To meet these
regulations, development of control systems for electri-
cally driven vehicles such as hybrid electric vehicles,
electric vehicles and fuel cell vehicles is accelerating.
Meanwhile, fuel efficiency of gasoline- and diesel-
fueled vehicles have improved by precisely controlling
the air-to-fuel ratio. Further, technologies to make
exhaust gas cleaner by recirculating the gas after com-
bustion so as to reduce air pollutants are becoming
widespread at an increasing speed. Pressure sensors
are used as one essential device in engine control and
their uses include improving engine efficiency and pu-
rifying exhaust gas. They are becoming more impor-
tant year by year.

Fuji Electric started mass producing automotive
pressure sensors in 1984. Since then, we have been
proposing high-reliability technology, circuit technol-
ogy and sophisticated micro-electro-mechanical sys-
tems (MEMS) technology to meet the requirement of
reliability to withstand a severe operating environ-
ment and improved detection accuracy. Our pressure
sensors are adopted in automobiles in Japan and over-
seas. Starting in 2010, we have been mass-producing
the 6th-generation automotive pressure sensors with
digital trimming based on the complementary metal-
oxide-semiconductor (CMOS) process.®

This paper presents the 6.5th-generation automo-
tive pressure sensor. It is based on the conventional
6th-generation automotive pressure sensor while in-
heriting the basic “all-in-one chip” concept. It is pro-

* Electronic Devices Business Group, Fuji Electric Co., Ltd.
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vided with corrosion resistance and electrification re-
sistance and is guaranteed to operate at 150°C with a
smaller sensor cell size.

2. Overview of Pressure Sensor

2.1 Examples of use of automotive pressure sensors

Figure 1 shows examples of use of automotive pres-
sure sensors. To improve the fuel efficiency of vehicles,
most fuel injection systems are now electronically con-
trolled. These electronically-controlled fuel injection
systems use a manifold absolute pressure (MAP) sen-
sor for measuring the intake pressure or have a tem-
perature manifold absolute pressure (TMAP) sensor
equipped with a temperature sensing function. In ad-
dition, many pressure sensors are used to improve fuel
efficiency and control engine systems so as to suppress
the emission of air pollutants. Such sensors include
atmospheric pressure sensors for highland correction
intended for preventing any decrease in fuel efficiency
when vehicles are travelling at high altitudes, pressure
sensors for detecting any clogging of the air intake sys-
tem air filter box, exhaust pressure sensors for exhaust
gas recirculation (EGR) systems to reuse exhaust gas
and boost pressure sensors mounted on turbo engines.

Another type of automotive pressure sensor to be
mentioned is a pressure sensor for detecting any clog-
ging of diesel particulate filters (DPFs). It is used to
deal with stricter exhaust gas regulations represented
by the 2016 tightening of emissions regulations of
Japan and European Euro 6 in 2014.

Additionally, sensors for meeting safety regula-
tions include fuel tank pressure sensors (FTPSs) for
detecting tank leaks, and they are used in Europe and
the U.S.

Demand for pressure sensors is also increasing for
controlling air conditioner coolant pressure, the pres-
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Fig.1 Examples of use of automotive pressure sensors

sure of heat pumps used in electric vehicles and the
hydraulic pressure of transmissions. In this way, the
scope in which automotive pressure sensors are applied
is rapidly expanding and their demand increasing.

2.2 Installation environment of automotive pressure sen-
sors

Conventionally, the medium (target) to be mea-
sured by intake or boost pressure sensors was mostly
air. However, the scope of application of pressure sen-
sors is expanding as described earlier, and the media
to be measured have become severe such as those con-
taining exhaust gas and vaporized fuel including gaso-
line and diesel oil. Accordingly, sensors need to have
corrosion resistance against these media to be mea-
sured and electrification resistance against charged
vaporized fuels.

In addition, engine rooms are being made smaller
and mounting density increased for the purpose of in-
creasing the cabin space intended for improving fuel
efficiency and comfort. This has caused a tempera-
ture increase in the ambient environment for pressure
sensors and exposure to electromagnetic noise gener-
ated from various electronic devices. This is why in-
crease in the guaranteed operating temperature and
strengthened electromagnetic compatibility (EMC) are
required.

3. Features of 6.5th-Generation Pressure Sensor

3.1 Product overview

Figure 2 shows the appearance of the 6.5th-genera-
tion automotive pressure sensor and the previous 6th-
generation automotive pressure sensor. Table 1 shows
the specifications of the 6.5th-generation automotive
pressure sensor.

6.5th-Generation Automotive Pressure Sensors

(a) 6.5th generation

(b) 6th generation

Fig.2 Automotive pressure sensor

The 6.5th-generation automotive pressure sensor
is equipped with corrosion resistance and electrifica-
tion resistance. Its maximum guaranteed operating
temperature has been increased from 125 °C of the con-
ventional product to 150°C. For detecting failures, a
clamp function has been added for separating the wire
harness disconnection detection range (diagnostic volt-
age range) from the normal use range. The size of the
sensor cell has been reduced to approximately 48% of
that of the 6th-generation automotive pressure sensor
in terms of the volume.

3.2 Corrosion resistance

Figure 3 shows the cross-section structure of the
sensor cell of a pressure sensor. Against incoming for-
eign objects such as soot, the sensor chip and wire are
protected by using gelled protection material capable
of transmitting pressure. With this product, there is
a need to prevent exhaust gas and vaporized fuel such
as gasoline and diesel oil from passing through the pro-
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Table 1 Specifications of 6.5th-generation automotive pressure
sensor

Item Specification
W7.5x H10 x D5.6 (mm)
—40°C to +150°C

Product size (resin part)

Operating temperature range

Operating pressure range (in-

20 to 120 kPa
take pressure sensor)

Pressure range x 3
5+0.25V

Rated pressure

Power supply voltage

Output voltage (at power supply
voltage of 5 V)

Sink and source capacities

0.5t04.5V

Sink: 1 mA, Source: 0.1 mA
Clamp voltage 0.3 V/4.7V
(typ.)

In accordance with JASO M
611-92/B Method
(Gasoline/diesel component)

Clamp function

Corrosion resistance

ESD (external interface termi-
nals)

Shielded area
on circuit

Circuit Test pad

Wire bondi d Cgrrosion .prevention areas on

e wire bonding pad and test pad

(b) Corrosion prevention and
shielded areas

(a) Chip surface

Fig.4 Corrosion prevention and shielded areas

+1 kV or more
+8 kV or more

ISO 7637 (2011) standard
Pulse 1, 2, 3a, 3b
LEVEL-IIN cleared

+1 kV or more

MM (0 Q, 200 pF)
HBM (1.5Q, 100 pF)

Transient voltage surge

Impulse

Latch-up (current injection
method)

EMS (G-TEM) (100 V/m)

Overvoltage (between Vce and

+500 mA or more

Variation: 1% FS or less

GND) 16.5V (max.)
Reverse connection (between
Vee and GND) 0.3 A (max.)
Wire Vacuum reference Gelled protection
chamber material
Pressure
] T+ Te —
\
Sensor chip
Die bonding adhesive Glass

Fig.3 Cross-section structure of sensor cell

tection material since it would corrode the wire bond-
ing pad on the chip surface. Hence, corrosion preven-
tion areas have been provided on the wire bonding pad
and test pad as shown in Fig. 4.

3.3 Electrification resistance

Figure 5 outlines the pressure sensing unit inte-
grated in the pressure sensor. Fuji Electric’s propri-
etary etching technology is used to process part of the
silicon into a thin film to form a diaphragm. The 4
piezoresistors composed of the diffusion wiring pro-
vided on the diaphragm constitute a Wheatstone
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Characteristic
compensation
circuit

Diaphragm (piezoresistor)

Signal
processing
circuit

g Glass

Failure diagnosis
circuit

Overvoltage

EMC protection element 1 2
protection circuit

(a) Chip structure

Pressure applied

Diaphragm @ Piezoresistor
Silicon
Glass
Vacuum
reference
chamber (b) Cross-section of sensor chip
IN+
OUT+
Vout
IN-
O OUT-

(c) Diaphragm circuit (Wheatstone bridge)

Fig.5 Overview of pressure sensing unit

bridge. When the diaphragm is deformed by the pres-
sure applied, the respective piezoresistance values
change, generating a potential difference in the output
of the Wheatstone bridge. The pressure sensing unit
amplifies this potential difference to convert the pres-
sure into an electric signal.

FUJI ELECTRIC REVIEW vol.63 no.4 2017



There is a need to prevent electrically charged
vaporized fuel from attaching to the gelled protection
material and causing a variation of the piezoresistance
values since this would affect the sensor characteris-
tics. Hence, this product employs a shielded structure
with polysilicon used for the flexible part (diaphragm)
of the MEMS. As shown in Fig. 4, the same layer as
that of the corrosion prevention areas is used to form
a shielded area. The intention is to improve the resis-
tance to electrostatic charging of the circuit except for
the diaphragm.

To optimize the structure, we have used device
simulation for analysis. Figure 6 shows an example
of changes in the chip surface charge and piezoresis-
tor area. With an unshielded structure, the resistance
value of the piezoresistor changes as the quantity of
electric charge on the chip surface increases [see Fig.
6(a)]. To deal with this phenomenon, a shield has
been provided in an appropriate location on the piezo-
resistor. This has made the piezoresistance constant
regardless of the electric charge density on the chip
surface [see Fig. 6(b)]. Figure 7 shows the result of ac-
tually applying electric charge to the product with this
structure to obtain output characteristic changes. It
has been confirmed that output is stabilized by appro-
priately locating the shield and the shielded area of the

« Electric charge smaller Electric charge larger —

Current
density

I Large

(a) Unshielded

Small
(b) Shield-optimized
Fig.6 Example of changes in chip surface charge and
piezoresistor area
- F
S
B i
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S i 1
5 i
2 I i
5 - :
S L ! e EJ:lshlelded
1 s T EEmsmsmmm==
1 v
| L
L L L L
0 2 4 6 8 10
Test Time (h)

Fig.7 Result of electrification resistance test
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circuit shown in Fig. 4.

3.4 High-temperature operation guarantee and clamp
function

Figure 8 shows a circuit block diagram of this
product. Deterioration of characteristics in the high-
temperature operation range has been restrained by
optimizing the temperature characteristics of the indi-
vidual circuit blocks. This results in guaranteeing that
the device will work at 150°C.

Figure 9 shows a pressure-output characteristic
diagram of this product. The sensor output is brought
into the diagnostic voltage range when the wire har-
ness is disconnected, which causes the upper-level
system to detect a failure. Meanwhile, when overpres-
sure or underpressure is applied the output is brought
into the diagnostic voltage range, which may cause the
upper-level to erroneously detect disconnection. This
product is equipped with a clamp function, where a
circuit is provided to clamp the output voltage and re-
liably separate the diagnostic voltage range from the
normal output voltage range, thereby preventing erro-
neous detection.

DAC 1 Sensitivity Overvoltage
. . sensitivity/ compensation protection vce
Trimming offset circuit circuit
circuit |
DAC — Amplifier
temperature Sensor PRy VOUT
detection
Sensitivity |
Temper- temperature
characteristics
ature | Offset Cl
sensing Offset {compensation| . 8mp
5 temperature Dens circuit
unit el circuit GND
characteristics

Fig.8 Block diagram of 6.5th-generation automotive pressure
sensor

Diagnostic voltage range

Clamp voltage ~__ .

Output voltage range
for normal operation

Output (V)

Clamp voltage

bommeee- - Over-
Underpressure Qperating pressure range pressure
range for normal operation range

Diagnostic voltage range
Pressure (kPa)

;l
L

Fig.9 Pressure-output characteristic diagram of 6.5th-
generation pressure sensor
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4. Postscript

This paper has presented the 6.5th-generation
automotive pressure sensor. Increasingly stringent
requirements are expected for pressure sensors to see
a widespread rollout in Japan and overseas. They
will need to offer better product performance from the
perspective of improved fuel efficiency and compliance

236

with environmental and safety regulations. Fuji Elec-
tric intends to continue meeting market needs in and
work on developing the products required by the mar-
ket.
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“FA8AS80 Series” 650-V PWM Power Supply Control
ICs

HIASA, Nobuyuki*

ENDO, Yuta®
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ABSTRACT

Switching power supplies for electronic devices, which are increasingly being required to save energy and re-
duce the number of parts usage, need to achieve high efficiency, low standby power, and reduction in the number of
parts. Fuji Electric has developed the “FA8A80 Series” 650-V PWM power supply control ICs, which allows power
supplies to achieve compact size and improve safety, as well as high efficiency and low stand-by power, which are in-
herited from the “FA8AB0 Series.” The maximum applied voltage for the high-voltage input terminals has increased to
650 V from the previous withstand voltage of 500 V. Furthermore, the series has also achieved greater surge resis-
tance. Their protection functions have the same characteristics as conventional products, facilitating to use existing
design resources to promote labor savings in power supply design.

1. Introduction

In order to prevent global warming, which is pos-
ing a serious problem, there is an increasing need to
save on the energy used by electronic devices them-
selves and reduce the parts and materials used for
them. Accordingly, switching power supplies, which
function as power converters of electronic devices, need
to offer higher efficiency and lower standby power and
have fewer parts. In developing countries, electronic
devices are becoming widespread as their economies
develop. Meanwhile, slow infrastructure development
has caused frequent instantaneous power failures and
voltage fluctuations of commercial power supplies (AC
power supplies). During recovery from an instanta-
neous power failure, in particular, excessively high
voltage generated in the AC power supply poses prob-
lems. These include damage to the power supply due
to the AC power voltage exceeding the input voltage
range of the power supply or high surge voltage ap-
plied. Accordingly, power supplies increasingly need to
support high input voltage and ensure safety and reli-
ability such as by having a high surge resistance.

In order to meet the needs of the switching power
supply market described earlier, Fuji Electric has
commercialized the “FA8A60 Series.” The series are
current mode pulse width modulation (PWM) ICs in
a small package (SOP-8). The products offer high ef-
ficiency and are equipped with a low stand-by power
function. They are intended for controlling switching
power supplies.

We have now developed the “FA8A80 Series” 650-V
PWM power supply control ICs. They inherit the fea-
tures of the “FA8A60 Series” and allow power supplies
to come in a compact size and have improved safety.

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

2. Overview of “FA8AS80 Series”

Figure 1 shows the external appearance of the
FA8A80 Series. The FA8A80 Series is based on the

Fig.1 “FA8A80 Series” 650-V PWM power supply control IC

Table 1 Function overview of “FA8A80 Series”

Conven-
Item F§ BASO tional
eries
product
Start-up device Integrated

Maximum applied voltage for high-volt-

. - 650V 500V
age input terminal

ESD .resistance of high-voltage input 49,V +1kV/
terminal (HBM) -2kV
Maximum sink current of LAT terminal 500 pA 100 pA
External latch function Integrated
Function to reduce switching frequency Integrated
Function to set frequency reduction state Integrated
Function to adjust burst operation Integrated
Function to correct overload protection Integrated
level for AC input voltage

Power-off mode Integrated

Standby power (with no load) 30 mW or less
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Fig.2 “FA8A80 Series” block diagram (FASA90N)

conventional FA8A60 Series. It has increased the
maximum applied voltage for the high-voltage input
terminals connected to the AC power supply to 650 V
from the previous 500 V. Further, it has been given
greater surge resistance by improving the electrostatic
discharge (ESD) resistance of the VH terminal to 2 kV.

In addition, the sink current characteristic of the
fault detection signal input (LAT) terminal for stop-
ping power supply in the event of an abnormality has
been improved. This improvement eliminates the use
of a Zener diode (ZD) that has to be added depending
on the protection specifications of a power supply to
protect the IC.

Furthermore, we have employed the same basic
functions, characteristics and terminal layout as those
of conventional products. This makes it possible to uti-
lize the existing power supply design resources, lead-
ing to reduced design periods. Table 1 shows an over-
view of the features of the FA8AS80 Series, and Fig. 2, a
block diagram.

3. Features of “FA8A80 Series”

3.1 Support for high-voltage input by providing 650 V

start-up device

Figure 3 shows a schematic diagram of the VH ter-
minal and internal circuit. The VH terminal connected
to the AC power supply unit has a function of supply-
ing current when the VCC terminal voltage is low and
stopping the current supply at a certain voltage or
higher.
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Other control

circuit part
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Fig.3 Schematic diagram of VH terminal and internal circuit

As shown in Fig. 4, the output voltage of the start-
up device (at Point A in Fig. 3) depends on the VH ter-
minal voltage. For that reason, with a conventional
start-up device, increasing the applied voltage causes
the voltage at Point A in Fig. 3 to exceed the allowable
applied voltage of the start-up device control circuit to
which the current is input.

Accordingly, we have improved the dependence of
the start-up device on the VH voltage with the FASA80
Series. We have achieved a characteristic in which
the rated voltage of the start-up device control circuit
is not exceeded even if the maximum applied voltage
to the VH terminal is increased. This has permitted a
high-voltage input of 650 V.

FUJI ELECTRIC REVIEW vol.63 no.4 2017
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Fig.4 Relationship between VH terminal voltage and internal
voltage

3.2 Improved ESD withstand voltage

The human body model (HBM) ESD withstand
voltage on the VH terminal of conventional products
was +1kV. With the FAS8A80 Series, the breakdown
resistance as well as the maximum applied voltage to
the VH terminal has been increased. This has led to
a guarantee voltage of £2 kV with the HBM for all IC
terminals.

3.3 Support for various power supplies by frequency

reduction and burst operation

To realize high efficiency and low standby power
as with conventional products, the FASA80 Series inte-
grates a function for improving efficiency during light-
and no-load operation. This is achieved by reducing
the switching frequency during light-load operation
and having burst operation (intermittent operation)
during no-load operation. In addition, 3 switching fre-
quency reduction characteristics as shown in Fig. 5 are
provided in order to support power supplies of various
specifications. The LAT terminal is equipped with a
function to set the frequency reduction state by select-
ing one of the 3 characteristics and a burst operation

70

C)at used for selecting
6o | out of 3 reduction
characteristics

related to

50 switching (¢2) 3
frequenc

40 4 Y

30

20 R, used for adjusting load

for burst operation

Switching frequency (kHz)

2.5 3.0 3.5

o

|

|

|

|

|

1
0 0.5 1.0 1.5 2.0
Load current (A)

Fig.5 Change of frequency by using function to set frequency
reduction state and function to adjust burst operation

“FABA80 Series” 650-V PWM Power Supply Control ICs

Fig.6 External circuit configuration of LAT terminal

adjustment function.

Figure 6 shows an external circuit configuration of
the LAT terminal. The function to set the frequency
reduction state can select one of the 3 reduction char-
acteristics by setting the capacity Clat connected be-
tween the LAT terminal and GND to a specific value.
For a power supply specification in the normal operat-
ing conditions with a high load, the characteristic (1)
in Fig. 5 is selected. As light-load operation increases,
characteristic (2) or (3) in Fig. 5 with a wider load cur-
rent range for operation at a low frequency is selected
to save energy.

The burst operation adjustment function is in-
tended to adjust the load current for burst operation.
It does this by setting FB OFF, the threshold voltage
for stopping switching output of the FB terminal. The
FB OFF voltage is determined by the value of the re-
sistor Riat connected between the LAT terminal and
GND shown in Fig. 6 and the constant-current output
value of the LAT terminal to set the load current value
for burst operation.

By appropriately setting the load current during
burst operation, the power supply specifications of the
standby power and output voltage ripple can be satis-
fied without generating any sound. This is very impor-
tant in designing power supplies. An excessively large
set value for the load current for burst operation may
cause the power supply output voltage ripple to exceed
the specification while the standby power is decreased,
or it may cause the burst frequency to increase to an
audible range and generate unwanted sound. Mean-
while, an excessively small set value may cause the
standby power to exceed the specification. Accordingly,
the setting can be adjusted to an optimum value by, for
example, selecting a small Rja; value that corresponds
to the upper limit of the standby power specification
and increasing the Riat value within a range that does
not cause unwanted sound.

3.4 Size reduction of power supply by improving charac-

teristics of external latch function
The external latch function stops switching op-
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eration (to enter a latch state) by bringing the LAT
terminal voltage to 2.0 V (max.) or higher, which is the
external latch function threshold, using the fault detec-
tion signal generated within the power supply in the
event of device fault. In this way, it ensures the power
supply is safe.

For designing a power supply, the adjustment re-
sistor Ragj shown in Fig. 6 is used to set the external
circuit constant that achieves both the time between
fault detection and protective stop of the power sup-
ply specification and the LAT terminal rating of the IC
specification.

The VCC terminal, which is a power supply to the
external circuit, is generally connected to the auxiliary
winding of the transformer as shown in Fig. 3. The
voltage may vary by about 20V (ratio of the maxi-
mum voltage to the minimum voltage: approximately
3 times) depending on the size of the load current of
the power supply. Accordingly, with an inappropriate
Ragj value, the time taken before latch protective stop

External latch function
Threshold = 2.0 Vmax)
600 ;
< |
B e -
5 FASAS0 Series |
g 400 | 1
& 1
i |
E 300 | :
1
= 200} !
45 I
€ 100 ---mmm e ==
= 1
3 J{ o
24 0 Conventional
=i product |
2] - 100 L L L L L L L L
1.8 2.0 2.2 2.4 2.6 2.8 3.0 3.2 3.4
LAT terminal voltage (V)

Fig.7 I-V characteristic of LAT terminal

may increase when the VCC terminal voltage is low.
This will result in a failure to satisfy the power supply
specification, and the LAT terminal voltage after the
protective stop may increase to higher than the rated
voltage when the VCC terminal voltage is high. This
will result in a failure to satisfy the IC specification.
In cases like this, an Ragj value satisfying the power
supply specification must be selected and a ZD for LAT
terminal protection must be added between the LAT
terminal and GND. This required expensive external
components and board space.

To deal with this issue, the FA8A80 Series has
increased the maximum current and improved the
current-voltage characteristic of the sink current part
of the LAT terminal shown in Fig. 6. The maximum
value for the sink current valid at a voltage equal to or
higher than the latch protection threshold has been in-
creased from 100 pA to 500 pA. This has expanded the
selection range available for the adjustment resistor
value Ragj to include a resistance value one-fifth that of
conventional products.

In addition, we have expanded the terminal volt-
age range generating a sink current by improving the
current-voltage characteristic. Together with the in-
crease in the maximum current value described above,
this allows a pickup current larger than that of conven-
tional products to be set while ensuring a margin with
reference to the rated voltage of the terminal even with
a greatly varying VCC terminal voltage (see Fig. 7).

These characteristic improvements can do away
with the need for ZD for terminal protection, leading to
size and cost reduction for power supplies.

4. Effect of Application to Power Supplies

4.1 Labor saving in power supply design
As characteristics of the start-up device and LAT
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Fig.8 Circuit diagram of “FA8A80 Series” evaluation-use power supply board (19 V/3.4 A, 65 W)
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terminal have been changed, we have revised the en-
tire IC chip of conventional products. Meanwhile, we
have employed the same terminal layout so that the
device can be replaced with conventional products. We
have designed the circuit and chip so that characteris-
tics other than those changed are not affected.

We have used the evaluation-use power supply
board as shown in Fig. 8 for comparative evaluation.
We have confirmed there is a power supply perfor-
mance equivalent to that of conventional products
with the maximum efficiency at approximately 89% as
shown in Fig. 9. We have also confirmed that the aver-
age efficiency among 4 load factors is 86% or higher
with reference to the rated output current as shown in
Table 2. The standby power during no-load operation
shown in Fig. 10 is less than 30 mW. This characteris-
tic has been confirmed to be equivalent to that of con-
ventional products.

Based on these, it is simple to replace the device
with conventional products and the labor for power
supply design can be saved by utilizing the existing
power supply design resources.

Figure 11 shows the line-up of the FA8A80 Series.

95
90
S
&
E —— FA8AB80 Series 100 V AC
& 5 === FA8AS80 Series 230 V AC
= —— Conventional product 100 V AC
70 === Conventional product 230 V AC
65 |
60 L L
0.01 0.1 1.0 10

Output current (A)

Fig.9 Power conversion efficiency

Table 2 Average efficiency of “FA8A80 Series”

Input voltage 100 VAC 230V AC
Average efficiency (%) 87.50 87.51
25% 88.76 88.01
Efficiency by 50% 87.59 87.44
load factor (%) 75% 86.69 86.97
100% 86.95 87.63

“FABA80 Series” 650-V PWM Power Supply Control ICs
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Fig.10 Standby power during no-load operation
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Fig.11 Product line-up of “FA8A80 Series”

Compatibility with conventional products is main-
tained by providing the same combinations of functions
and operating frequencies.

5. Postscript

This paper has described the “FA8A80 Series”
650-V PWM power supply control IC. Current mode
PWM control ICs increasingly need to have a greater
input voltage range and improved safety while need-
ing to integrate many functions for supporting various
power supply specifications. In the future, we intend
to continue to offer products that meet market needs.
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“Super J MOS S2 Series” and *“Super J MOS S2FD
Series’ for DFN 8 x 8 Packages

SHIMATO, Takayuki"

WATANABE, Sota*

MATSUMOTO, Kazunori*

ABSTRACT

Fuji Electric has launched the DFN 8 x 8 package line-up of the “Super J MOS S2 Series” and “Super J MOS
S2FD Series” 2nd-generation low power loss SJ-MOSFETs having a super-junction structure. This surface mount
package is smaller and thinner than the previous D2-PACK package. The DFN 8 x 8 package doesn’t have a lead
terminal, but all electrode pads are arranged on its back surface. Compared with the D2-PACK, the mounting area
has been reduced by 58% and the package height to 0.85 mm, thus making high-density mounting possible. It also
comes equipped with a sub-source terminal for speeding up switching operations.

1. Introduction

Energy consumption has been increasing steadily
due to an increase in the global population mainly in
emerging countries, economic development in China
and other countries, and a greater volume of informa-
tion being processed as a result of today’s IT innova-
tion. Along with the increased energy consumption,
securing the space for power converters has become
important, not to mention improving their efficiency.
In data centers and other facilities, small, thin and
high-output power supplies are required as communi-
cation power supplies used in those facilities so that
the limited space is effectively used. Recently, various
devices including digital consumer electronics, in ad-
dition to IT-related devices such as PCs and servers,
have come to be connected with the Internet by the In-
ternet of Things (IoT). Due to the addition of various
communication functions, the space available for the
power supply mounted in those devices has come to be
limited.

These circumstances have created increasing de-
mand for smaller and thinner power supplies to be
mounted in various devices. To reduce the size and
thickness of power supplies, the size and thickness of
passive components such as transformers and capaci-
tors and semiconductor switching elements must be re-
duced. An effective way of achieving this is to increase
the frequency at which power supplies operate. For
that reason, power metal-oxide-semiconductor field-
effect transistors (MOSFETs) capable of high-
frequency operation are often used for semiconductor
switching elements. This has created a demand for
power MOSFETSs that can switch at higher speeds and
offer lower loss than those of conventional products.

* Electronic Devices Business Group, Fuji Electric Co., Ltd.
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2. Product Line-Up and Major Characteristics

To improve the power dissipation of power MOS-
FETs, Fuji Electric has launched the “Super J MOS
Series” of SJ-MOSFETSs, which apply a superjunction
structure. We have replaced the conventional planar
MOSFETs with them. To meet the demand for smaller
and thinner power supplies, Fuji Electric launched the
new surface-mount dual flat nonlead (DFN) 8 x 8 pack-
age that is smaller and thinner than the conventional
D2-PACK package. They are included in the latest se-
ries of “Super J MOS S2 Series” (52 Series) and “Super
J MOS S2FD Series” (S2FD Series), which has a para-
sitic diode faster than that of the S2 Series. Figure 1
shows the external appearance of the DFN 8 x 8 pack-
age and Table 1 the product line-up and major charac-
teristics. (™

(Unit: mm)

Drain
(backside) 10

Gate » Drain
Sub-source ’ (backside)
Source ~ Source
Lead terminal
t: 0.85 t: 4.5

(a) DFN 8 x 8 package (b) D2-PACK package

Fig.1 External appearance of package



Table 1 Product line-up and major characteristics of DFN 8 x 8

Table 2 On-state resistances per unit footprint and per unit

package mounting volume
. On-state Drain-source . Per unit
i‘:;f: Type resistance voltage Applicable fP ei umi mounting
IDS(on)(max.) (ML) Vbs (V) Pack IDS(on)(max.) ootprin volume
ackage IDS(on)(max.) m
FML60N091S2 91 Blon)(max)
FML60N103S2 103 Q Q- mm* Q- mm’
Super J DFN 8 x 8 0.090 5.8 4.90
FML60N115S2 115
MOS
99 Series | FML60N146S2 146 D2-PACK 0.079 12.0 54.18
FML60N18752 187 Ratio (DFN 8 x 8/ . \ .
D2-PACK) 113.9% 47.8% 9.0%
FML60N223S2 223 600
FML60N093S2FD 93 . . . .
S 5 | FMLEONL04SZFD o4 unit footprint and per unit mounting volume by 52%
uper . .
M(I)Jg FMLEONI18S2FD o and 91% respectively, compared with D2-PACK prod-
S2FD 6ON118 8 ucts. By reducing the package height to 0.85 mm, the
Series FMLG0N150S2FD 150 package can be mounted on the back side of a double-
FML60N19152FD 191 sided board. This allows power supplies to be smaller
and thinner and offer higher power density.
3. Features 3.2 Low switching loss

3.1 Compact and low height

Figure 2 shows external dimensions of the DFN
8 x 8 package. It is a square of 8 mm X 8 mm with a
greatly reduced thickness of 0.85 mm. The structure
with all electrode pads arranged on the back surface of
the package does not have lead terminals. This allows
higher-density mounting on a printed circuit board
than packages with lead terminals such as D2-PACK.
The electrode pad arrangement includes (1) gate, (2)
sub-source, (3) (4) source and (5) drain and one feature
is the provision of a sub-source terminal.

The following shows major indicators of the exter-
nal appearances of the DFN 8 x 8 package as ratios to
those of the D2-PACK package, which is a conventional
and typical surface mount package:

(a) Footprint: 58% smaller

(b) Package height: 81% lower

(¢) Package volume (including lead terminals): 92%
smaller

Table 2 shows on-state resistances per unit foot-
print and per unit mounting volume. DFN 8 x 8 pack-
age products have reduced the on-state resistances per

(Unit: mm)
8.0:0.1 7.2+0.1

®)

%

4) 3 2 @@
Jemeo

| 1.0:0.1 A
[2.0]

0.5:0.1

8.0+0.1
2.75+0.1 4.35:0.1

B

!

(1) Gate

(2) Sub-source
(3) (4) Source
(5) Drain

0.85:0.1
0.2+0.1
0.05MAX

Fig.2 External dimensions of package

Figure 3 shows the gate drive circuits of a DFN 8
x 8 package product and a typical 3-terminal pack-
age product, such as TO-220 or D2-PACK. A typical
3-terminal package product has a structure where in-
ductance Ls such as lead inductance Lsi and source
substrate wiring inductance Ls2 inside the package is
included in the gate drive circuit. Consequently, dur-
ing MOSFET switching operation, a back electromotive
force is generated on Lg by the time derivative of drain
current dip/d¢ and affects the gate drive voltage. This
back electromotive force works to reduce the gate volt-

PWM

PWM

(b) 3-terminal package product

Fig.3 Drive circuits of DFN 8 x 8 package product and 3-
terminal package product
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age when the MOSFET is turned on, and to increase
the gate voltage when the MOSFET is turned off.
This causes a delay in the switching time and hinders
any attempt to reduce the switching loss and achieve
higher frequency.

On the other hand, a sub-source terminal is added
to DFN 8 x 8 package products. This allows Ls to be
separated from the gate drive circuit and the influence
of the back electromotive force generated on Ls can be
eliminated. As a result, shortening the switching time
reduces the switching loss and achieves higher fre-
quency.

Figure 4 shows a comparison of the gate resistance
dependency of turn-on loss between a DFN 8 x 8 pack-
age product and a 3-terminal package product when
used in a chopper circuit. Figure 5 shows the same
with turn-off loss. For the measurement, we used
“FML60N150S2FD” (600 V, 150 mQ) as a DFN 8 x 8
package product and the TO-220 “FMP133S2FD” (600
V, 133 mQ) as a 3-terminal package product. The mea-
surement conditions were: Voc =400V, Ip =20 A and
Veg =10 V.

The DFN 8 x 8 package product showed a great
improvement in both turn-on loss and turn-off loss in
the entire range of 0 to 25 Q of the external gate resis-
tance. When the external gate resistance is 10 Q, turn-

700
600 |-

3-terminal package product
500 (TO-220)

400 F
75% reduced

300 |-

Turn-on loss (ud)

200 |

100 DFN 8 x 8 package product

0 L L L L
0 5 10 15 20 25

External gate resistance Rg ()

on loss is reduced by 75% and turn-off loss is reduced
by 35%.

4. Effect of Application

For verifying the effect of application of DFN 8 x 8
package products, we used a DFN 8 x 8 package prod-
uct and TO-220 as a typical 3-terminal package prod-
uct in a power factor correction (PFC) circuit as shown
in Fig. 6 to compare the power supply performance. As
the control IC of the PFC circuit, we used “FA5612,”
Fuji Electric’s continuous current mode PFC control
IC. As the input and output conditions and circuit con-
stant, we set the input voltage at 100 V/50 Hz, output
voltage at 390 V DC and MOSFET gate resistance Rg
at 22 Q. For the evaluation, we used “FML60N223S2”
(600 V/223 mQ) as a DFN 8 x 8 package product and
the TO-220 “FMP60N190S2” (600 V/190 mQ).

Figure 7 shows the load dependency of power sup-
ply efficiency. The DFN 8 x 8 package product shows
a better efficiency compared with TO-220 in the range
with a load factor of 50% or higher. In terms of effi-
ciency with 100% load, the result shows an efficiency
improvement of 0.2 points.

Figure 8 shows a comparison of switching loss
under conditions where the maximum current flows
in the MOSFET with 100% load. Both the turn-on
loss and turn-off loss are smaller with the DFN 8 x 8
package product and the total switching loss has been
reduced by 30%. In this way, power loss has been re-

. ’ = +
IC: FA5612 Re : ,'Z \} Hl
l—:l—*—l'— ’

A ’

Fig.4 Comparison of turn-on loss

Fig.6 Circuit diagram of PFC demonstration board
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Fig.7 Efficiency characteristic of power supply
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duced and efficiency improved.

Figures 9 and 10 show turn-on and turn-off wave-
forms respectively under conditions where the maxi-
mum current flows in the MOSFET with 100% load.
The solid lines show waveforms for the DFN 8 x 8
package product and the broken lines waveforms for

Input: 100 V/50 Hz, Output: 390 V/0.45 A, R =22 Q

Vs : 100 V/div

DFN 8 x 8 package product

3-terminal package
product
(TO-220)

Ip: 2 Aldiv

t: 20 ns/div

Fig.9 Turn-on waveforms

Input: 100 V/50 Hz, Output: 390 V/0.45 A, R =22 Q

DFN 8 x 8 package product

i Ip: 2 A/div
)
O—

! 3-terminal
package

N product
(TO-220)

Vs : 100 V/div

t: 50 ns/div

Fig.10 Turn-off waveforms

TO-220. The switching speed is faster with the DFN 8
x 8 package product for both turn-on and turn-off. The
period of crossover of drain voltage Vps waveform and
drain current Ip waveform at the time of switching is
shorter, which indicates a smaller switching loss. This
is an effect of separating L from the gate drive circuit
by using the sub-source terminal as shown in Fig. 3.

This leads to the conclusion that DFN 8 x 8 pack-
age products contribute to high-speed switching opera-
tion and improved power supply efficiency.

5. Postscript

This paper has presented a line-up of DFN 8 x 8
packages integrating the “Super J MOS S2 Series”
and “Super J MOS S2FD Series,” which achieve both
low on-state resistance and low switching loss. The
product line-up is capable of high-speed switching op-
eration by utilizing the package effect in addition to
having characteristics of low on-state resistance and
low switching loss. This allows higher-frequency op-
eration of power supplies than with conventional pack-
age products and raises expectations for contributions
to size reduction and power density increase for power
supplies.

In the future, to keep up with changes in market
needs, we intend to continue to work on providing com-
prehensive solutions in ways such as expanding the
package line-up in addition to improving the rpsn)-A4
performance and providing a wider drain-source volt-
age selection of power MOSFETs.
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“PrimePACK™?” of 7th-Generation “X Series”’
1,700-V IGBT Modules

YAMAMOTO, Takuya®

YOSHIWATARI, Shinichi*

OKAMOTO, Yujin*

In recent years, reduction of CO2 emission is as
worldwide trend to prevent global warming. There-
fore, renewable energy such as photovoltaic power
generation and wind power generation has been intro-
duced rapidly. In such application field, power conver-
sion system is utilized and its capacity is increasing.
Demand for high power insulated gate bipolar transis-
tor (IGBT) modules has been also expanding.

Downsizing, lower power dissipation and higher
reliability have been increasingly required for these
power conversion system. In order to satisfy these re-
quirement, Fuji Electric has developed the “X Series
PrimePACK™*¥ ag additional line-up to the 7th-
generation “X Series” IGBT module family.

(a) M271 (b) M272

Fig.1 X Series PrimePACK™

Table 1 X Series PrimePACK™ family

1. Features

Figure 1 shows the external appearance of the X
Series PrimePACK™, and Table 1 shows the product
family. The package has 2 types, M271 and M272,
which are featured by the following 3 points:

(1) Upgrading maximum rating current from 1,400 A

to 1,800 A
(2) Expands continuous operating junction tempera-

ture Tyjop
(3) Higher cooling performance by newly developed

high thermal conductivity insulating substrate

2. Electrical Characteristics

The X Series PrimePACK™ enables significant re-
duction of power dissipation compared with the conven-
tional product by adopting X series chip technologies.
Figures 2 and 3 show a comparison of the on-state volt-
age and switching energy trade-off characteristics for
the IGBT and freewheeling diode (FWD).

The X series IGBT utilize newly developed fine cell
technology and thinner wafer technologies. As a re-
sult, characteristics of the X Series are improved about
0.7V of saturation voltage and about 11% of turn-off
energy compared with conventional product. Forward
voltage of the X series FWD has been improved about
0.15V by thinner drift layer, as well as the X Series
IGBT chip. Furthermore, softer reverse recovery has
been realized by optimization of lifetime control, and
reverse recovery energy has been also improved by

Package Rating Type Insulating {)vrlliilllsizgfll CTI" Tiop
Voltage Current substrate voltage
1,200V 900 A 2MBI900XXA120P-50 AlyO3
1,200 A 2MBI1200XXE120P-50 AIN
M2T1 L1700V 900 A 2MBI900XXA170-50 AlyO3
1,200 A 2MBI1200XXE170-50 AIN
1,200V 1,400 A 2MBI1400XXB120P-50 Al203 4.0kV AC >600 175°C
1,800 A 2MBI1800XXF120P-50 AIN
M272 1,000 A 2MBI1000XXB170-50 AlO3
1,700 V 1,400 A 2MBI1400XXB170-50 AlyO3
1,800 A 2MBI1800XXF170-50 AIN

*Comparative tracking index

* Electronic Devices Business Group, Fuji Electric Co., Ltd.
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*1: PrimePACK™ is a trademark or registered trade mark
of Infineon Technologies AG.
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about 16%.
Figure 4 shows calculation results for power dissi-
pation. At carrier frequency of 1 kHz, power dissipa-

X Series: 2MBI1400XXB170-50
Conventional product: 2MBI1400VXB-170E-50
Vee=900V, I.=1,400 A, R, = +0.47/-0.56 Q,
Ve =+4/-15V, T; = 150°C

800

® Measurement point
=== Estimated value ~.

-~
~
~.
~
~. ®
~,
~

600 |-

... Conventional
400 | X Series product

200 | Saturation voltage: Approx. 0.7-V reduction
Turn-off energy: Approx. 11% improvement

Turn-off energy (md/pulse)

0 L L L
1.6 2.0 2.4 2.8 3.2

Saturation voltage (V)

Fig.2 Trade-off characteristics (IGBT)

X Series: 2MBI1400XXB170-50

Conventional product: 2MBI1400VXB-170E-50
Vee=900V, I.=1,400 A, R, = +0.47/-0.56 Q,
Veg=+/-15V, T; = 150°C

600

® Measurement point
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- ...
400 | .~.~~. / . ._\\
Conventional "~

<
T roduct
~., P

Reverse recovery energy (md/pulse)

300 | X Series
200 |
Forward voltage: Approx. 0.15-V reduction
100 b Reverse recovery energy: Approx. 16%
improvement
0 L L
1.6 1.8 2.0 2.2

Forward voltage (V)

Fig.3 Trade-off characteristics (FWD)

tion of the X Series PrimePACK™ has been improved
by about 13.8% compared with the conventional prod-
uct.

3. Packaging Technology

The X Series products are designed to increase
output current in order to downsize power conversion
systems. To achieve this target, the continuous operat-
ing junction temperature Tijop was expanded from the
previous temperature of 150 °C to 175°C. Furthermore,
junction-to-case thermal resistance was also improved
by newly developed higher thermal conductive insulat-
ing substrate.

To expand Tyjop, it is necessary to improve capabil-
ity for repetitive thermal stress (47v; power cycle capa-
bility), and degradation of long-term reliability at high
temperatures operating. The ATyj power cycle capabil-
ity of conventional product is degraded in higher Tyjmax
= 175°C compared with 150°C. To improve the deg-
radation, the X Series utilizes a newly developed sol-
der material and new wire bonding technology for the
semiconductor chip. As the results, ATyj power cycle
capability has been improved to twice of conventional
products under conditions of Tyjmax = 175°C, ATy =
50°C. In addition, new silicone gel for the X series has
been developed to have enough life time against high
temperature operation such as 175°C. The life time is
almost same as conventional one in 150 °C.

Moreover, the highest current rating product of
the X Series PrimePACK™ utilizes newly developed a
high thermal conductive insulating aluminum nitride
(AIN) substrate for efficient heat irradiation from semi-
conductor chip. As a result, the thermal resistance of
junction-to-case has been improved by about 45% com-
pared with the conventional alumina (Al2Os) substrate
at the same chip size.

Figure 5 shows the calculation result of the rela-
tionship between inverter output current and IGBT

X Series: 2MBI1400XXB170-50
Conventional product: 2MBI1400VXB-170E-50
Vee=900V, I.=1700A, R, =+0.47/-0.56 Q,
F,=50kHz, cos¢ = 0.9, Modulation rate = 1.0
3,000
X Series Conventional product
2,500 |- 3.4% reduction
g
= 2,000 | 6.4%
o .
=l reduction
© (S—
& 1,500 |
% 13.8%
reduction
g 1,000} --0=-
2
=]
~
500 |-
0 L L
fc=1kHz fc=3kHz fc=5kHz

X Series: 2MBI1800XXF170-50
Conventional product: 2MBI1400VXB-170E-50
Vee=900V, F,=50kHz, cos¢ = 0.9, Modulation rate = 1.0,
T,=50°C
200
°
s T |
=] 1
pe 1
g 150} ------------————-—- f !
g‘ Conventional product ‘ !
3 125} | 1
| ‘ 1
.S I '
‘g 100 | ! 1
E =
— 1
E 75 L ' ! +46% !
(O] X Series | !
— | I
50 L . L !
0 500 1,000 1,500
Output current (A)

Fig.4 Power dissipation

“PrimePACK™” of 7th-Generation “X Series” 1,700-V IGBT Modules

Fig.5 Inverter output current and IGBT junction temperature
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junction temperature. Output current has been im-
proved by about 46% for the X Series PrimePACK™

compared with conventional products as a result of Product Inquiries

greatly enhanced Tyj and heat irradiation performance Industrial Power Semiconductor Module Department,
mentioned above. Fuji Electric believes that this prod- Business Planning Division, Electronic Devices

uct can contribute to achieving a safe and secure sus- Business Group, Fuji Electric Co., Ltd.

tainable society by enabling the size reduction, lower Tel: +81 (263) 27-2943

power dissipation and higher reliability of power con-
version systems.

Launch time
Starting in April 2018
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I-Type “PrimePACK™? of 3-Level IGBT Modules

YAMAMOTO, Sayaka*

In recent years, renewable energies have been
gathering attention and the markets for photovoltaic
and wind power generation have been growing. De-
velopments are continuously being made to meet the
high-voltage and large-capacity needs of this field. In
addition to improvements in power generation effi-
ciency, improvements in power conversion efficiency
are greatly expected.

Fuji Electric has been mass producing insulated
gate bipolar transistor (IGBT) modules that integrate
a T-type 3-level power conversion circuit on a single-
package by utilizing our uniquely developed reverse
blocking IGBTs (RB-IGBTs) for the neutral point
switch. Furthermore, we have also developed a highly
versatile 3-level large-capacity module that utilizes
the “PrimePACK™”*! ]arge-capacity package to sat-
isfy large-capacity needs. The module has been highly
evaluated by the market.

This time, we have developed the I-type
PrimePACK™ of 3-level IGBT module that supports a
DC power supply voltage of 1,500 V to meet the higher
voltage of photovoltaic power generation.

In this paper, the features and electrical character-
istics of this product are described.

1. Features and Electrical Characteristics of
Package

Figure 1 shows the external appearance of the
“M404 package” used with this product, and Figure 2,
the outline drawing.

(1) Completion of a package capable of large-capacity
parallel connections

Fig.1 External appearance of “M404 package”

(Unit: mm)

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

FUJI ELECTRIC REVIEW vol.63 no.4 2017

Fig.2 Outline drawing of “M404 package”

The I-type PrimePACK™ wuses the same M404
package as the T-type PrimePACK™. Therefore, these
packages are easily interchangeable due to the compat-
ible terminals. Furthermore, the IGBT module that
uses the M404 package has the following features:

(a) Internal inductance is small on account of the
laminate structure of the main terminal bus bar
inside the module.

(b) Equipment size reduction is now possible as a
result of the space savings achieved through the
small footprint of the module and compact cool-
ing fins.

(¢) The package uses a terminal configuration suit-
able for parallel connections, thus making it
easy to use for even larger capacity applications.

(d) It comes equipped with a built-in thermistor for
temperature detection.

(2) I-type power conversion system

Figure 3 shows the equivalent circuits for the
I-type and T-type 3-level IGBT modules which are used
for power conversion systems. The I-type employs a
serial connection for its switching elements, and it
thus can be used for equipment with higher voltage
than the T-type does.

(38) Total generated loss and main specifications

Figure 4 shows the total power loss for 2-level and
3-level power conversion systems, and Table 1 shows
the main specifications of the I-type PrimePACK™.
Efficiency is higher for 3-level system than 2-level sys-
tem by 0.4%. The T-type circuit uses RB-IGBTSs for the
AC switching component, allowing it to reduce more
loss than the I-type circuit. The I-type circuit however

*1: PrimePACK™ is a trademark or registered trade mark
of Infineon Technologies AG.
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Fig.3 Equivalent circuits for 3-level IGBT module
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Fig.4 Comparison of total power loss

Table 1 Main specifications of I-type PrimePACK™

is more suitable for high voltage applications. By cre-
ating a 3-level module series that includes the I-type
and T-type, flexible support can be done for the various
products of users.

2. Characteristics Data Indication

Additionally, products having static character-
istic indication on module package are line upped to
respond to users’ requests. Figure 5 shows the layout
and external appearance for the characteristics data
indication. This provides users with the following ad-
vantages:

(a) Pairing can now be implemented in-house.

(b) Individual module data can be checked in-house,
thus facilitating replacement maintenance.

(¢) Unfilled pair of modules will not be remained
because lot specific pairing is no longer neces-
sary.

These features allow users to flexibly implement
the parallel connections of the modules without re-
maining unfilled pairs and facilitate pairing selection
and inventory control.

Ve—>178 181 180 181 180 182

ViEGat H|2H 215 216 212 R

| gk kkokE dokokok Rk —

|
Manufactur:rr‘ Lot No. Li Serial No.
code Product code

Data Matrix code

AA: Japan
MM: Malaysia
CC: China

Item Specification
Package type I-type PrimePACK™
Type 4M]1321600VC 4MBI600VC
-120-50 -120-60

Package dimensions L1250 x W89 x H38 (mm)

Vees 1,200 V

I. AGBT) 600 A

—-I. (FWD) 600 A

Vars +20V

T 175°C

Tiop 150°C
s | | sowioy

“;g’é(;a“l (5"1{,11’) typ. 1.85 V

T =25°C (I = 600 A)

VF (chip) typ. 1.70 V

T, =25°C (Ir = 600 A)

Ring-o) IGBT max. 0.061°C/W

Ring.co FWD max. 0.092°C/W

VF (chip) typ. 1.70 V
Clamp diode | 71=25°C (Ir = 600 A)

Ring-o FWD max. 0.092°C/W
Common Viso 4,000 VAC (AC: 1 min)
Characteristic data display No | Yes

250 2017-S06-2

Fig.5 Layout and external appearance of characteristics data
indication
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Launch time
January 2018

Product Inquiries
Industrial Power Semiconductor Module Department,

Business Planning Division, Electronic Devices
Business Group, Fuji Electric Co., Ltd.
Tel: +81 (263) 27-6958

I-Type “PrimePACK™” of 3-Level IGBT Modules

2017-S06-3
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“SUPER ECO MOLTRA II” Cast Resin Transformer
Achieving Super High Efficiency

MIYATA, Tomokazu*

A new requirement appeared in FY2014 to replace
high-voltage distribution transformers with ones of-
fering significantly better energy saving performance
compared with the existing models. This was based
on the secondary criteria for Top Runner transform-
ers (Top Runner transformers 2014) under the “Act
on the Rational Use of Energy” (Energy Saving Act).
In addition, taking the opportunity of the Olympic
and Paralympic Games Tokyo 2020, many enterprises
are conducting activities to improve environmental
friendliness. Further, there is increasing demand for
products with a better energy saving performance than
that of Top Runner transformers 2014. These things
show that the energy saving performance of transform-
ers has entered the next stage.

In 2014, Fuji Electric released the “Top Runner
MOLTRA 2014” as a product that satisfies the require-
ments for Top Runner transformers 2014. In 2015, we
adopted an amorphous alloy and released the “Amor-
phous MOLTRA” with the maximum conversion ef-
ficiency improved to significantly reduce the no-load
loss, which is referred to as standby power. Further-
more, the “SUPER ECO MOLTRA I1,” released in June
2017, has realized an achievement rate of 130% with
reference to the standard energy consumption effi-
ciency of Top Runner transformers 2014 with the same
footprint as that of Top Runner MOLTRA 2014 (see
Fig. 1). This paper presents the features of the SUPER

s B

Fig.1 SUPER ECO MOLTRA Il

* Power Electronics Systems Business Group, Fuji Electric
Co., Ltd.
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ECO MOLTRA II and the effect of introducing it.
1. Overview of SUPER ECO MOLTRA Il

Figure 2 shows efficiency curves of the SUPER
ECO MOLTRA II and other transformers.

1.1 Features

(a) Achieved 130% of the standard energy consump-
tion efficiency of Top Runner transformers 2014
in the average of all capacity models.

(b) Efficiency significantly improved from that of
the Top Runner MOLTRA 2014 over the entire
load factor range.

(c) A footprint equivalent to that of the Top Runner
MOLTRA 2014 achieved.

(d) Vacuum casting employed for all capacity mod-

99.6

P

<~ Amorphous MOLTRA

99.4 b~ SUPER ECO MOLTRA II

99.2
99.0

Top Runner
MOLTRA 2014

98.8
98.6

Efficiency (%)

Conventional product

984 (JIS C 4306:1999)

98.2

98.0
10 20 30 40 50 60 70 8 90 100

Load factor (%)

Fig.2 Efficiency curves of various transformers (3-phase
300 kVA)

Table 1 Specifications of SUPER ECO MOLTRA I

Item Specification
Number of .
phases Single-phase 3-phase
Frequency
(Hz) 50/60

Rated capac- | 50, 75, 100, 150, 200, | 75, 100, 150, 200, 300,
ity (kVA) 300 500

R6600-F6300-6000 (single-phase 50 kVA only)
F6750-R6600-F6450-F6300-6150

Primary
voltage (V)

Secondary
voltage (V)
Insulation
system F
temperature

210-105 210, 420, 440

FUJI ELECTRIC REVIEW vol.63 no.4 2017



els to achieve molded windings with high insula-
tion reliability.

(e) High incombustibility achieved and acquired
type test certificate for IEC 60076-11.

(f) High seismic resistance in compliance with

JEM-TR252 achieved.

1.2 Specifications
Table 1 shows the specifications of the SUPER
ECO MOLTRA 1II.

2. Background Technology

The total loss of a transformer is represented by
the sum of a certain no-load loss that does not depend
on the load factor and a value resulting from multiply-
ing the load loss by the square of the load factor (see
Equation 1). Energy consumption efficiency is repre-
sented by the total loss at the reference load factor.

— m 7
Total loss (W) = No-load loss (W) + [W] X
Load loss (W) «=+-+- 1)

m : Reference load factor (%)

Transformers with a capacity of 500 kVA or
smaller: 40%

Transformers with a capacity of over 500 kVA:
50%

To improve energy consumption efficiency, the
no-load loss has been reduced with the Amorphous
MOLTRA. With the SUPER ECO MOLTRA II, both
the no-load loss and load loss have been reduced so as to
improve the efficiency over the entire load factor range.

2.1 Technology for reducing no-load loss

We have employed a high magnetic flux density
steel strip of sheet metal provided with magnetic do-
main control as the iron core material. In addition, we
have optimized the design magnetic flux density to re-
duce the no-load loss and miniaturize the iron core.

2.2 Technology for reducing load loss

The conventional MOLTRA used aluminum for
the conductor of the windings. With the SUPER ECO
MOLTRA II, we have employed copper, which is char-
acterized by its high electric conductivity, and opti-
mized the cross-section area of the winding conductor
to reduce the load loss and miniaturize the windings.

3. Effect of Introducing SUPER ECO MOLTRAIII

3.1 Selection of transformers

As shown in Fig. 2, the SUPER ECO MOLTRA
II features higher efficiency than the Top Runner
MOLTRA 2014 over the entire load factor range. In
particular, it has excellent efficiency in the high load
factor range and high energy saving performance is

“SUPER ECO MOLTRA II” Cast Resin Transformer Achieving Super High Efficiency

brought out in data centers and water treatment fa-
cilities which have a high average load factor per day.
Meanwhile, the Amorphous MOLTRA shows especially
high efficiency in the low load factor range, decreasing
power usage in the nighttime, and exhibits high energy
saving performance in buildings and hospitals which
have a low average load factor per day. However, ef-
ficiency decreases as the load factor increases, and care
is needed here. Accordingly, it is important to select
a transformer suitable for the actual condition of the
load so as to produce the energy saving effect expected.

3.2 Effect of introduction
Figure 3 shows the effect of replacing a conven-

Conventional
product 2,402
Top Runner
MOLTRA 2014 1,563 |
Amorphous
MOLTRA
SUPER ECO 1,030 W reduced
MOLTRA II (From conventional
product)
L L
0 1,000 2,000 3,000
(a) Total loss (W)
Conventional
product 336,600
Top Runner
MOLTRA 2014 219,000 |
Amorphous
225,700
MOLTRA 144,300 yen
SUPER ECO reduced
MOLTRA II 192,300 « (From conventional
product)
L
0 200,000 400,000
(b) Annual power rates (yen)
Conventional
product 11,600 |
Top Runner
MOLTRA 2014 7,500
Amorphous
MOLTRA
SUPER ECO 5,000 kg reduced
MOLTRA II T @ (ivom comventional
product)
L L
0 5,000 10,000 15,000

(c) Annual CO; emissions (kg)

<Annual power rates>
Energy consumption efficiency (W) x 24 hours x 365 days x
Unit power rate (yen/kWh)

= 144,300 yen reduction possible
<Annual CO3 emissions>
Energy consumption efficiency (W) x 24 hours x 365 days x
COg Emission factor (kg/kWh)

= 5,000 kg reduction possible
Calculation conditions: Unit power rate 16 yen/kWh

: COg emission factor 0.550 kg/kWh

Fig.3 Effect of introducing SUPER ECO MOLTRA Il (three-
phase 300 kVA, load factor 60%)
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tional transformer with the SUPER ECO MOLTRA
II. Under the conditions of three-phase 300 kVA and
a load factor of 60%, the annual power rates can be
reduced by 144,300 yen and COz emissions by 5,000 kg
as compared with a conventional transformer.

Power usage for each time period varies. Hence,

C?]?‘?X)t Y Single-phase 3-phase
10 ([

20

30

50

75
100
150
200
300
500
750
1,000
1,500
2,000 L

Top Runner
MOLTRA 2014

Amorphous
MOLTRA
SUPER ECO
MOLTRA II

SUPER ECO
MOLTRA II

Top Runner
MOLTRA 2014

Amorphous
MOLTRA

Fig.4 Products conforming to Top Runner transformers 2014
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it is preferable to select the optimum transformer that
can reduce operation costs by taking into account the
time-of-day power rates offered by utility companies so
that energy can be saved.

Fuji Electric offers a line-up of products conform-
ing to the energy saving standards of Top Runner
transformers 2014 including the SUPER ECO MOL-
TRA II and the Amorphous MOLTRA as shown in Fig.
4. These allow users to select the optimum transform-
ers.

Launch time
June 2017

Product Inquiries
Facilities Electrical Machinery Engineering
Department, Transmission & Distribution Systems
Division, Power Electronics Systems Business
Group, Fuji Electric Co., Ltd.
Tel: +81 (3) 5435-7089
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6.5th-Generation Automotive Pressure Sensors

NISHIKAWA, Mutsuo®

Currently, there is a strong requirement for au-
tomobiles to have a reduced environmental impact as
seen in the imposition of air pollutant and COg2 emis-
sion regulations, in addition to having improved safety
and comfort. In order to meet these regulations, fuel
efficiency is being improved by precisely controlling the
air-to-fuel ratio. Further, technology to make exhaust
gas cleaner by recirculating the gas after combustion
is becoming widespread at an increasing speed. In
addition, engine rooms are being made smaller and
mounting density increased. The aim is to increase the
cabin space so that there is greater fuel efficiency and
comfort.

This has caused temperatures to rise in the op-
erating environment of automotive pressure sensors.
Moreover, the requirement of having electromagnetic
compatibility (EMC) against electromagnetic noise
generated from various electronic devices is becom-
ing increasingly rigorous. Furthermore, the scope of
application of pressure sensors, which was mostly to
measure air in the past, is expanding to a variety of
difficult media (targets) to be measured. These include
those containing exhaust gas and vaporized fuel such
as gasoline and diesel oil.

To meet these requirements, Fuji Electric has de-
veloped the higher performance 6.5th-generation au-
tomotive pressure sensor based on the 6th-generation
pressure sensor with digital trimming that started
mass production in 2010.

1. Features

Figure 1 shows the appearance of the cells of the
6.5th-generation pressure sensor and the previous 6th-
generation pressure sensor. Table 1 shows the specifi-
cations of the 6.5th-generation pressure sensor. This
product uses the conventional technology of integrat-
ing the pressure sensing unit and signal processing
unit into one chip. It also provides corrosion resistance
and resistance to electrostatic charging to raise the
maximum guaranteed operating temperature from
125°C of the conventional product to 150°C. To detect
failures, a clamp function has been added for separat-
ing the wire harness disconnection detection domain
(diagnostic voltage domain) from the normal use
domain. The size of the sensor cell has been reduced to
approximately 48% of that of the 6th-generation pres-

* Electronic Devices Business Group, Fuji Electric Co., Ltd.
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(a) 6.5th generation (b) 6th generation

Fig.1 Automotive pressure sensor

Table 1 Specifications of 6.5th-generation pressure sensor

Item Specification

Product size (resin part) W7.5 x H10 X D5.6 (mm)

Operating temperature range —40°C to +150°C

Operating pressure range

(intake pressure sensor) 20 to 120kPa

Rated pressure Pressure range X 3

Power supply voltage 5+0.25V

Output voltage

(at power supply voltage of 5V) 0.5t0 4.5V

Sink and source capacities Sink: 1 mA, source: 0.1 mA

Clamp voltage 0.3 V/4.7V

Clamp function (typ.)

In accordance with JASO M
611-92/B Method
(Gasoline/diesel component)

Corrosion resistance

ESD (external interface terminals)

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

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

ISO 7637 (2011) standard
Pulse 1, 2, 3a, 3b
LEVEL-III cleared

Transient voltage surge

Impulse +1 kV or more

Latch-up

(current injection method) +500 mA or more

EMS (G-TEM) (100 V/m) Variation: 1% FS or less

Overvoltage

(between Vee and GND) 16.5V (max.)

Reverse connection

(between Vce and GND) 0.3 A (max.)

sure sensor in terms of the volume.
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2. Background Technology

2.1 Corrosion resistance

Figure 2 shows the cross-section structure of the
sensor cell of a pressure sensor. The sensor chip and
wire are protected against incoming foreign objects
such as soot by using gelled protection material capa-
ble of transmitting pressure. With this product, there
is a need to prevent exhaust gas and vaporized fuel
such as gasoline and diesel oil from passing through
the protection material since they would corrode the
wire bonding pad on the chip surface. Therefore, corro-
sion prevention areas have been provided on the bond-
ing pad and test pad as shown in Fig. 3.

2.2 Resistance to electrostatic charging

Figure 4 outlines the pressure sensing unit inte-
grated in the pressure sensor. Fuji Electric’s propri-
etary etching technology is used to process part of the
silicon into a thin film to form a diaphragm. The 4
piezoresistors composed of the diffusion wiring pro-
vided on the diaphragm constitute a Wheatstone
bridge. When the diaphragm is deformed by the pres-
sure applied, the respective piezoresistance values

Wire Vacuum Gelled protection
reference chamber  material
Pressure
] = Te —
AN
Sensor chip
Die bonding
adhesive Glass

Fig.2 Cross-section structure of sensor cell

Shielded area
on circuit

Circuit  Test pad

Corrosion prevention areas on

Wire bonding pad C ]
wire bonding pad and test pad

(b) Corrosion prevention and
shielded areas

(a) Chip surface

Fig.3 Corrosion prevention and shielded areas
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(b) Diaphragm circuit (Wheatstone bridge)

Fig.4 Overview of pressure-sensing unit

change, generating a potential difference in the output
of the Wheatstone bridge. This potential difference is
amplified to convert the pressure into an electric sig-
nal.

Any electrically charged vaporized fuel attached on
the gelled protection material would cause the piezo-
resistance values to vary and degrade the sensor char-
acteristics. To prevent that, this product employs a
shielded structure with polysilicon used for the flexible
part (diaphragm) of the micro electro mechanical sys-
tems (MEMSs). As shown in Fig. 3, the same layer as
that of the corrosion prevention areas is used to form
a shielded area. The idea is to improve the resistance
to electrostatic charging of the circuit except the dia-
phragm.

An electric charge that causes the potential on the
gel surface to be a few kV was applied to the product
with this structure. The resultant output character-
istic changes are shown in Fig. 5. With an unshielded
structure, the output significantly varies some time
after the start of applying the charge. Unlike the un-
shielded structure, this shielded product does not show
any output variation over a long time of application
and achieves high resistance to electrostatic charging.
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Integration o

Fuji Electric’s power semiconductors densely containing our unique power electronics
technology and possibility of application. We have been improving these key devices to
have a high withstanding voltage, high capacitance, low power loss, and compact & light-
weight package. The key devices have vigorously playing active parts in the clean energy
field including photovoltaic and wind power generation, the energy conservation field,
demanded in the industry and the home, and the traffic field including hybrid and electric
vehicles. Moreover, we have been developing the next generation power semiconductors
of higher performance using new material SiC. Fuji Electric will continue to renovate
energy technologies and contribute to realize a safe, secure and sustainable society.

Fuji Electric’s power semiconductors




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 http://www.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/
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Manufacture, sales, and services relating to low-voltage power distribu-
tion board(switchgear, control equipment)
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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 http://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 http://www.fujielectric.fr/

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
(Wuxs 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
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