
Simulation Technologies for Product Development 

Printed on recycled paper

Whole Number 252,  ISSN  0429-8284

2016
Vol.62  No. 1

F
U

JI  E
L

E
C

T
R

IC
  R

E
V

IE
W

S
im

u
latio

n
 T

ech
n

o
lo

g
ies fo

r P
ro

d
u

ct D
evelo

p
m

en
t 

Vol.62  N
o.1  2016



Cover Photo (clockwise from the upper left):
Example of warpage analysis of power electronics equipment 
part, Results of simulation of wind velocity distribution (new 
air curtain system, conventional system), Example of fi lling 
analysis for housing of low-voltage circuit breaker (after 
optimization), Electric fi eld intensity distribution inside the 
device when retaining the withstand voltage, Fan fl ow speed 
distribution, Dissociation structure between epoxysilane and 
aluminum

12016
Vol.62  No.

Simulation Technologies for Product Development 
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 Mismatch Between Simulation and 
Experiment?  Let’s Consider Model 
Systems for Better Interplay!

Do we agree that, as results of the promulgation of 
computers and progress in computer science and com-
putational theory made in the last couple of decades, 
there are ample examples of successful application 
and utilization of simulation technology today?  If we 
consider product-oriented simulation technology such 
as computer-aided design (CAD), we may have the 
impression that such technology is well past the evalu-
ation phase and has already become ubiquitous.  If we 
think of material-oriented simulation technology, how-
ever, successful cases may seem to be few in number.

Simulation technology is used in two phases:  anal-
ysis and design.  The former starts with a validation 
of the methods and models employed.  The simulation 
results are validated against the phenomena or proper-
ties measured to ascertain that the target attributes 
and features are simulated precisely.  This is a vital 
process for any system.  Unfavorable results obtained 
in this process will not allow the researcher to move to 
the subsequent process of identifying dominant factors, 
let alone the design phase that follows.  In this case, 
the reputation of simulation technology may be consid-
erably harmed.

What is important for the validation of a simula-
tion?  Naturally, there may be a variety of factors that 
are case-dependent, but for the purpose of simplifi ca-
tion, let’s take instrumental analysis as an analogy.  
The measurement results can only originate from the 
sample used.  Therefore, after determining the mea-
suring instrument, it is the sample preparation that 
determines the spectra that will be obtained.  Ideally, 
the samples of practical structure should be measured 
in operando, i.e., in an actual operating environment. 
We have to, however, use model measurement method 
due to constraints such as a sample holder in many 
cases.  High-precision measurement is also desired, 
for example, using SPring-8 (large synchrotron radia-
tion facility). However, we are often obliged to perform 
measurement with devices readily accessible from a 
laboratory on a daily basis even if less accurate.  Simi-
lar issues arise in terms of selecting simulation meth-
ods and a computational environment.  Simulation 
results are fully determined by the parameters and 

structural models as an input once the methods are 
chosen.  If there is a discrepancy between the simula-
tion results and actual measurements, it must be at-
tributed to the accuracy of the parameters of physical 
properties or structural models that are employed, 
supposing that the methods and computational condi-
tions are appropriate.  It is not diffi cult to assume that, 
in molecular simulation, presupposition of an ideal 
composition or surface/interface structure causes the 
discrepancy.  In fi nite element analysis, a discrepancy 
may be attributed to the simplifi ed representations of 
complex structures, such as a porous structure, and 
the use of encompassing values as physical properties.  
When researchers and engineers come across such a 
discrepancy, how would they respond?

For instance, some may opt for an alternative ap-
proach assuming that the simulation technology is 
not likely to help. Others may make effort to tune the 
simulation so that the results agree with the actual 
measurements. Is it too much to say that these actions 
are a 20th century approach?  One may consider that 
the measured object must be different from what they 
have assumed and try to measure again after a care-
ful consideration of conditions. It is too idealistic, con-
versely, if I call it a 21st century approach.  What is 
the reality in laboratories of today?  Rather than con-
sidering the current status, we should foresee the situ-
ation in 15 years’ time, around the year 2030, to see 
the ideal conditions for addressing the issue.  It is en-
visaged that the population of Japan will decrease by 
10 million, with a higher proportion of elderly citizens.  
While China has gone into a population decline, that 
of India is still growing, and it will have surpassed 
China.  Given this trend, to maintain a global competi-
tiveness, Japan must consider deploying intelligence in 
manufacturing, although it has hitherto largely relied 
on spirit, intuition and guts.  Simulation technology 
is a tool to facilitate virtual experiments using mod-
els that represent the reality, leveraging the human 
“knowledge” implemented as software on a computer.  
Even if a computer works over 8,000 hours per year, it 
won’t raise the issue of unethical labor conditions, nor 
will the supervisory authority intervene in the issue.  
Looking at society in 15 years’ time, what can we do to 
ensure the younger generation, who will be the driv-
ing force of their companies, can be at ease with using 

KOYAMA, Michihisa * 

 * Ph.D. (Engineering), Professor, INAMORI Frontier Research 
Center, Kyushu University

Preface
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simulation technology?
The young researchers and engineers who are al-

ready adept at using simulation technology today will 
be assuming positions as leaders or assessors in 2030.  
They will have appropriate evaluation standards in 
place, as well as the competence to practice them.  
Then they will need to focus more on the training of 
those who follow.  Imagine a future where we have 
more young talents who can support better ‘interplay’ 
between experiments and simulations. When they 

come across discrepancies between them, they may 
intend to propose that they should experimentally 
measure the sample characteristics to validate the 
simulation based on an ideal model experimental sys-
tem, in addition to conducting the simulation based on 
a realistic system model rather than an ideal system 
model. Such promising researchers or engineers will 
start to play an active part one after another.  If this is 
the picture of our future, there must be a variety of op-
tions that we can look into.
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Current
Status and

Future 
Outlook

1. Introduction

Along with the recent progress of computational 
science brought about by improved computer perfor-
mance and software versatility, simulation technolo-
gies are now widely applied in various phases from 
R&D to product design.

At Fuji Electric, simulation technologies are ap-
plied in a wide variety of fi elds.  For semiconductor 
devices, we are working to make use of molecular 
simulation and analysis technologies to clarify phe-
nomena at the atomic level as well as analysis and 
estimation of electrical characteristics.  In addition, 
we are taking an approach to use simulation tech-
nologies for clarifying material properties, which 
was something that mostly depended on rules of 
thumb in the past, to make effi cient use of materi-
als.  Furthermore, approaches to achieving the op-
timum design of electrical equipment by taking ad-
vantage of simulation technologies such as electro-
magnetic noise analysis, acoustic noise analysis and 
fl uid analysis are also becoming widespread.

In any case, we aim to provide customers with 
high-performance, high-reliability products with 
short delivery times.  We will do this by making 
use of computational science to accurately identify 
physical phenomena, which form the basis of func-
tions and performance of products, and grasping the 
mechanisms scientifi cally and quantitatively to ap-
ply them to the design of products.

2. Simulation Technologies to Support 
Development of Devices and Materials

2.1 SiC power semiconductor devices
Simulation technologies, which are already be-

ing used to develop silicon (Si) devices, are also im-
portant in the development of silicon carbide (SiC)*1 
devices.  They are used to reduce the number of pro-
totypes required, grasp physical phenomena and 
optimize the device structures to improve the de-
velopment effi ciency and offer higher-performance 
products.

SiC as a substrate material may have vary-
ing mobility, interface charges and the impact 
ionization rate depending on the crystal surface*2.  
Hence, it was diffi cult to have highly accurate pre-
diction of device characteristics that are affected 
by them, including the on-state voltage, threshold 
and withstand voltage.  To deal with this issue, 
Fuji Electric has collaborated in research with the 
National Institute of Advanced Industrial Science 
and Technology to build a simulation model based 
on the actual measured values to predict character-
istics of a trench metal-oxide-semiconductor fi eld-
effect transistor (MOSFET)*3.  We have also met 
the demands for energy saving and miniaturization 
of power electronics equipment and developed a 
low-loss 1.2 kV-class trench MOSFET (see Fig. 1).  
Trench MOSFETs have the gate formed on the sides 
of the trench and this allows cell pitch to be reduced 
more easily than planar MOSFETs and the on-resis-
tance R on·A is lower. 

With trench MOSFETs, the a-face and m-face 

WATANABE, Masahide *   NAGAYASU, Yoshihiko *   YASUKAWA, Yukio *

Simulation Technologies for Product 
Development:  Current Status and 
Future Outlook

*1: SiC
A compound of silicon (Si) and carbon 

(C).  With many structural polymorphisms of 
crystals existing such as 3C, 4H and 6H, SiC 
is known as a wide gap semiconductor with a 
band gap ranging from 2.2 to 3.3 eV depend-
ing on the structure.  Because of its proper-
ties that are advantageous as power devices 
such as the high breakdown voltage and ther-
mal conductivity, it is applied to practical ap-
plications for its capability to realize devices 

with high withstand voltage, low loss and 
high-temperature operation.

*2: Crystal surface
Refer to Supplemental explanation 1:  

“SiC Crystal Types and Crystal Surface” on 
page 62.

*3: Trench MOSFET
Trench metal-oxide-semiconductor fi eld-

effect transistor (MOSFET) is a type of 

power MOSFET.  While planar MOSFETs 
have the gate formed on the semiconductor 
surface, trench MOSFETs are characterized 
by formation of the gate in a trench made in 
the direction of depth of the semiconductor.  
Because the channel is formed in the direc-
tion of depth, the trench gate structure al-
lows easy planar miniaturization and hence 
improvement of the channel density, which 
makes it possible to reduce the on-resistance 
per area.

 *   Corporate R&D Headquarters, Fuji Electric Co., Ltd.
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are used for the trench sides and a model of mo-
bility that accommodates these faces is required.  
Accordingly, we have focused on the fact that the 
device operates in the region that the mobility de-
pends on the gate voltage and Coulomb scattering*4.  
We thus incorporated into simulation a Coulomb 
scattering model, allowing the mobility in low elec-
tric fi eld to match the measured mobility.  For with-
stand voltage, because the avalanche breakdown*5 
of SiC is affected by the lateral electric fi eld in ad-
dition to the crystal surface, we used a Hatakeyama 
model, which takes the lateral electric fi eld into con-
sideration.  And we have made corrections by the 
a-face and m-face to restructure the parameters.  As 
a result, the simulated R on·A and withstand voltage 
showed good agreement with the measured values.  
In addition, we confi rmed that potential distribu-
tion analysis of R on·A could be used to optimize the 
structure and the impurity concentration of the 
n-type layer in the junction fi eld-effect transistor 
(JFET) portion.  This made it possible to further 
improve the trade-off between R on·A and withstand 
voltage (see Fig. 2) (Refer to “Simulation Based 
Prediction of SiC Trench MOSFET Characteristics” 
on page 12). 

In addition to unipolar devices such as Schottky 

barrier diodes (SBDs)*6 and MOSFETs, Fuji Electric 
has developed bipolar devices such as PiN diodes 
and insulated gate bipolar transistors (IGBTs)*7.  
Bipolar devices make it possible to easily increase 
the current and withstand voltage and we are cur-
rently conducting research on 13 kV PiN diodes and 
IGBTs.  With bipolar devices, the mobility of elec-
trons and holes, lifetime and the injection effi ciency 
of carriers of the p-type collector greatly affect the 
device characteristics.  However, these parameters, 
which may also be caused by crystal defects and ac-
tivation rate of the p-type region, are diffi cult to ap-
ply to a simulation model.  Accordingly, Fuji Electric 
has identifi ed problems with real elements by us-
ing simulation to estimate ideal characteristics and 
comparing them with measured values.  We have 
also attempted to improve the accuracy by fi tting 
measured values to a simulation so as to improve 
the characteristics.

We combined a device simulator and a circuit 
simulator to conduct switching simulation in view 
of inductive load and predicted losses at a bus volt-
age of 6.6 kV.  Figure 3 shows a comparison of the 
generated losses between the current and improved 
structures.  The current structure has high injec-

*4: Coulomb scattering
Refer to Supplemental explanation 2:  

“MOSFET Carrier Scattering” on page 62.

*5: Avalanche breakdown
If reverse voltage is applied to a semi-

conductor device, free electrons and holes are 
accelerated in the electric fi eld and collide 
with lattice atoms of silicon, etc.  When the 
electric fi eld intensity is suffi ciently large, it 
causes collisional ionization.  This results in 
repetition of the process of free electrons and 
holes being released and accelerated again 
and the number of free electrons and holes 
are increased like an avalanche to cause a 
large current to fl ow.  This phenomenon is re-

ferred to as avalanche withstand and consti-
tutes a factor that determines the breakdown 
voltage of a semiconductor device.

*6: SBD
Stands for Schottky barrier diode.  It is 

a diode providing rectifying action by using a 
Schottky barrier created by junction between 
a metal and a semiconductor.  It is being ap-
plied to the FWDs of SiC-SBDs because of 
its excellent electrical characteristics.  As 
compared with a P-intrinsic-N (PiN) diode, 
which also uses minority carriers, an SBD, 
which operates only on majority carriers, 
offers a higher reverse recovery speed and 
smaller reverse recovery loss.

*7: IGBT
Stands for insulated-gate bipolar tran-

sistor.  An IGBT is a voltage-controlled device 
that has a gate insulated with an oxide insu-
lating fi lm, the same gate structure as that 
of a MOSFET.  It combines the strengths of a 
MOSFET and a bipolar transistor.  Its bipo-
lar operation, which allows use of conductiv-
ity modulation, makes it possible to realize 
both a switching speed suffi cient for applica-
tion to inverters and high withstand voltage 
combined with low on-resistance.

(a) Planar MOSFET (b) Trench MOSFET

Cell pitch

GateSource Source

Source Source
Gate

Channel
Channel

JFET
width

Area of parasitic
resistance

p+ p+
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SiO2
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Fig.1  MOSFET cross-sectional view
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Fig.2   Trade-off between Ron·A and withstand voltage be-
fore and after structure optimization
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tion of carriers in the p-type collector and the p-type 
anode of the diode, which causes a large switch-
ing loss.  Accordingly, we attempted to reduce 
the switching loss by incorporating a low-injection 
structure and other measures.  As compared with 
the high-injection structure, a reduction to 44% 
has been confi rmed in the switching loss and a 37% 
improvement in the total loss including the conduc-
tion loss at an operating frequency of 2 kHz (Refer 
to “Development of SiC Bipolar Devices Using 
Simulation” on page 17).

2.2 Clarifi cation of MOSFET interface phenomena by 
fi rst-principles calculation
The interface phenomena of SiC devices are still 

mostly unclear and the C (carbon) face, Si (silicon) 
face, a-face and m-face have different interface phe-
nomena respectively.  Accordingly, there are needs 
to clarify the interface phenomena for the respec-
tive face orientations.  Currently, Fuji Electric is 
working on clarifying phenomena on interfaces and 
inside crystals at the atomic level by utilizing com-
putational scientifi c techniques including the fi rst-
principles calculation in addition to using electrical 
characteristics and making analytical observations.  
The fi rst-principles calculation is a technique of 
solving the electronic state in a substance based on 
quantum mechanics by using numerical calcula-
tions.  It makes it possible to estimate properties 
of unknown substances and physical and chemical 
phenomena at the atomic level that cannot be mea-
sured by way of experiment.

Figure 4 shows an example of modeling by us-
ing fi rst-principles calculation assuming the ideal 
interface structure of the SiC/SiO2 interface after 
the dry oxidation process respectively for the C-face 
and Si-face.  This leads to an estimation that Si ex-
isting on the interface is in the chemical state Si3+ 
on the C-face and Si1+ on the Si-face.  X-ray photo-
electron spectroscopy (XPS) analysis of the interface 
has actually shown Si3+ on the C-face and Si1+ on the 
Si-face, which supports the validity of this model.  

In this way, assuming the ideal interface structure 
makes it possible to estimate the origin of the subox-
ide (incomplete SiO2) obtained by XPS analysis, and 
the choice of measures for realizing an ideal inter-
face can be narrowed down.

The results of study of the interface structure 
with the ideal interface structure of the Si-face pro-
vided with a dangling bond (DB) of Si are shown 
in Fig. 5.  The calculation shows that the interface 
state of the DB is formed in the band gap of SiC.  An 
interface state like this traps a charge and causes 
a reduction in mobility due to Coulomb scattering, 
leading to a variation of V th.  A similar calcula-
tion of the bonding state of atoms other than the 
DB makes it possible to calculate various interface 
states.  They can then be compared with the ac-
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tual electrical characteristics and analysis results 
to clarify interface phenomena that are not actually 
visible.

In the future, we intend to make use of clarify-
ing phenomena at the atomic level using a simula-
tion including fi rst-principles calculation in addition 
to measured values and analysis results.  We will 
incorporate it in a device simulator, and thereby 
help to improve the performance of SiC-MOSFET 
(Refer to “Atomic Level Analysis of SiC Devices 
Using Numerical Simulation” on page 23).

2.3 Resin material characteristics
With products that use power semiconductor 

devices, it is important to improve the performance 
of semiconductor devices as well as the encapsula-
tion resin.  In particular, encapsulation resin has 
a signifi cant infl uence on the long-term reliability.  
Therefore, resin materials must be selected in view 
of the impact of residual stress due to actual mold-
ing and the like.  In order to meet this need, we are 
conducting simulation with resins modeled at the 
atomic level by fi rst-principles calculation and mo-
lecular dynamics calculation.  The aim is to grasp 
the mechanical characteristics and adhesion of res-
ins so that a resin framework and adhesion aid can 
be selected.  We are also working to gain an under-
standing of resin behavior.  This is done with the 
resin fl ow and curing rate distribution during the 
actual molding process taken into consideration, by 
using 3D fl uid analysis coupled with thermal stress 
analysis.

The adhesion between resin and metal may in-
volve complicated factors.  And the study of encap-
sulation resin conducted up to now has adopted a 
method of actually testing candidate materials so as 
to narrow down the choice.  In order to improve the 
effi ciency of this material selection, we are working 
on the development of technology to predict charac-
teristics.  It utilizes simulation technologies such as 
fi rst-principles calculation and molecular dynamics 
calculation.

Adhesion of resin is assumed to depend mainly 
on the chemical bond between the component and 
resin, the anchor effect or presence of dirt on the 
surface and mechanical characteristics such as the 
coeffi cient of elasticity and coeffi cient of linear ex-
pansion of the resin.  Of these, the anchor effect is a 
factor that depends on the component and the fi rst 
thing to consider in design of the resin is the chemi-
cal bond between the component and resin and me-
chanical characteristics of the resin.

Mechanical characteristics of a resin and the 
chemical bonding force with the component to be ad-
hered to can now be calculated from the molecular 
structure of the resin framework and adhesion aid.  
As shown in Fig. 6, energy in the state of adhesion 
between the base material and resin and that in the 

state of separation can be determined and the en-
ergy difference between them indicates the chemical 
bonding force in the ideal state.  The actual adhe-
sion can be estimated by using the chemical bonding 
force in this ideal state as the basis and considering 
external factors such as the anchor effect and dirt 
and the interfacial stress due to mechanical charac-
teristics.

At this point, we are not ready to completely 
account for the measured values of adhesion from 
the results of simulation.  But in the future, we aim 
to further improve the reliability of semiconductor 
modules encapsulated with resin by predicting char-
acteristics including resin framework, adhesion aid 
and reliability (Refer to “Study of Adhesion of Resin 
Materials by Molecular Simulation” on page 28).

Computer-aided engineering (CAE) analysis, 
which has been used for structurally designing 
semiconductor modules up to now, handles resin 
cured after molding as a single elastic body without 
distribution.  And it sometimes caused a deviation 
from the results of reliability evaluation.  One pos-
sible factor in this is that, with actual resin mold-
ings, a distribution is generated in the curing rate 
because of temperature unevenness during molding 
arising from the differences in the thermal conduc-
tivity, structure and heating method of the compo-
nent.  This causes residual stress due to a variation 
of the volume shrinkage factor depending on the 
location.  Accordingly, for the purpose of improv-
ing the analytical precision of resin moldings, Fuji 
Electric has developed a simulation technology that 
takes into consideration the viscosity change due to 
heating and volume shrinkage behavior at the time 
of solidifi cation from liquid.

By using 3D thermo-fl uid analysis software, the 
irreversible change of resin from liquid to solid can 
be represented and, even for a product with a com-
plicated shape, residual stress distribution can be 
visualized by performing a calculation from its heat 
distribution.  This method takes into consideration 
the resin material properties including the density, 

(a) Adhesion structure (b) Dissociation structure

:  Al

:  O

:  C

:  Si

:  H

Fig.6    Molecular structures of epoxysilane and aluminum 
after structure optimization calculation
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coeffi cient of elasticity and temperature dependence 
and shear velocity dependence of viscosity together 
with the curing reaction rate and heat of reaction of 
the resin.  Figure 7 shows the stress distribution in-
side resin where a copper block is encapsulated with 
the resin, as an example of calculation results.  The 
calculation result using the conventional 3D fi nite 
element method structural analysis software Fig. 
7(b) shows a high stress region only on the bound-
ary of the component.  Meanwhile, Fig. 7(a) for 3D 
thermo-fl uid analysis refl ects the temperature dis-
tribution at the time of molding.  It shows the pres-
ence of a high-stress region on the circumference 
of the resin rather than inside it, which is a result 
closer to the reality of the system.  In this way, we 
are making it possible to conduct product devel-
opment with even higher reliability by applying 
high-precision structural design (Refer to “Residual 
Stress Distribution and Adhesive Interface Strength 
Analysis of Thermosetting Resin Molding” on page 
32).

3.   Simulation Technologies to Support 
Development of Machinery and Equipment

3.1 Electromagnetic noise
Power electronics equipment is used at the core 

of equipment and facilities for energy conservation 
to ensure effi cient use of electric energy and energy 
creation such as photovoltaic power generation and 
wind power generation.  Power semiconductors used 
in power electronics equipment feature high-speed 
switching that allows electricity to be freely convert-
ed into easy-to-use forms.  At the same time, howev-
er, they may emit large amounts of electromagnetic 
noise during operation.

One traditional measure to reduce electromag-
netic noise was to repeat cycles of trial and error 
after prototyping equipment.  In contrast, at Fuji 
Electric, we have been developing electromagnetic 

noise simulation technologies for power electronics 
equipment.  Our aim is to explore measures starting 
in the design phase, and such measures are being 
widely used for clarifying electromagnetic noise phe-
nomena and reducing noise during product develop-
ment.

Electromagnetic noise is generated as conduc-
tion noise if it is radiated outside through I/O cables 
and as emission noise if emitted as radio waves from 
various locations.

For simulation of conduction noise, rough analy-
sis by a simplifi ed model is performed in the initial 
stage of development.  In later stages of develop-
ment, detailed analysis by a more precise model and 
simulations with different levels of analytical preci-
sion according to the process are appropriately ap-
plied to product development.

For simulation of emission noise, simulation 
with part of the equipment extracted, rather than 
analysis of the entire equipment, is conducted and 
the results are applied to structural design (see Fig. 
8).  Such simulation with part of the equipment ex-
tracted features simple modeling and short analysis 
time, and it makes it possible to search for a better 
equipment confi guration while analysis is repeated.

We are also working on simulation technology 
intended for preventing electromagnetic noise fail-
ure on sites where power electronics equipment is 
installed.  The electromagnetic noise that is radi-
ated through the grounding electrode when power 
electronics equipment is operated affects external 
equipment.  Clarifi cation of this mechanism and 
proposal of methods to reduce the noise is included 
in the fi elds that mainly depended on know-how 
without theoretical approaches taken up to now.  
We are expanding the scope of application of elec-
tromagnetic noise simulation in this area (Refer to 
“Electromagnetic Noise Simulation Technology for 
Power Electronics Equipment” on page 37).

High

Low

Stress

(a) Stress distribution determined by 3D thermo-fluid analysis

(b) Stress distribution determined by 3D finite
     element method structural analysis

Fig.7  Results of stress distribution analysis in resin curing
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3.2 Aerodynamic noise
The demands for miniaturization of various 

types of electrical equipment have caused a ten-
dency toward a yearly increase in the heat genera-
tion density of products.  With air-cooled products 
that use fans, an increase in heat generation density 
causes the required air volume to increase as well, 
and aerodynamic noise generated from cooling air 
may become an issue.

At Fuji Electric, we are working on technology 
for simulating aerodynamic noise to gain an under-
standing of the mechanism of noise generation.  
This can be done by visualizing fl ow and pressure 
change, which becomes a source of aerodynamic 
noise, and studying the structure for noise reduc-
tion.

For simulation of aerodynamic noise, we have 
realized estimation of variation in the fl ow that pro-
vides a source of noise and the sound level by calcu-
lation of the fl ow of a fan (see Fig. 9) with massively 
parallel computing by using large eddy simulation 
(LES), which is capable of high-precision reproduc-
tion of turbulence phenomena. 

Use of this simulation has made it possible to 
estimate the peak frequency and sound pressure 
level for noise arising from rotation of the vanes of 
a cooling fan and fl ow around the casing.  In addi-
tion, we have confi rmed that the tendency of noise 
being caused by the positional relationship between 
a cooling fan and the surrounding structure can be 
reproduced through comparison with a model simu-
lating an air cooling structure of power electronics 
equipment.  At present, we are working to apply 
this simulation to a study on a design for reducing 
the noise of products (Refer to “Aerodynamic Noise 
Simulation Technology for Developing Low Noise 
Products” on page 42).

3.3 Switchgear internal arcs
In the development of switching devices used for 

power transmission, reception and distribution sys-
tems, arc analysis for predicting performance at the 
time of current cutoff has been used mainly to quan-

tify phenomena in the vicinity of contacts up to now.  
For example, such analysis has been used to predict 
arc elongation and movement in the breaking cham-
ber of low-voltage equipment.  The results are then 
used to determine the structure and arrangement 
of arc extinguishing grids in order to reduce wear of 
contactors and improve breaking performance.  For 
high-voltage circuit breakers, the analysis has been 
used for insulation design by predicting the reduc-
tion in dielectric strength due to a decrease in gas 
density of the high-temperature gas that is gener-
ated by arc heat generation and that diffuses inside.

For improving the analytical precision, model-
ing relating to the atmospheric gas generated by 
temperature increase to a few thousand Kelvin of 
the arc generated between contacts in view of com-
plicated physical phenomena including dissociation 
and ionization is essential.  Fuji Electric has applied 
this technology to develop design technology for en-
suring safety in the event of arc fault inside switch-
gears.  To switchgear for overseas markets, an IEC 
standard (IEC 62271-200) is applied.  This standard 
contains strengthened approaches to safe structures 
such as classifi cation of structures relating to opera-
tion continuity during failure and maintenance and 
classifi cation relating to protection of people in the 
surrounding areas, which has made development 
of new technology necessary in order to meet these 
requirements.  One major issue is to avoid increase 
in analysis time due to expansion of the analysis do-
main and increase of computational load in relation 
to prediction of pressure rises in the event of inter-
nal arc faults, which required reconsideration of the 
analysis method.  To that end, we aimed to realize 
both reduced computation time and ensured ana-
lytical precision and measured the behavior during 
pressure relief operation, which involves high com-
putational load, and refl ected the results to analy-
sis, thereby developing an analysis method special-
ized in prediction of pressure rises in the event of in-

Flow speed
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Low

Flow
direction Fan

Fig.9  Fan fl ow speed distribution (instantaneous value)

Pressure sensor 2

Pressure sensor 1Pressure relief device

Pressure 
wave

Arc

(a) Shape of switchgear (b) Pressure distribution analysis 
     result (pressure distribution 
     3.3 ms after arcing)

Pressure
High
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Fig.10  Example of switchgear shape and pressure analysis 
result
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ternal arc faults (see Fig. 10).  By using this method, 
we have developed a product that ensures safety in 
the event of internal arc faults in switchgears (Refer 
to “Analysis of Pressure Rise During Internal Arc 
Faults in Switchgear” on page 47).

3.4  Thermo-fl uid simulation
Fuji Electric offers “smart stores” that make ef-

fi cient use of energy at stores such as supermarkets 
and convenience stores.  In these stores, freezing-
refrigerating equipment including open showcases 
consume the most energy.  For energy saving of 
open showcases, performance improvement of air 
curtains by reduction of heat entering through them 
is required.  Frosting of the evaporator that gener-
ates cold air causes deterioration of the circulating 
air volume and characteristics of an air curtain.  To 
address this issue, we have developed a thermo-
fl uid simulation technology that allows prediction of 
chronological variations of air curtain performance 
caused by frost formation and used this technology 
to develop a new air curtain system.

For simulation with frost formation taken into 
consideration, we have built a calculation model 
that allows estimation of the wind speed decrease 
of the evaporator due to growth of frost and tem-
perature and humidity variations, which has made 
it possible to predict the average temperature rise 
over time in a showcase.  In addition, we have built 
a showcase design tool (see Fig. 11) capable of auto-
matic creation of simulation models and developed 
an optimization design technology for balancing be-
tween the many design factors for open showcases.

The new air curtain system developed by the op-
timization design technology has achieved a reduc-
tion in the supply air fl ow speed of an air curtain by 
gradually mixing the cold air from the back with the 
air curtain.  It has been confi rmed to offer an energy 
saving effect of over 30% from the conventional sys-
tem through evaluation with a demonstration model 
(Refer to “Thermo-Fluid Simulation Technique for 
Achieving Energy Saving in Open Showcases” on 
page 53).

3.5 Resin fl ow in molding
Plastic, which has excellent electrical insulat-

ing properties and is often provided with kinetic 
properties and functions that can be used for indus-
trial parts, is used in many products.  In molding of 
plastic parts, it is important to build quality in the 
initial phase of development, when the degrees of 
freedom of the product shapes and mold structures 
are high and modifi cation costs are low.

Fuji Electric is also working to raise the qual-
ity of injection molded parts by utilizing resin fl ow 
simulation and other simulation technologies with 
the focus given to resin, which is the principal ingre-
dient of plastic materials.

For warping of moldings, which affects the func-
tions of parts, fi t with other parts and feasibility of 
automatic assembly, we use a 3D printer to output 
the shape after deformation obtained by resin fl ow 
simulation for verifying assemblability (see Fig. 12).  
In addition, to avoid the formation of welds in high-
stress areas and achieve a structure that discharges 
the corrosive gas generated as resin decomposition 
gas, we have applied a fi lling simulation to study 
product shapes and gate locations.

To improve productivity by decreasing the cool 
time for injection molded parts, we have established 
high-speed molding technology that signifi cantly 
reduces the molding cycle time while ensuring high 
quality by actively controlling the mold tempera-
ture in the molding cycle.  We have combined this 
technology with a prediction of resin temperature 
distribution by resin fl ow simulation and used a 3D 
printer to produce parts with a 3D cooling chan-
nel formed inside.  In this way, we have realized 
uniform mold temperature (Refer to “Simulation 
Technologies Supporting Quality Improvement in 
Injection Molding” on page 57).

4. Postscript

This paper has described the current status and 
future outlook of simulation technologies for product 
development.  In the future, we intend to improve 
the effi ciency of research and development and prod-

(a) Parameter input (b) Automatic modeling (c) Result output
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velocity, pressure, turbulent kinetic 
intensity, refrigerating capacity, etc.
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calculation 
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Fig.11  Showcase design tool
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Fig.12  Example of warpage analysis
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uct design by adopting ever-advancing simulation 
technologies before others and applying them to a 
wider range of fi elds and applications for providing 

products that meet customer needs in a timely man-
ner.
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1. Introduction

There has been an increasing need for energy con-
serving products that can contribute to achieving a low 
carbon society.  In addition, semiconductor devices for 
use in power electronics equipment are also being re-
quired to deliver energy savings.  In recent years, there 
has been frequent development and commercialization 
of semiconductor devices that adopt silicon carbide 
(SiC) as a material capable of dissipating less power.

Fuji Electric has also commercialized energy-con-
serving power electronics equipment that utilizes SiC 
metal-oxide-semiconductor fi eld-effect transistor (SiC-
MOSFET) and SiC Schottky barrier diode (SiC-SBD) 
such as its power conditioning sub-systems for large-
capacity mega solar facilities(1).

In order to reduce loss in SiC devices, it is useful 
to understand the internal state of devices at the time 
of applying a voltage, and then improve on the device 
structure.  The use of device simulations can make 
it easier to understand the internal state of devices, 
while also making it possible to know with high ef-
fi ciency the improvement effect of changing multiple 
design parameters.

2. SiC Trench MOSFET

Currently, the mainstream type of SiC-MOSFET is 
the planar MOSFET.  It forms a gate on the substrate 
surface.  In order to respond to the market demand 
for further energy savings and cost reductions, it has 
been effective to decrease on-resistance Ron·A during 
MOSFET conduction.  As such, trench MOSFET have 
been attracting attention as a next-generation struc-
ture (see Fig. 1).  Since the trench MOSFET embeds 

KOBAYASHI, Yusuke *   KINOSHITA, Akimasa *   ONISHI, Yasuhiko *

Simulation Based Prediction of SiC Trench MOSFET 
Characteristics

The development of semiconductor devices that use SiC (silicon carbide) based materials has been increasing 
as a means of achieving further energy savings in power electronic products.  SiC trench MOSFET are capable of re-
ducing loss even more than conventional planar types.  Fuji Electric is implementing simulation based characteristic 
prediction in order to improve the effi ciency of new SiC device development.  It is necessary to consider the newly 
utilized crystal surface characteristics for the simulation of the trench-type because the characteristics of SiC differ by 
its crystal surfaces.  We have established a convenient method for incorporating the parameters into the simulation 
model, which enabled reproduction of actual observations and prediction of performance improvements.

the gate in the trench, it is expected to reduce on-resis-
tance via cell pitch reduction as compared with the pla-
nar MOSFET(2).  However, when attempting to make 
use of high breakdown electric fi eld intensity, which 
is a characteristic of SiC, there is concern that break-
down could occur as a result of a high electric fi eld 
being applied to the oxide fi lm on the bottom of the 
trench(3).  Therefore, in order to ease the electric fi eld 
intensity of the oxide fi lm, we have been developing a 
trench MOSFET that equips the bottom of the trench 
with a p+ type layer. 

In order to reduce on-resistance, a structure de-
sign that minimizes parasitic resistance after accu-
rately estimating channel resistance is very important.  
Parasitic resistance can be reduced by expanding the 
width of the n-type layer that is enclosed by the p+ type 
layer and by intensifying the impurity concentration, 
but withstand voltage will drop due to the simultane-
ous concentration of electric fi eld in the corner of the 
deep p+ type layer.  As a result, design must be imple-
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Fig.1  MOSFET cross-sectional view
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mented so as to minimize parasitic resistance in con-
sideration of the trade-off between on-resistance and 
withstand voltage.

3. SiC Trench MOSFET Simulation

3.1 Simulation tasks
The use of simulations makes it possible to clarify 

the optimum structure and dimensions for on-resis-
tance and withstand voltage, while increasing the po-
tential for shortening development time by decreasing 
the number of trial productions.  Furthermore, making 
use of high-precision simulations can lead to the analy-
sis of unexpected phenomena.  However, since current 
device simulations are confi gured based on data ac-
quired from silicon, they may not always yield the ac-
curacy required for SiC.  For example, attention needs 
to be paid to how the electrical behavior of SiC differs 
based on the crystal surface*1.  The crystal surface 
orientation and atomic arrangement of SiC is shown 
in Fig. 2.  Either a carbon face (C-face) or silicon face 
(Si-face) is used for the channel component of the pla-
nar MOSFET (see Fig. 1), whereas either an a-face or 
m-face of the side wall of the created trench is used as 
a channel for the trench MOSFET.  Since the channel 
characteristics differ from the planar MOSFET, new 
simulation parameters need to be created.  In addi-
tion, the impact ionization coeffi cient(4) is also different 
for SiC as a result of the crystal surface, thus making 
the withstand voltage of the a-face and m-face lower 
than that of the Si-face and C-face.  Since the depletion 
layer extends from the p+ type layer, the place enclosed 
by the p+ type layer of the bottom of the trench and the 
p+ type layer below the source functions as a junction 
fi eld-effect transistor (JFET) parasitic element.  The 
place of concentration of electric fi eld when retaining 
the withstand voltage depends on the width of JFET, 
and since the cell pitch and the width of JFET are 
more narrow for the trench MOSFET than the planar 
MOSFET, there will be a subtle change in withstand 
voltage with respect to the dimensions, enabling high-
precision calculation of withstand voltage for both the 
a-face and the m-face. 

In this regard, it can be thought that simulation 
models and parameter adjustments are not currently 
being suffi ciently implemented for SiC with respect to 
actual experimental data.  In order to accomplish these 
tasks, we utilized SenTaurus*2 by Synopsys to improve 
the accuracy of simulations(5).

3.2 Adoption of Coulomb scattering model
We studied mobility in order to consider the crys-

tal surface dependence of the channel characteristic 
via simulation.  As shown in Fig. 3, it can be seen that 
dominant factors differ for channel mobility, namely, 
Coulomb scattering, phonon scattering and surface 
roughness scattering*3 as a result of electric fi eld in-
tensity of the gate oxide fi lm(6).  Furthermore, since SiC 
is characterized by a large number of defects for the 
oxide fi lm and interface, low electric fi eld mobility de-
creases(7)(8).  By introducing defects into the simulation, 
the poor convergence of calculation creates the prob-
lem of there being a need to adjust many parameters.  
Therefore, we matched up maximum mobility with 
the actual values by adjusting the high electric fi eld 
mobility parameters.  However, channel resistance is 
determined by integrating mobility as shown in Fig. 4, 
and in addition, it is necessary to make adjustment for 
the low electric fi eld mobility curve in order to improve 
calculation precision.  Therefore, we used a Coulomb 
scattering model that was capable of adjusting the low 
electric fi eld mobility to implement a means of repro-
duction.  As shown in Fig. 4, the new model has de-
creased the error between the simulation results and 
the actual mobility integration.  In this manner, we 
have constructed a high-precision simulation capable 
of calculating channel resistance.  The simulation 

*1:   Crystal surface:  Refer to “Supplemental explanation 1” on 
page 62.

*2:   SenTaurus is a trademark of Synopsys, Inc. in the U.S. 
and/or other countries.

*3:   Coulomb scattering, phonon scattering and surface rough-
ness scattering:  Refer to “Supplemental explanation 2” on 
page 62.
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makes it easy to implement adjustments and exhibits 
good calculation convergence.

3.3 Optimization of the impact ionization coeffi cient
We have studied the parameters related to the 

crystal surface of the impact ionization coeffi cient and 
have improved the accuracy of the withstand voltage 
calculation.  The electric fi eld distribution inside the 
device when retaining the withstand voltage is shown 
in Fig. 5.  This suggests that an electric fi eld concen-
trates in the corner of the p-type layer and that the 
various characteristics of the crystal surface compound 
to determine the withstand voltage.  By adopting a 
Hatakeyama model(4) in the simulation, it is possible to 
reproduce the differences in the impact ionization coef-
fi cient by means of the SiC crystal surface.  Since cur-
rent parameters are set to the values obtained based 
on the actual values of low withstand voltage devices, 
it is necessary to improve calculation precision for high 
withstand voltage.  The actual high withstand voltage 
parameter values for the Si-face and C-face are as re-
ported(9), and by adopting these into the simulator, it is 
possible to improve precision(10). 

We estimated the parameter error for the a-face 

and m-face and reconstructed the setting values.  It 
was learned that the simulation results of the JFET 
width dependence of the withstand voltage after recon-
structing the parameters closely matched the actual 
measurement values (see Fig. 6).  In addition, Fig. 7 
shows the JFET width dependence for Ron·A.  When 
the withstand voltage is high, there is a tendency for 
the on-resistance to rise due to the parasitic resistance 
of the JFET, and it can be seen that there is a trade-off 
relationship between Ron·A and withstand voltage.  By 
using the high-precision simulation that we construct-
ed during this study, it has become easy to optimize 
device structure in consideration of trade-off.

4. Improvement of Device Characteristics via 
Simulation

By taking into account the new model introduced 
in Chapter 3, we studied how to improve device charac-
teristics by using a precision enhanced simulation.

4.1 Improvement of trade-off between on-resistance and 
withstand voltage
In order to improve the trade-off between Ron·A 

and withstand voltage, we investigated particularly 
large areas of JFET parasitic resistance.  The elec-
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that the height of the convex part decreases as a result 
of channel shortening.  We also learned that this is 
due to one of the effects of channel shortening, namely, 
drain induced barrier lowering (DIBL), for which Vth is 
affected by the depletion layer that extends from the 
drain side. 

5. Future Tasks

The construction of high-precision simulations 
plays a role in shortening the development time of 
high-quality, high-performance devices.  Since SiC is 
a new material compared with conventional silicon, it 
is necessary to improve precision even for calculations 
other than on-resistance and withstand voltage.  For 
example, a few items requiring improvement would 
include the reproduction of temperature dependence, 
reproduction of impurity concentration dependence, 
reproduction of the impact of the number of defects 
caused by the creation of simplifi ed types, reproduction 
of leakage current characteristics and reproduction of 
device reliability.

tric potential distribution inside the device when on 
is shown in Fig. 8.  Since parasitic resistance is large 
for areas with thick potential lines, optimizing device 
structure with priority given to these areas increases 
expectation that the trade-off between Ron·A and with-
stand voltage can be improved.  Figure 9 shows the 
trade-off between Ron·A and withstand voltage before 
and after device structure optimization.  We learn that 
the trade-off can be improved by optimizing the impu-
rity concentration of the n-type layer and the device 
structure.

4.2 Channel shortening
The relationship between the Ron·A of a channel-

length shortened trial production and threshold volt-
age Vth is shown in Fig. 10.  Ron·A can be reduced as a 
result of shortening the channel length to reduce chan-
nel resistance.  However, since the threshold value 
decreases at the same time, the relationship between 
Ron·A and Vth becomes nearly a straight line.  The 
cause was analyzed by simulation. 

Figure 11 shows the conduction band of the chan-
nel.  The height of the peak of the convex part of the 
conduction band determines the Vth, but we learned 
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6. Postscript

In order to predict the characteristics of SiC trench 
MOSFET, we studied simulation models and param-
eters related to SiC crystal surface dependence, thus 
enabling us to reproduce actual measurement values, 
verify performance improvement methods and analyze 
physical phenomena.  Since the construction of high-
precision simulations plays a role in shortening the de-
velopment time of high-quality, high-performance pow-
er devices, we will continue our efforts to improve the 
precision of SiC simulations, while striving to contrib-
ute to the realization of an energy-conserving society. 

This 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 involved in 
this project.
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1. Introduction

In recent years, wide band-gap semiconductors 
have started to be put to practical use as semiconduc-
tors for power devices, replacing conventional silicon 
(Si) ones.  Wide band-gap semiconductors can offer 
device characteristics of a high withstand voltage and 
low resistance because they have a low intrinsic car-
rier concentration and do not produce a leakage cur-
rent easily unless a higher temperature/electric fi eld 
than that which causes Si to do so is applied.  Table 
1 shows the physical property values of major wide 

MATSUNAGA, Shinichiro *   TAKEI, Manabu *

Development of SiC Bipolar Devices Using 
Simulation

In SiC (silicon carbide) devices, which are wide band-gap semiconductors, bipolar devices are considered ben-
efi cial for achieving a high withstand voltage in excess of 13 kV.  Fuji Electric has improved prediction accuracy by re-
peatedly adjusting parameters based on the analysis of differences between simulation predictions and actual results.  
We implemented withstand voltage characteristic simulations, forward characteristic simulations, and switching char-
acteristic simulations, and then refl ected the measured physical property values into the parameters, while also tak-
ing into account interface charges and parasitic resistance.  As a result, we were able to reproduce with a high level 
of accuracy the characteristics of actual devices.  

band-gap semiconductors(1).  For silicon carbide (SiC) 
devices, in particular, materials and constituents have 
been improved through research and development 
for many years.  Some unipolar devices have already 
been commercialized, including Schottky barrier di-
odes and transistors (metal-oxide-semiconductor fi eld-
effect transistor [MOSFET], junction fi eld-effect tran-
sistor [JFET]).  On the other hand, bipolar devices, 
which have excellent properties as large-current high-
withstand-voltage devices, are still in the stage of re-
search and development.  This is because some issues 
remain regarding the characteristics and processes of 
p-type semiconductors used as a supply source of hole 
carriers, and the problem of degradation promoted by 
the recombination of holes and electrons has not been 
solved yet.

By using simulations to predict ideal character-
istics and comparing them with the result of actual 
measurement, we can identify problems in the devices 
and make use of them for improvement.  The accuracy 
with which various physical property parameters and 
process dependence can be identifi ed has also been 
improved by fi tting data between the simulation and 
the result of measuring electrical characteristics using 
prototypes.

2. SiC Bipolar Devices

The research and development of bipolar de-
vices which allow large-current operations, such as 
SiC-PiN diode or SiC insulated-gate bipolar tran-
sistor (SiC-IGBT), has continued since 2009 at the 
National Institute of Advanced Industrial Science 
and Technology.  This R&D is part of the Tsunenobu 
KIMOTO project of the Funding Program for World-
Leading Innovative R&D on Science and Technology 
(FIRST).  Fuji Electric has also been participating in 

Table 1   Physical property values of wide band-gap semicon-
ductors

Item
Wide band-gap semiconductor

Si
3C-SiC 4H-SiC 6H-SiC GaN

Band-gap
 (eV) 2.36 3.26 3.02 3.42 1.12

Electron mobil-
ity (cm2/Vs) 1,000 1,000 450 1,500 1,350

Hole mobility
(cm2/Vs) 100 120 100 150 600

Dielectric 
breakdown 
strength
(MV/cm)

1.4 2.8 3.0 3.0 0.3 

Saturated drift 
velocity
(cm/s)

2.0 ×  107 2.2 ×  107 1.9 ×  107 2.4 ×  107 1.0 ×  107

Thermal con-
ductivity
[W/(cm·K)]

4.9 4.9 4.9 2.0 1.5 

Baliga’s fi gure 
of merit* 62 495 274 1,128 1

*   Baliga’s fi gure of merit is a fi gure of merit for unipolar devices pro-
posed by Baliga.  It is an indicator of the limitation characteristics 
determined by materials.
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this project since the beginning.  Bipolar devices re-
quire a bias voltage higher than the built-in voltage 
related to the band gap for forward operation, and 
SiC requires 2.5 V or higher.  Although unipolar de-
vices have high resistance, they have no built-in volt-
age.  Consequently, bipolar devices are expected to 
have advantages in terms of conduction loss probably 
in a high-voltage region where the withstand voltage 
exceeds 5 kV.  Figure 1 shows examples of structural 
cross-sectional views of a PiN diode and an n-type 
IGBT.  Figure 2 shows photos of the prototypes of an n-
type IGBT chip and wafer.

From the beginning, FIRST set 13-kV-class de-
vices as a target, developed an n-type IGBT with target 
specifi cations of a 13-kV withstand voltage, 11 mΩcm2 
characteristic differential on-resistance, 8 ×  8 mm2 chip 
size and 60 A per chip, and confi rmed the switching op-
eration at 6 kV.

In order to obtain a withstand voltage exceeding 
10 kV, even SiC devices which can provide a high-
withstand voltage require a low impurity concentra-
tion layer of 150 μm or more.  Unlike Si, there is no SiC 
substrate with a low impurity concentration.  One of 
the methods of creating a substrate is the sublimation 
method that sublimates SiC powder material at the ex-
tremely high temperature of 2,000 °C or more to grow a 

layer on a seed crystal.  Unfortunately, the substrates 
created by this method cannot avoid being contaminat-
ed with the surrounding materials.  Hence, it is impos-
sible to keep impurities to 1 × 1016/cm3 or less, which 
is required of high-withstand voltage devices.  PiN di-
odes use wafers on which a low-impurity-concentration 
layer is epitaxially grown on an n-type substrate with 
a CVD device.  On the other hand, there is no p-type 
substrate for n-type IGBTs that has a low defect den-
sity applicable to creating devices.  As a countermea-
sure, they create a substrate by epitaxially growing 
a low-concentration n layer of 150 μm or more on an 
n-type substrate and then a high-concentration p layer 
of approximately 200 μm on it, and scraping off the n-
type substrate completely.  Due to the use of thick epi-
taxial layers having different types of impurities and 
concentration levels, the presence of a certain amount 
of defects that cause degradation is inevitable.  There 
are problems of not only the person-hours required for 
substrate manufacturing, but also the frequent break-
age of substrates due to large warpage and high stress, 
resulting in an insuffi cient number of prototypes.

3. Simulation Using Ultra-High-Withstand 
Voltage Bipolar Devices

3.1 Challenges in simulation
Since the number of prototypes for development is 

limited, it is effective to use device simulation to con-
sider a preliminary design.  Unfortunately, the accuracy 
of the parameters for conducting a simulation is imper-
fect compared with the case of Si.  The characteristics 
concerning p-type semiconductors, in particular, often 
show lower performance than the ideal values, and 
greatly depend on the processes specifi c to manufactur-
ing lines.  Table 2 shows major causes for simulation 
errors of ultra-high-withstand voltage bipolar devices.  
We improved the prediction accuracy by analyzing the 
differences between the results of the simulation predic-
tion and actual measurement and repeatedly correcting 
the parameters.

The simulation of wide band-gap semiconductors 
uses more bits than usual for a fl oating point calcula-
tion because it is necessary to improve the calculation 
accuracy so that low leak current characteristics can be 

(a) n-type IGBT chip (b) 3-inch wafer

Fig.2  Prototypes of n-type IGBT chip and wafer
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(a) PiN diode (b) n-type IGBT

Fig.1    Examples of structural cross-sectional views of PiN di-
ode and n-type IGBT

Table 2  Major causes of simulation errors

Item Cause

Related to p-
type semicon-
ductor

Low ionization 
rate Deep Al impurity level

Low activation 
rate

Damage or low recovery from 
ion implantation

High contact 
resistance

Immature silicide electrode 
process

Related to 
thick epitaxial 
fi lm

Low mobility Existence of defect/downfall

Low lifetime

The process centers on recom-
bination resulting in the exis-
tence of defects of density in 
the order of 1012 to 1013/cm3.
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handled.  Consequently, the calculation tends to take 
longer.  In order to improve convergence, carrier concen-
tration is enhanced artifi cially with heat and light exci-
tation and calculations are performed within the range 
where the actual withstand voltage is not affected.

3.2 Simulation of withstand voltage characteristics
Several institutions have reported the electric fi eld 

dependence of an impact ionization coeffi cient that 
greatly affects withstand voltage calculations, includ-
ing doping density dependence and temperature depen-
dence(1).  The currently used SiC has a confi guration of a 
hexagonal crystal system called 4H, and is anisotropic 
in terms of mobility and an impact ionization coeffi cient.  
There have been reports on the use of an anisotropic 
impact ionization model that defi nes a value in the di-
rection of the <0001> axis and a value in the direction 
perpendicular to the axis individually.  It is suggested 
this would improve the accuracy of the withstand volt-
age simulation at the device termination section where 
the electric fi eld in the direction perpendicular to the 
<0001> axis is important(2).

Figure 3 shows a diagram of the termination 
structure of a 13-kV n-type IGBT.  In order to miti-
gate the horizontal electric fi eld intensity at the ter-
mination section, the junction termination extension 
(JTE) forms a p-type impurity layer.  To achieve an 
ultra-high-withstand voltage, we provided JTE sec-
tions with 2 different levels of concentration.  The JTE 
has a length of 500 μm, providing an extremely short 
termination structure compared with high-withstand-
voltage Si devices.  In order to achieve a structure with 
a high withstand voltage, it is necessary to adjust the 
JTE concentration so that the electric fi eld intensity 
from the inside to the outside of the JTE is uniform.

As stated above, you cannot use n-type SiC sub-
strates directly to create n-type IGBTs, and so experi-
mental prototyping of many number of substrates is 
diffi cult.  On the other hand, PiN diodes can be cre-
ated with n-type substrates and it is relatively easy 
to prepare substrates for experimental prototyping.  
Consequently, we started experimentally prototyp-
ing high-withstand-voltage devices from PiN diodes.  
Figure 4 shows the JTE dose dependence of the with-
stand voltage in a PiN diode.  It shows the predicted 

values of the simulated withstand voltage and the re-
sults of measuring a prototype of PiN diodes in which 
impurity concentration levels in the drift layer are 5 × 
1014/cm3 and 6 × 1014/cm3.  The JTE dose on the X axis 
represents the total amount of impurities per unit area 
which is ion-planted to the JTE section; and the Y axis 
represents the withstand voltage.

The withstand voltage values tend to become 
higher as the JTE dose increases; however, the values 
of the simulation prediction and actual measurement 
do not coincide.  This PiN diode has anode electrodes 
formed on the SiC carbon face (C-face) as in the case of 
IGBTs, so that the p-type JTE region of the termina-
tion section is also formed on the C-face.  MOS capac-
ity measurement has suggested the existence of a large 
quantity of interface charges on the interface between 
the p-type SiC and oxide fi lm.  These interface charges 
may have some infl uence on the withstand voltage.  
Figure 4 is the result of the withstand voltage simula-
tion in which positive charges are placed on the inter-
face.  We found that the measured value and simula-
tion prediction value coincide when approximately 2 × 
1012/cm2 of positive charges exist.

Insulation

Peripheral regionActive region

SiO2

JTE1

p+

p++

JTE2

n drift layer

Fig.3    Diagram of termination structure of 13-kV n-type IGBT
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Fig. 4  JTE dose dependence of withstand voltage in PiN diode
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teristics in the minute current range near the built-in 
voltage that is dependent on the band gap are close to 
and coincide well with the ideal values.  In the large-
current region, however, the measured forward voltage 
Von is higher and indicates higher resistance than that 
in the ideal state.  It is expected that the inclusion of 
large-resistance components is caused by the fact that 
the current increased linearly instead of exponentially 
with the bias voltage.

A p-type SiC tends to have higher contact resis-
tance with the electrode than that of an n-type SiC.  
And it can be thought that this diode has a high con-
tact resistance in the order of 10−2Ωcm2 at room tem-
perature.  Although measurement using the transfer 
length method (TLM) showed a contact resistance in 
the order of 10−3Ωcm2, an actual device seems to have 
several times higher resistance.  Another institution 
has also reported an example of improved forward 
characteristics when the electrode formation process 
was improved to reduce contact resistance.  We can ex-
pect characteristics to be improved when processes are 
improved.

The forward voltage of a SiC PiN diode drops at 
a high temperature.  This is because the lifetime be-
comes longer by several times at a high temperature 
and the higher ionization rate of Al impurities pro-
motes a better contact resistance and hole carrier in-
jection.  The longer lifetime seems to be caused by the 
fact that the infl uence of the Z1/2 center forming the 
major killer level decreases at a higher temperature.  
By considering these factors and applying them to the 
temperature dependence of the lifetime and contact 
resistance, we could reproduce the forward charac-
teristics at 200 °C.  Figure 7 shows the forward char-
acteristics of a 13-kV n-type IGBT.  It compares the 
results of measurement and simulation of the 13-kV 
n-type IGBT prototype.  This IGBT has the same gate 
structure as the implantation and epitaxial MOSFET 
(IEMOS) of the National Institute of Advanced 
Industrial Science and Technology.  Consequently, we 
estimated its forward characteristics by applying the 
channel mobility of the IEMOS and the parameters of 
the PiN diode.  It can be thought that a higher operat-

Figure 5 shows the JTE dose dependence of the 
withstand voltage in an n-type IGBT.  It compares the 
predicted withstand voltage value and the withstand 
voltage of actual measurement of an n-type IGBT.  In 
an IGBT, holes fl ow in through the p-type collector on 
the back side.  Consequently, a drop of several kV in 
the withstand voltage is expected compared with the 
case of PiN diodes.  By applying the prototyping result 
of the device for a PiN diode withstand voltage evalua-
tion and adjusting the JTE dose in advance consider-
ing the amount of fi xed charges, we obtained a target 
withstand voltage that exceeds 13 kV.

3.3 Forward characteristics simulation
Simulating the forward characteristics of bipo-

lar devices requires actual mobility and lifetime of 
electrons and holes.  For a thick n-type drift layer 
exceeding 150 μm, the ideal lifetime is 10 μs or more; 
however, the current lifetime remains at several μs or 
less.  The Z1/2 center, which is the typical point defect 
of SiC, is said to be the killer level making the lifetime 
shorter.  A report suggests that p-type semiconductors 
have a specifi c killer level resulting from the point de-
fects related to Al acceptors.  It is considered that this 
level may also have an infl uence on bipolar devices.  
Predicting the hole implantation amount requires the 
activation rate and ionization rate of the p-type layer.  
The activation rate of the impurities in an epitaxi-
ally grown p-type layer is almost 100%, whereas in the 
case of ion implantation, the activation rate greatly 
depends on the process.  Moreover, Al acceptors, which 
are the source of hole carriers, exist in a deep level so 
that their ionization rate at room temperature is low.  
Due to imperfect accuracy of the temperature, con-
centration and process dependence in the parameters 
including lifetime, ionization rate and activation rate, 
the accuracy of predicting the forward characteristics 
is insuffi cient.

Figure 6 shows the forward characteristics of a 
13-kV PiN diode.  It compares the I-V waveforms of 
the simulation and actual measurement result of the 
PiN diode using a p-type epitaxially grown layer as an 
anode at room temperature and 200 °C.  The charac-
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minimizing the increase of the conduction loss.
(a) Controlling the amount of carrier injection on the 

back side.
(b) Using a structure to allow the necessary amount 

of surface carriers to be accumulated.
(c) Dissipating the excessive carriers quickly.

Using a low-injection structure for the IGBT re-
duces the turn-off switching time to 400 ns, which im-
proves the switching loss.  The low-injection PiN diode 
can also suppress the reverse recovery current and 
improve the turn-on loss.  The loss estimation result 
with the improved structure is shown in Fig. 9.  When 
compared with a high-injection structure, the switch-
ing loss is reduced to 44% and the total loss including 
the conduction loss at an operating frequency of 2 kHz 
is improved by 37%.

We compared the characteristics after the improve-
ment with those of Si devices.  In order to achieve a 13-
kV withstand voltage class device the same as the SiC 
devices, Si devices are connected in series.  Although 
we should not make a simple comparison, Fig. 10 sug-
gests the probability that a single 13-kV SiC-IGBT has 
better forward voltage-switching loss trade-off charac-
teristics than those of several Si devices connected in 
series.  When SiC bipolar devices become applicable to 
ultra-high-withstand voltage applications, a reduction 

ing voltage than that of the PiN diode is caused by the 
carrier density on the surface which is still low.  We 
are planning to improve the operating voltage by en-
hancing the device’s surface structure in the future.

3.4 Switching characteristics simulation
Bipolar devices require a longer switching time to 

draw out carriers injected in high concentration dur-
ing switching, resulting in a large switching loss.  For 
SiC devices, the thickness of the drift region for keep-
ing the withstand voltage can be reduced to about one-
tenth of that of Si devices.  Hence, it may be possible 
to reduce the total amount of the accumulated carriers 
and cut switching loss.  We used a device simulator 
and a circuit simulator to conduct a switching simula-
tion by taking the inductive load (L load) into account, 
and predicted the loss in a bipolar device at a bus volt-
age of 6.6 kV.

The expected switching waveforms of the current 
structure and the improved structure using the low 
carrier injection IGBT are shown in Fig. 8.  In the cur-
rent structure, the switching is slow and the transition 
time is 4 μs or longer.  This means that even operation 
at a carrier frequency of about 1 kHz is diffi cult.  The 
estimated switching loss is 2 J/pulse or more per ac-
tive area of 1 cm2, which can only be used at low car-
rier frequencies.  The cause of the slow switching is 
the high injection in the IGBT and diode.  The follow-
ing improvements can reduce the switching loss while 4.0
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device characteristics.  With the progress of process 
technology, we can expect further improvements in the 
properties of SiC bipolar devices in the future.

Some of this study was conducted as part of the 
Kimoto Tsunenobu project of the Funding Program 
for World-Leading Innovative R&D on Science and 
Technology (FIRST) of the Japan Society for the 
Promotion of Science.  We would like to express our 
deep appreciation to the parties involved.
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in loss as well as an improvement of conversion effi -
ciency can be expected.

For example, high-withstand-voltage SiC devices 
can be used in a reactive power compensator for sup-
pressing the voltage fl uctuation in a power system.  
This enables the current capacity to be reduced and 
means fewer devices are used, which leads to miniatur-
ization and effi ciency improvement of the facility. 

4. Postscript

There is a limit to the accuracy of predicting char-
acteristics of ultra-high-withstand voltage bipolar de-
vices because their physical property parameters are 
lower than those of an ideal crystal.  By applying mea-
sured physical property values to the simulation pa-
rameters and considering the interface charge and par-
asitic resistance, we could almost reproduce the actual 
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1. Introduction

Recently, there has been an increasing need for 
low-loss power electronics equipment for the purpose 
of realizing a low-carbon society.  Fuji Electric has 
commercialized a great number of power electronics 
equipment products for uninterruptible power systems 
(UPSs), various types of electric power application 
equipment, transportation infrastructures and distri-
bution infrastructures.  In order to dramatically reduce 
the loss of these power electronics equipment products, 
it is essential to improve the effi ciency of inverters by 
having technological innovation in power semiconduc-
tor devices, circuits and control.  Currently, wide band 
gap semiconductors such as silicon carbide (SiC) and 
gallium nitride (GaN) are attracting attention as the 
next-generation semiconductor to replace silicon (Si), 
which is a mainstream material of power semiconduc-
tor devices.  Vigorous research and development of 
power semiconductor devices that use these materials 
is under way.

Fuji Electric has already commercialized Schottky 
barrier diodes (SBDs) and is currently developing 
SiC-metal-oxide-semiconductor fi eld-effect transistors 
(SiC-MOSFETs).  To reduce the loss of these SiC-
MOSFETs, it is important to improve electrical char-
acteristics such as channel mobility.  One possible 
predominant factor of the electrical characteristics is 
charge trapping resulting from an atomic level disor-
der at the interface between the gate oxide (SiO2) and 
SiC (SiC/SiO2 interface).  Accordingly, the key to im-
proving electrical characteristics is to identify the sub-
stance of this charge trapping.

As an analysis technology for estimating the sub-
stance of charge trapping, this paper describes an 

HIROSE, Takayuki *   MORI, Daisuke *   TERAO, Yutaka *

Atomic Level Analysis of SiC Devices Using 
Numerical Simulation

Research and development of power semiconductor devices with SiC (silicon carbide) has been very active be-
cause of the increasing need for low-loss power electronics equipment.  The electrical properties of the SiC-metal-
oxide-semiconductor fi eld-effect transistors (SiC-MOSFETs) are affected by charge trapping that is thought to be 
caused by the atomic level disorder at the interface between the gate oxide and SiC (SiC/SiO2 interface).  In order 
to analyze the origin of the disorder at the interface, we have been implementing the atomic level analysis using both 
the X-ray photoelectron spectroscopy and the simulation based on the fi rst principles calculations. As a result, we 
were able to estimate the chemical state of Si at SiC/SiO2 interface, as well as its terminated structure via nitrogen 
when the interface is nitrided.

atomic level analysis technology for SiC devices that 
employs fi rst-principles calculation as a simulation 
method in addition to instrumental analysis.

2. SiC-MOSFET

Figure 1 shows the device structure of a SiC-
MOSFET.  In a MOSFET, voltage is applied to the 
gate electrode to form an inversion layer in the p well 
layer at the interface between the gate oxide and SiC 
substrate.  Then, voltage between the source and drain 
is applied to let electrons to fl ow into the channel.

Important characteristics of a MOSFET include 
channel mobility, which has an effect on the on-
resistance, and the threshold voltage Vth, at which 
the MOSFET is turned on.  If the mobility can be in-
creased, the on-resistance can be decreased, and this 
will make it possible to reduce the power consumption 
of equipment that uses the MOSFET.

Figure 2 shows an example of the mobility charac-
teristics of SiC-MOSFETs.  The horizontal axis repre-
sents the gate voltage Vg.  It indicates that the degree 
of mobility and Vth may differ depending on the process.  
This difference is assumed to be due to the presence of 

Gate electrodeGate oxide 

Gate oxide
Source 
electrode Source electrode

Source
 (n+)

n+

n−

Drain

p well

Electron flowElectron flow

p welln− Source (n+)

Fig.1  Outline of device structure of SiC-MOSFET
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charge trapping resulting from the atomic level disor-
der at the SiC/SiO2 interface.  This charge trapping 
is considered to cause a decrease in mobility due to 
Coulomb scattering*1 and variation of Vth.  Accordingly, 
to lower the on-resistance and to improve reliability by 
suppressing the variation of Vth, reducing the atomic 
level disorder is the key.  

One indicator of atomic level disorder is interface 
state density.  SiC substrates have different crystal 
surfaces such as the Si-face and the C-face, and they 
show different interface state densities.  For exam-
ple, Dhar et al. have reported that, when the oxide is 
formed by dry oxidation, the interface state density 
of the Si-face is lower than that of the C-face(1). It has 
also been reported that the interface state density is 
reduced by nitriding the interface(1) to (3).  In this way, 
interface characteristics may depend on the crystallo-
graphic orientation of the surface and the process.

In order to reduce the interface state density, 
which is considered to result from the atomic level 
disorder, it is necessary to understand the substance 
(chemical states, bonding structures and geometry) 
of the interface state.  To that end, Fuji Electric is 
working on atomic level analysis of the SiC/SiO2 in-
terface. For example, we observe the SiO2 interface by 
transmission electron microscopy and X-ray photoelec-
tron spectroscopy (XPS) using synchrotron radiation 
facility, to evaluate the chemical state and bonding 
structure of the Si atoms and others at the interface.  
Furthermore, for estimating the link between the 
bonding structure obtained by the analysis and the 
electrical characteristics, we conduct analysis that in-
corporates the fi rst-principles calculation, which will 
be described later.  Unlike Si, SiC is indeed diffi cult to 
grasp the substance of the interface states because of 
its compound nature, but analysis incorporating the 
fi rst-principles calculation is considered to allow us to 
estimate the bonding structure and interface state.

3. Analysis by XPS

3.1 Synchrotron radiation XPS  
This section describes the analysis of the SiC/SiO2 

interface by XPS using synchrotron radiation facility.  
XPS is a method of obtaining atomic information at 

a depth of a few nanometers from the surface of a sam-
ple and it allows quantitative analysis of the chemical 
state of atoms.

 By using this analysis method, we analyzed the 
chemical state of the interface between SiC and the ox-
ide formed in an oxygen ambient (dry oxidation) or in 
a nitrous ambient (N2O oxidation).  Both  Si-face and 
C-face SiC surface were used for the measurement.

In order to obtain information about the minute 
amount of atoms at the interface, we etched the ox-
ide of the samples to the thickness of about 1.5 nm 
and measured it at a synchrotron radiation facility 
(SPring-8*2 BL27SU).

Figure 3 shows a schematic diagram of the SiC/
SiO2 interface.  SiOX indicates a region where the oxi-
dation state of Si at the interface has changed.  In that 
region, it is considered that the chemical states of Si 
atoms continuously change with different numbers of 
the bonding oxygen.  As the components of chemical 
states of Si, we assumed 3 types of suboxide compo-
nents (Si1+, Si2+ and Si3+ *3) in addition to SiC and SiO2 
components(4)(5).  We modeled the data envelope to sep-
arate each component with different chemical state for 

*2:   SPring-8:  Large synchrotron radiation facility capable 
of emitting the world’s highest-performance synchro-
tron radiation.  It is comprehensively managed by the 
Institute of Physical and Chemical Research (RIKEN) as 
the facility operator.  It is expected to be applied to wide-
ranging fi elds including material science, earth science, 
life science, environmental science and medical science.
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Fig.2  Example of mobility characteristics of SiC-MOSFETs
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*1: Si0+ is a state without oxygen beside the silicon, or the chemi-
cal state of SiC.

*2: Si4+ is a state with oxygen taking all of the positions beside the 
silicon, or the chemical state of SiO2.

Fig.3  Schematic diagram of SiC/SiO2 interface

*1:  Coulomb scattering:  Refer to Supplemental explanation 
2 on page 62.
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spectra obtained by XPS.

3.2 Analysis of Si spectra
Figure 4 shows Si spectra at the N2O oxidized SiC/

SiO2 interface.  As a result of comparing the amounts 
of the respective suboxide components, we found the 
Si1+ component showed the largest amount for both the 
C-face and the Si-face.  The amount of the Si3+ compo-
nent for the C-face was about 4 times as large as that 
for the Si-face.

The tendency of suboxide components at the dry-
oxidized interface showed a result similar to that of 
N2O oxidation, which is not indicated in the fi gure.

3.3 Analysis of nitrogen spectra of N2O oxidation
Figure 5 shows nitrogen spectra at the N2O oxi-

dized interface.  The main components can be attrib-
uted to 3-coordinate Si3N based on the peak position 
for both the C-face and Si-face(6).  In addition, a shoul-
der was observed on the high energy side of the nitro-
gen spectrum for both the C-face and the Si-face.  This 
shoulder is attributed to distortion of Si3N and chemi-

cal states other than Si3N such as CN and NOX
(6).

4. Analysis by First-Principles Calculation

To analyze the difference between the C-face and 
the Si-face obtained by the XPS analysis and to esti-
mate the bonding structure of the SiC/SiO2 interface, 
we used the fi rst-principles calculation.  We assumed 
ideal bonding structures of the SiC/SiO2 interface and 
compared them with the results of the XPS analysis, 
thereby analyzing the interface bonding structure.

The fi rst-principles calculation, which means a 
calculation based on the most fundamental principles, 
is a technique of solving the state of electrons in a sub-
stance by numerical calculation at the atomic or nano-
scale dimension based on quantum mechanics.  The 
fi rst-principles calculation makes it possible to investi-
gate the properties of unknown substances and physi-
cal and chemical phenomena at the atomic level that 
cannot be measured experimentally.

DMol3 *4 (7)(8) was used to perform the fi rst-principles 
calculations presented in this paper.

4.1 Analysis of interface bonding structure
(1) Dry oxidation

We created a model of an ideal interface structure 
with an abrupt SiC/SiO2 interface as the starting point 
of interface analysis for dry oxidation.  We constructed 
a C-face and a Si-face surface model, which is shown 
in Fig. 6, from the crystal structure of SiC, followed by 
making of SiO2 crystal surface, and bonded the surfac-
es together so that no C-O bond would be generated be-
tween the surfaces.  To combine SiC and SiO2, we take 
into consideration the suboxides obtained by the XPS 
analysis.  Then, from the state of combination, the ide-
al interface structure was determined by performing a 
geometry optimization calculation to fi nd the most sta-
ble atomic positions.  The results are shown in Fig. 7.  
Figure 7 only shows some of the atoms at the interface.  
In the ideal interface structure obtained on the C-face 
shown in Fig. 7(a), Si that exists at the interface is in a 
chemical state Si3+.  With this ideal interface structure 
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Fig.4  Spectra of Si at SiC/SiO2 interface oxidized with N2O
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Fig.5   Spectra of nitrogen at SiC/SiO2 interface oxidized with 
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*4:   DMol3: Part of the Materials Studio software environ-
ment.  Materials Studio is a trademark or registered 
trademark of Dassault Systèmes S.A.
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Si C

Si
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Fig.6    Models of surface structure created from SiC crystal 
structure

*3:   These indexes shows the number of oxygen atoms exist-
ing around the Si atom.
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4.2 Analysis of interface states
Examples of the SiC/SiO2 interface model struc-

tures with dangling bonds (DBs) are shown in Fig. 9.  
In Fig. 9, DBs are indicated by white bars.  For the 
C-face, we made the model interface that has 3 DBs 
of Si by removing one of the carbons at the interface 
shown in Fig. 7(a).  The part of it is shown in Fig. 9(a).  
For the Si-face, we made the model interface with 
DBs by referring the paper by Okuno et al.(11), and the 
result is shown in Fig. 9(b).  The Si atoms at the inter-
face, as with the Si-face in Fig. 7(b), is the Si1+ bonding 
state observed in the XPS analysis.

The results of investigation of the interface state 
by these DBs using the fi rst-principles calculation are 
shown in Fig. 10.  It indicates that the interface state 
of a DB is formed within the band gap of SiC for both 
the C-face and Si-face.  For the C-face, a state is also 
formed at the lower end of the conduction band side, 
which is estimated to result from the infl uence of the 3 
DBs of Si existing adjacent to each other.  The Si-face 
was found to be similar to the result of the paper by 
Okuno et al.(11)

One possible factor of reduction of the interface 
state density by introducing nitrogen atoms into the 
interface(1) to (3) is suggested to be that the nitrogen 
atoms bind the DBs of the Si atoms and form a termi-
nated structure as shown in Fig. 8 to reduce the inter-
face state.  

Even in bonding states other than a DB, if inter-

considered, Si3+ observed in the XPS analysis of the 
C-face is estimated to result from an interface struc-
ture as shown in Fig. 7(a). Si1+ and Si2+ is estimated to 
result from interface disorder.

For the Si-face, as shown in Fig. 7(b), Si that ex-
ists at the interface is in a chemical state Si1+.  The Si1+ 
observed in the XPS analysis of the Si surface is esti-
mated to result from an interface structure  as shown 
in Fig. 7(b).
(2) N2O oxidation

Regarding a bonding structure with nitrogen at-
oms introduced into the SiC/SiO2 interface, on the 
Si-face, nitrogen atoms at the interface are known to 
enter the positions of carbon atoms of SiC to bond with 
Si atoms(9).  Accordingly, for interface analysis for N2O 
oxidation, nitrogen atoms were assumed to enter the 
positions of the carbon atoms on the C-face in the same 
way.  We used an ideal interface structure that simu-
lates dry oxidation and considered the suboxides and 
the bonding structure Si3N obtained by the XPS analy-
sis when we arrange the atoms so that the carbon atom 
positions would be replaced by nitrogen atoms.  Then, 
to fi nd the most stable atomic positions, we carried out 
fi rst-principles calculation to perform  geometry opti-
mization calculations, thereby assuming the ideal in-
terface structures.

The results obtained are shown in Fig. 8.  For the 
C-face shown in Fig. 8(a), with the structure of Si3N 
taken into account, the structure with all of the 3 
bonds of nitrogen atoms bonded with Si in SiC seems 
appropriate.  In addition, the structure with one of 
the bonds of nitrogen atoms oriented toward the SiO2, 
which is not shown, is also regarded to be appropriate.

For the Si-face shown in Fig. 8(b), a structure with 
2 of the bonds of nitrogen atoms oriented toward the 
SiO2 fi lm is thought to be appropriate.  Incorporation of 
nitrogen atoms like these is similar to the bonding struc-
ture with nitrogen atoms, which is reported by Xu et 
al.(6) and Shirasawa et al.(10)

As described above, creating an interface bonding 
structure by the fi rst-principles calculation has made it 
possible to analyze the results obtained by XPS analy-
sis in detail.
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Fig.7   Estimated structural models of dry oxide interface as-
suming ideal interface based on structure optimization 
calculation
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SiC devices using simulation.
In order to understand the characteristics of SiC-

MOSFETs, it is important to analyze the bonding 
structure existing in the minute region of about 1 nm 
in the vicinity of the SiO2 interface, which determines 
the characteristics, and clarify how the bonding struc-
ture affects the characteristics.  In the future, we intend 
to continue to make use of analysis and simulation to 
contribute to early commercialization of high-perfor-
mance SiC-MOSFETs and to the realization of a low-
carbon society by achieving energy savings of power 
electronics equipment.

We would like to extend our sincere thanks to 
Professor NOHIRA, Hiroshi of Tokyo City University, 
who has given cooperation and advice on XPS spec-
trum analysis.
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face states exist within the SiC band gap, charge trap-
ping occurs in the interface states, which may cause 
the mobility reduction due to Coulomb scattering and/
or the variation of Vth.

4.3 Future issues
The fi rst-principles calculation makes it possible 

not only to create a bonding structure but also to ana-
lyze the electronic state of a bonding structure for es-
timating whether it can be an interface state that has 
an effect on electrical characteristics.  In addition, it 
makes it possible to analyze the ease of chemical reac-
tion.

We have analyzed the change of the bonding state 
caused by introduction of nitrogen atoms into the in-
terface and studied the mechanism of interface state 
reduction.  In the future, we intend to investigate be-
tween the nitrogen introduction process and device 
characteristics, analysis, structural analysis by the 
fi rst-principles calculation.  Through these investiga-
tion, we will indicate the direction of characteristic 
improvement, thereby contributing to improved char-
acteristics and processes of MOSFETs.

5. Postscript

This paper has described atomic level analysis of 
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1. Introduction

Molecular simulation is a technology for evaluating 
various properties of materials based on their molecu-
lar structure using a computer.  It has been increasing-
ly applied in recent years not only for the evaluation of 
materials that have already been launched on the mar-
ket, but also as a prediction technique for enhancing 
the performance of or for adding new functionality to 
materials.  As products are designed to have enhanced 
performance and to be more complex, predicting the 
properties of materials in advance can reduce the 
number of prototyping iterations and accelerate the 
development of highly reliable products.  As a result, 
molecular simulation has been introduced not only in 
universities but also in companies as a technology for 
improving the reliability of products and shortening 
the development period.

Molecular simulation can also be used as a technol-
ogy for complementing the molecular- or atomic-level 
analysis technologies such as transmission electron mi-
croscopes (TEMs) or atomic force microscopes (AFMs) 
to provide theoretical support for the analysis results.

This paper describes a way to effectively use mo-
lecular simulation for the adhesion analysis of resin 
materials of resin mold semiconductor modules such as 
small-capacity intelligent power modules (IPMs), All-
SiC modules and automotive power modules.

2. Semiconductor Modules

2.1 Characteristics and challenges
Semiconductor modules are used in power con-

verters and are being applied to an increasingly wide 
range of fi elds such as industrial equipment, electric 

OGASAWARA, Miki *   TACHIOKA, Masaaki *

Study of Adhesion of Resin Materials by Molecular 
Simulation 

Molecular simulation is a technology for evaluating the various properties of materials based on their molecular 
structure by using a computer.  It has received attention as a method for speeding up the development of products.  
Semiconductor modules are being employed to an expanding range of applications such as industrial equipment 
and electric vehicle.  In order to ensure high reliability, importance is placed on the adhesion of materials and resin.  
Against a backdrop of this, we implemented a study using molecular simulation for analyzing auxiliary agents for im-
proving adhesiveness.  We evaluated 2 types of adhesion assistants and elucidated molecular level mechanisms re-
lated to adhesion with aluminum.

vehicles and home appliances(1).  The semiconductor 
modules for these power converters must be highly 
reliable.  Power cycle capability, which is an indicator 
of thermal fatigue based on the estimated tempera-
ture change in products during actual operation, is 
one of the items the market places importance on to 
prove reliability.  As shown in Fig. 1(2), a semiconduc-
tor module consists of many components.  Separation 
of or cracks in the components may cause a deteriora-
tion of its power cycle capability.  To prevent this, it is 
important to improve the adhesion between the compo-
nents.  Because of its low resistance and high thermal 
conductivity, aluminum has been used for the bonding 
wires in semiconductor modules or as a material for in-
sulating aluminum substrates.  It has, however, a low 
adhesion to epoxy resin used for molding so that a cer-
tain countermeasure must be taken.  In order to make 
practical use of modules that are more reliable than 
conventional products in the future, we need to select 
new materials with higher reliability in terms of adhe-
sion and other properties, not only by using experience 
but also by taking a scientifi c approach.

2.2 Factors affecting adhesiveness
Although adhesiveness may be determined by 

many factors, particularly important ones are the an-

Insulating aluminum substrate Case

Epoxy resin

BSD IC IGBT

FWD

Wire

Lead frame

Fig.1  Structure of epoxy resin mold semiconductor module
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chor effect; mechanical properties including elastic 
modulus, linear expansion coeffi cient and glass transi-
tion temperature; and the chemical bonding between 
the module components and resin.

Among these, chemical bonding directly joins the 
components and resin in immediate contact and so 
it can have a major effect on improving adhesion.  
Consequently, in addition to the anchor effect and me-
chanical properties which have been focused on for a 
long time, attention is being placed on improving ad-
hesion through chemical bonding.  Since the strength 
of chemical bonding is determined by the molecular 
structures of materials, an effective way to enhance it 
is to carry out analysis using molecular simulation.

3. Molecular Simulation

Molecular simulation is a general term for a pro-
cess that is conducted to analyze the phenomenon that 
results from the molecular structures of materials.  In 
a molecular simulation, it is necessary to select an ap-
propriate method in accordance with the phenomenon 
to be analyzed.  For example, since the elastic modulus 
of macromolecules is determined by the element and 
bonding type of the atoms composing molecules, it is 
effective to use a molecular dynamics simulation by 
using atoms as structural units.  The fi rst-principles 
calculation used in this paper is a method of non-
empirical calculation using electrons around atoms as 
structural units.  It is used as a method of analyzing 
chemical reactions or band structures where the mo-
tion of electrons controls the material properties.  It is 
characterized by its calculation method just specifying 
molecular structure based on the Schrödinger equation 
of quantum mechanics without using experimental 
data.  Consequently, its greatest advantage is that cal-
culation is possible without a real material.

The fl ow of the fi rst-principles calculation consists 
of creating a molecular structure and performing a 
geometry optimization.  The geometry optimization 
repeats the optimization of atomic coordinates and 
electron state alternately and fi nishes when a specifi ed 
convergence condition is satisfi ed.  From the calcula-
tion result, a stable molecular structure and the ener-
gy of the system in that state can be obtained.  In addi-
tion, the band structure and various physical property 
values can be obtained by analyzing the breakdown of 
the energy.

4. Evaluation

4.1 Adhesion assistants
There are 2 techniques to improve the adhesion 

of chemical bonding:  One is to change the molecular 
structure of the base material resin and the other is to 
use additives.  This paper focuses on additives, which 
are adhesion assistants in this case, and evaluates 
their effect on the chemical bonding with aluminum.  

The adhesion assistants we selected are:  Epoxysilane, 
which is a silane coupling agent; and aluminum che-
late, which is a chelate agent.  We evaluated and com-
pared their adhesiveness in a calculation and experi-
ment.  Figure 2 shows the molecular structure of the 
adhesion assistants.

4.2 Mechanism
Epoxysilane and other silane coupling agents are 

generally mixed into resin after the alkoxyl group 
in the molecules is hydrolyzed.  The hydroxyl group 
that results from the hydrolyzation forms hydrogen 
bonds with the hydroxyl group on the surface of the 
aluminum.  Then heat is applied to form strong cova-
lent bonds (see Fig. 3).  On the other hand, aluminum 
chelate and other chelate agents are mixed into resin 
without hydrolyzation.  This causes a dealcoholization 
reaction between an alkoxyl group such as C3H7O and 
the hydroxyl group on the surface of the aluminum, 
which results in covalent bonding (see Fig. 4).

It can be presumed that both epoxysilane and 
aluminum chelate enhance the adhesion between the 
aluminum and epoxy resin by forming covalent bonds 

(CH3O)3SiC3H6OCH2CH－CH2

(a) Epoxysilane (b) Aluminum chelate

Al
OiC3H7

OC2H5H3C

H7C3iO

C
H

C C

OO O

Fig.2  Molecular structures of adhesion assistants
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Fig.3  Reaction of a silane coupling agent

Al
OiC3H7

OC2H5H3C

H7C3iO

C
H

C C

O O

Al

Oi
C3H7

OC2H5

H3C

C
H

C

CO

O

Al OH ＋

＋ C3H7OHAl O

Dealcoholization 
reaction

Fig.4  Reaction of aluminum chelate
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with aluminum.

4.3 Calculation fl ow
The calculation fl ow is shown in Fig. 5.  In order to 

simulate the oxide fi lm on the surface of aluminum, we 
performed a geometry optimization of alumina crys-
tal, then cut a (100) surface so that oxygen is on the 
surface, and terminated the oxygen on the topmost 
surface with hydrogen to create a hydroxyl group.  To 
increase the calculation effi ciency, we used only the 
molecular structure of the adhesion assistants at the 
section contributing to adhesion.  We performed the 
geometry optimization for the adhesion assistants and 
aluminum individually and used the obtained struc-
ture to create the adhesion structures shown in Fig. 3 
and Fig. 4.  After performing the geometry optimiza-
tion of the adhesion structures, we used the obtained 
structures to create structures where the adhesion as-
sistants were dissociated from the aluminum, and then 
performed the geometry optimization again.  We set 
the index of adhesiveness to be the difference between 
the energy of the adhesion structure and that of the 
dissociation structure (dissociation energy).  For the 
calculation, we used DMol3 *1, which is a density-func-
tional calculation program.

4.4 Calculation result
Figure 6 shows the molecular structures after the 

geometry optimization was performed for the adhesion 
assistants.  As expected in advance, we confi rmed that 
they form tetrahedral structures with silicon or alumi-
num at the center.  We then used the structures in Fig. 
6 to create structures after the adhesion shown in Fig. 
3 and Fig. 4.  Figure 7 shows the molecular structures 
after the geometry optimization was performed for 
cases where the aluminum and epoxysilane adhered 
and dissociated.  In the adhesion structure, the sili-

con of epoxysilane or the aluminum of aluminum che-
late bonded to the oxygen of alumina and stabilized.  
Furthermore, the oxygen of epoxysilane or aluminum 
chelate got closer to the aluminum of alumina, showing 
an interaction.

Aluminum

Geometry optimization of 
surface structure

Surface structure creation

Geometry optimization of 
alumina crystal

Geometry optimization of 
dissociation structure

Dissociation structure creation

Geometry optimization of 
adhesion structure

Adhesion structure creation

Adhesion/dissociation

Adhesion assistant

Geometry optimization

Molecular structure 
creation

Fig.5  Calculation fl ow

*1:   DMol3: Part of the Materials Studio software environ-
ment.  Materials Studio is a trademark or registered 
trademark of Dassault Systèmes S.A.

(a) Epoxysilane

(b) Aluminum chelate

: Al

: O

: C

: Si

: H

Fig.6    Molecular structures after geometry optimization

(a) Adhesion structure 
     between epoxysilane  
     and aluminum 

(b) Dissociation structure between 
     epoxysilane and aluminum

(c) Adhesion structure 
     between aluminum 
     chelate and aluminum

(d) Dissociation structure between 
     aluminum chelate and aluminum

Aluminum

: Al

: O

: C

: Si

: H

Fig.7   Molecular structures after geometry optimization of 
epoxysilane/aluminum chelate and aluminum
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with the calculation and the adhesion force obtained 
in the experiment.  Not only the calculation result 
but also the experiment result showed that aluminum 
chelate had a stronger adhesion force, or was harder 
to dissociate, than epoxysilane.  This revealed that a 
molecular-level mechanism was involved with the dif-
ference in adhesion forces.

5. Postscript

This paper has described the effective use of mo-
lecular simulation for the adhesion analysis of resin 
materials of resin mold semiconductor modules.  It re-
vealed that a molecular-level mechanism was involved 
with the performance of adhesion assistants that en-
hance the adhesion between module components and 
resin.  We intend to identify the conditions required 
for auxiliary agents to give higher adhesion by analyz-
ing the cause of different dissociation energy values 
between epoxysilane and aluminum chelate and their 
bonding density with components.  We will then apply 
the result to guidelines for selecting auxiliary agents 
and contribute to enhancing the reliability of semicon-
ductor modules.

Part of this study was carried out in cooperation 
with Prof.  KOYAMA, Michihisa of the Frontier Energy 
Research Division of Inamori Frontier Research Center, 
Kyushu University; and Prof.  MURAKAMI, Yasushi  
of the Faculty of Textile Science and Technology, 
Shinshu University.  We would like to express our 
deep appreciation for their cooperation.
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Table 1 shows the resulted dissociation energy val-
ues obtained from the energy difference between the 
adhesion structure and dissociation structure.  A high 
dissociation energy means larger energy is needed 
when the object dissociates from the adhered state.  
From the calculation, we can expect that when epoxysi-
lane and aluminum chelate are compared, aluminum 
chelate will require more dissociation energy, suggest-
ing higher adhesiveness.

4.5 Measuring the adhesion force
(1) Measurement condition

In the experiment, we added fused silica to an acid 
anhydride curing agent containing bisphenol A epoxy 
resin, alicyclic epoxy resin and imidazole catalyst, and 
mixed them before adding epoxysilane or aluminum 
chelate.

The adhesion force was measured with the method 
described below.  The shape of the test piece is shown 
in Fig. 8.  A 10 mm square aluminum substrate was 
washed with ethanol and dried.  Then a special mold 
was secured on the substrate surface and fi lled with 
epoxy resin.  After the resin had cured under specifi ed 
conditions, the mold was removed.  We fi xed the alu-
minum substrate to the obtained test piece, brought a 
load-applying jig into contact with the resin part, made 
it push the resin part in a direction parallel to the 
substrate surface and measured the maximum break-
ing load.  The maximum breaking load values per unit 
bonding area of 5 test pieces were averaged and the re-
sult was assumed to be the adhesion force.
(2) Comparison of the measurement result with the 

calculation result
Figure 9 shows the dissociation energy obtained 

Table 1   Dissociation energy

Item Dissociation energy (eV)

Epoxysilane 4.81

Aluminum chelate 7.29
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Fig.8  Test piece for adhesion force measurement
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1. Introduction

The application of power electronics has been ex-
panding in the motor control fi eld, ranging from a con-
ventional use in industrial equipment and electrical 
rolling stock to more recently adoption in hybrid vehi-
cles and electric vehicles, as well as the power conver-
sion fi eld in applications for new energy sources such 
as photovoltaic power generation and wind power gen-
eration.  As a result, the effi ciency of power systems 
has advanced and the usage environment for these sys-
tems has diversifi ed. 

On the other hand, the increase in the world’s pop-
ulation is expected to greatly increase power consump-
tion from approximately 20 trillion kWh in 2013 to 
approximately 45 trillion kWh in 2030.  In this regard, 
there is a great need to further reduce power usage 
and enhance the effi ciency of energy usage.  Against 
this background, the development and application of 
power modules that adopt high-effi ciency SiC power 
semiconductors has been advancing.  Power modules 
mounted with these SiC chips adopt thermosetting 
resin sealing structure to ensure reliability in various 
usage environments (see Fig. 1).  Power module cir-
cuits are confi gured with various materials in complex 
shapes, and thermosetting resin is required to embed 
circuits without gaps and adhere closely to the materi-
als. 

However, since the viscosity of thermosetting resin 
rises as a reaction to heating, non-fi lling or entrain-
ment of bubbles could occur under improper molding 
conditions.  In addition, the occurrence of resin crack-
ing or interfacial peeling can greatly impact reliability.  
Therefore, products that are going to be sealed with 
thermosetting resin require a careful structural design 

GANBE, Tatsuya *   ASAI, Tatsuhiko *   OKAMOTO, Kenji *

Residual Stress Distribution and Adhesive Interface 
Strength Analysis of Thermosetting Resin Molding

The number of products sealed with a thermosetting resin such as semiconductor products has been increasing 
as the heat resistance and withstand voltage are improved and the size is miniaturized.  Currently, structural design 
for products is being implemented using stress analysis based on CAE analysis in order to ensure reliability in prod-
ucts sealed with a resin.  However, this type of analysis cannot predict resin cracks and interfacial peeling between the 
resin and component materials that cause failure.  We have thus established a method for grasping curing behavior of 
thermosetting resin, a residual stress distribution analysis technology that can be utilized after curing has completed, 
and an evaluating technology for adhesive interface strength considering the adhering end distance.  As a result, we 
can now construct structural design systems compatible with thermosetting resin sealing, thus enabling us to improve 
the reliability of products.

and materials design to ensure reliability. 
In order to implement accurate structural design 

for products to be sealed with thermosetting resin, it 
is necessary to establish analysis techniques for cou-
pling thermal stress analysis with 3D thermo-fl uid 
analysis, which is used to refl ect the curing behavior of 
resin.  This paper describes residual stress distribution 
and adhesive interface strength evaluation techniques, 
both of which are required in establishing the coupled 
analysis technique. 

2. Thermosetting Resin

We will describe an epoxy resin used as a sealing 
agent for power modules as an example of a thermoset-
ting resin.  Epoxy resin is a monomer with epoxy group 
properties in molecular structure.  Ring opened polym-
erization (bridging) of the epoxy group can be done by 
heating with amine based or acid anhydride based cur-
ing agent.  As polymerization occurs, molecular weight 
increases, resulting in a resin that irreversibly changes 
from a liquid to a gel, and then to a solid. 

Many products make use of a structure that is 
sealed with a thermosetting resin for the following rea-
sons. 

(a) Power semiconductors:  To ensure a high heat 

Epoxy resin Copper pin

Power substrate

SiC chip

High-thermal-
conductive ceramic 
substrate

Thick copper block

Fig.1  Cross-sectional structure of power module
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resistance and high withstand voltage for mount-
ing Si chips and SiC chips

(b) Power electronics products:  To facilitate min-
iaturization of vehicle mounted inverters and 
motors and to ensure vibration resistance and 
exothermicity

(c) Power supplies:  To facilitate miniaturization and 
to ensure insulation compatible with the minia-
turization

Figure 2 shows some standard Fuji Electric prod-
ucts that make use of a structure sealed with thermo-
setting resin. 

3. Challenges Surrounding Structural Design of 
Products Sealed with Thermosetting Resin

Common molding methods for thermosetting resin 
include transfer molding, liquid injection molding uti-
lizing a liquid resin, and cast molding.  The molding 
process common to each of them is fi lling of specifi ed 
mold via a fl ow of resin, and thereafter curing the resin 
through heating to create a mold of a specifi ed shape.  
It is required that each of these molding processing 
have optimized molding conditions that correspond 
with the selected thermosetting resin.  It is very impor-
tant to grasp behavioral changes during the process of 
heating. 

We will now give a description of an evaluation 
technique for the curing behavior and adhesive inter-
face strength of thermosetting resin, both of which 
must be considered when carrying out the structural 
design of a product.  As an example, we will take a look 
at epoxy resin, which is mainly used as a sealing agent 
for power semiconductors. 

3.1 Curing behavior of thermosetting resin during the 
molding process
Figure 3 shows the time-lapse changes in the vis-

cosity of the epoxy resin produced in a constant tem-
perature.  The epoxy resin gradually cures as heat 

is applied, and its viscosity rapidly increases after a 
certain period of time.  As shown in the fi gure, the 
time extrapolated from the slope at the time of viscos-
ity increase is referred to as gelling time, used as an 
indicator of curing time.  Furthermore, the time up to 
the point when the resin reaches a viscosity limit for 
being able to fi ll the mold is the workable time at such 
temperature.  Since temperature increase shortens the 
gelling time, it is necessary to optimize the resin fi lling 
process conditions in consideration of the relationship 
between temperature and workable time. 

Moreover, volume contracts due to molecular po-
lymerization during epoxy resin curing (see Fig. 4).  
During curing, a heating distribution occurs for the 
resin depending on the structure (shape) of the mold-
ing materials and heating method.  Speed differences 
in the curing reaction of the epoxy resin caused by the 
heating distribution result in volume contraction dif-
ferences in the resin.  As a result, it is generally recog-
nized that a residual stress distribution occurs for the 
epoxy resin. 

The volume contraction that occurs when the vis-
cosity change due to heating and during the change 
from a liquid to a solid is a key behavior that should be 
considered in the thermosetting resin molding process, 

Semiconductor products

Discrete Small-capacity IPM

Epoxy resin
Winding

SiC module

Molded transformer Current transformer

Fig.2    Products that make use of structure sealed with thermo-
setting resin
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including that for epoxy resin.  

3.2 Conventional structural design method and adhesive 
interface strength evaluation method
Conventional structural design for semiconductor 

modules use the state after resin curing as a model to 
perform computer aided engineering (CAE) analysis.  
Therefore, design has been made via a simple treat-
ment of thermosetting resin curing behavior, such as 
by treating the physical properties of cured objects as 
elastic bodies. 

Furthermore, the design of the adhesive interface 
strength must be done to make sure that no interfa-
cial peeling occurs for between the structural materi-
als and the resin of the molded product; and as such 
design is implemented based on the adhesive interface 
strength obtained from a lap-joint test piece*1. 

As a result, since it is not possible to accurately 
estimate adhesive interface strength without consider-
ing the behavior of the resin during molding, it is not 
possible to predict whether peeling will occur in the 
structural design process.  Therefore, it is necessary to 
repeat testing to ensure reliability. 

3.3 Structural design issues
The main defects that occur in products with re-

gard to thermosetting resin are resin cracking and 
interfacial peeling between the resin and structural 
materials.  Structural design requires selecting materi-
als and determining the structure that prevents gen-
eration of these defects.  In order to achieve this, it is 
necessary to be able to estimate the mechanical stress 
during actual operating time and assess whether it is 
no higher than the peeling threshold, after fi rst accu-
rately grasping the residual stress distribution associ-
ated with the curing behavior and curing contraction 
for the resin. 

Therefore, some of the challenges of structural de-
sign include incorporating the analysis results of the 
residual stress distribution associated with resin cur-
ing, as well as establishing an evaluation technique for 
adhesive interface strength. 

4. Residual Stress Distribution Analysis

It is diffi cult to directly measure or observe the 
residual stress distribution in the cured resin.  In gen-
eral, a strain gauge is mounted to measure strain, and 
residual stress is evaluated by converting the measure-
ment results to stress.  However, the strain gauge is 
only for measuring the location at which it is mounted, 
and it becomes necessary to secure the plane for the 
mounting.  Therefore, in order to grasp the residual 
stress distribution, we implemented visualization of 

the residual stress distribution via CAE analysis using 
3D thermo-fl uid analysis software*2 (FLOW-3D*3). 

The 3D thermo-fl uid analysis software makes use 
of a Macosko model by utilizing test values such as 
material properties of the resin including density, elas-
tic modulus, and dependence on viscosity temperature 
and shear rate, to express viscosity as a function of the 
temperature, shear rate and curing reaction rate (see 
Fig. 5).  Furthermore, a KAMAL model is also used 
to express the reaction speed by utilizing test values 
such as the reaction speed, reaction heat and energy 
associated with the curing reaction of the resin (see 
Fig. 6).  The use of these 2 models makes it possible to 
express the irreversible change that occurs to the resin 
as it changes states from a liquid to a solid; and even 
for products that have a complex shape, it is possible 
to implement visualization by calculating the residual 
stress distribution from the heat distribution. 

Figure 7 shows the analysis results of a stress dis-
tribution in resin by changing temperature states from 
the resin curing temperature to ambient temperature 
after sealing a thick copper plate with the resin.  This 
is a comparison between the 3D thermo-fl uid analy-
sis and a conventional stress analysis, i.e., a 3D fi nite 
element method structural analysis that only takes 
into consideration the linear expansion coeffi cients 

*1:   A lap-joint test piece refers to a simple laminated test 
piece for which an adhered laminated component is sealed 
with thermosetting resin. 

Fig.5  Macosko model

The most precise viscosity model for expressing viscosity as a 
function of temperature, shear rate and reaction rate

 h:   Viscosity (Pa· s)
 \h :   Temperature and shear rate dependent viscosity (Pa· s)
 gela :   Reaction rate at gelling time (viscosity parameter)
 a:   Reaction rate

*, , , ,D E F Gx  :    Resin inherent constants 
(viscosity parameters)

 0h :  Viscosity at shear rate of zero (Pa· s)
 c:  Shear rate (s−1)
 n:  Structural viscosity index
 S :  Resin temperature (K)
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*2:   Three-dimensional thermo-fl uid analysis software is a 
general-purpose 3D computational fl uid dynamics (CFD) 
software for solving abnormal fl ow utilizing the control 
volume based fi nite difference method (FDM). 

*3:   FLOW-3D is a trademark or registered trademark of 
Flow Science, Inc. in the U.S. and other countries.
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in the outside periphery of the resin than within the 
resin.  In the residual stress distribution after resin 
curing, the difference with 3D fi nite element method 
structural analysis is apparent.  Furthermore, aside 
from this, we compared the analysis and test with re-
gard to the resin contraction distribution and amount 
of interfacial strain between the resin and thick copper 
plate, and confi rmed that the results of the 3D thermo-
fl uid analysis were appropriate. 

5. Establishing an Adhesive Interface Strength 
Evaluation Technique

We examined adhesive interface strength by tak-
ing measurements using the lap-joint test piece and by 
implementing a CAE analysis. 

To begin with, we carried out a test that changed 
the lap length from the standard length of 10 mm to 
a shorter length of 2 mm in order to investigate de-
pendence for the lap length of the adhesive interface 
strength (breaking load /  adhesive area).  The results 
are shown in Fig. 8.  Since it is assumed that adhe-
sive interface strength does not depend on adhesive 
area (lap width × lap length), breaking load should be 
proportional to the lap length.  However, in actuality, 
breaking load was a constant, almost entirely indepen-
dent of lap length.  This result leads us to surmise that 
adhesive interface strength might be determined by a 
certain component not dependent on lap length. 

Next, we used a semi-symmetric model of the lap-
joint test piece to implement CAE analysis, which pro-
duced the stress distribution shown in Fig. 9 when ap-
plying a load at the time of breaking.  We learned that 
a large amount of stress is concentrated on adhesive 
ends with a width of 1 mm or less, and that even long 
lap lengths do not contribute much to the breaking 
load, while only the number of low-stress central areas 
increases.  It is thought that the stress concentration 
contributes to a mixed strength combining both shear-
ing force and tensile force.  Therefore, we compared the 
von Mises stress*4 obtained from the CAE analysis and 
the adhesive interface strength obtained from the test 

and elastic modulus of the resin.  Conventional stress 
analysis is characterized in that some of the different 
components of the linear expansion coeffi cients (inter-
face between resin and thick copper plate) have areas 
of high stress.  In addition, the stress distribution of 
other components of the resin cannot be observed.  On 
the other hand, when using 3D thermo-fl uid analysis, 
the heat distribution based on the thermal conductiv-
ity showed us that there are areas of higher stress 

Fig.6  KAMAL model
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and learned that they matched up very well (see Fig. 
10).  As a result, the adhesive interface strength that 
causes interfacial peeling product defects can now be 
estimated using CAE analysis. 

6. Future Tasks

Since it is important to grasp actual resin behavior 
when sealing with thermosetting resin, we developed 
a technique using 3D thermo-fl uid analysis for better 
grasping residual stress distributions.  In addition, we 
established an evaluation technique to investigate ad-
hesive interface strength, which acts as a determina-
tion value for resin peeling. 

In the future, we plan to continue developing ther-
mal stress analysis tools that take into consideration 
residual stress, while expanding our database on the 
physical properties of thermosetting resin and the ad-
hesive interface strength of thermosetting resin with 
various structural components. 

7. Postscript

In this paper, we described the residual stress 
distribution and adhesive interface strength analysis 
of thermosetting resin molded products.  As product 
structures become more complex with the progress 
of new product developments, series expansions and 
equipment miniaturization, an increasing number of 
products are requiring sealing with thermosetting 
resin.  Through the construction of a structural design 
system compatible with thermosetting resin sealing, 
we will contribute to improving the timely supply and 
reliability of products such as semiconductor products. 
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Fig.10    Evaluation results of adhesive interface strength under 
changed lap length
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*4:   Von Mises stress is the equivalent stress based on shear 
strain energy theory.  When this stress exceeds yield 
stress, plastic deformation will occur.  Von Mises stress 
was advocated by scientist Richard von Mises in the 
1990s. 
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1. Introduction

In conserving energy to make effi cient use of elec-
tric energy and in creating energy such as via photo-
voltaic power generation and wind power generation, 
power electronics are widely in use as core products.  
Power electronics equipment can freely convert elec-
tricity into easy-to-use forms by performing high-speed 
switching of power semiconductors such as insulated-
gate bipolar transistors (IGBTs) and metal-oxide-semi-
conductor fi eld-effect transistors (MOSFETs) and are 
effectively applied in various situations.  Mass produc-
tion of next-generation power semiconductors that use 
silicon carbide (SiC) and gallium nitride (GaN) started 
recently.  With further loss reduction achieved, tech-
nologies for improving the effi ciency and miniaturizing 
devices are being vigorously developed.

While power electronics equipment is very conve-
nient, it emits to the surrounding environment cur-
rents and electromagnetic waves that make a noise 
during operation.  This may cause electromagnetic 
noise interference and lead to the malfunction of and 
damage to electronic equipment.  To prevent these 
electromagnetic noise failures, suffi cient reduction of 
electromagnetic noise emitted to the surrounding en-
vironment is required of power electronics equipment.  
Increasing the switching speed in order to reduce the 
losses of power electronics equipment causes an in-
crease in the energy of the electromagnetic noise emit-
ted to the surrounding environment.  This in turn 
requires the development of technology for protecting 
the surrounding environment by containing the elec-
tromagnetic noise within devices.

Fuji Electric utilizes simulation technology for pre-
venting electromagnetic noise interference resulting 

TAMATE, Michio *   HAYASHI, Miwako *   ICHINOSE, Ayako *

Electromagnetic Noise Simulation Technology for 
Power Electronics Equipment

Power electronics have been becoming more widely used as core products for achieving energy savings and en-
ergy creation.  However, power electronics equipment may cause electromagnetic noise interference, such as com-
munication failure and malfunction and damage of electronic equipment.  For preventing electromagnetic noise inter-
ference caused by conduction noise and radiation noise, Fuji Electric has been developing various simulation-based 
technologies, including the improvement of the analysis accuracy of electromagnetic noise generated by power 
electronics equipment to comply with relevant regulations, analysis models from which we can select a simplifi ed or 
detailed one depending on applications, and applications for power electronics systems in addition to that for single 
equipment.

from power electronics equipment.

2. Electromagnetic Noise Simulation

In recent years, many manufacturers have been 
working on electromagnetic noise simulation of power 
electronics equipment and various results are reported.  
Fuji Electric was among the fi rst to undertake techno-
logical development for electromagnetic noise simula-
tion of power electronics equipment in order to apply it 
to products.

2.1 Noise reduction required of power electronics equip-
ment
Figure 1 shows a schematic diagram of electromag-

netic noise generated by power electronics equipment.  
Because of high-speed switching (a few to a few hun-
dred kHz) of power semiconductors, power electronics 
equipment generates large electromagnetic noise as 

+

3-phase inverter

LISN Motor

Receiving antenna

Fig.1    Schematic diagram of electromagnetic noise generated 
by power electronics equipment
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conduction noise if it is radiated outside through input/
output power cables, and as radiation noise if emitted 
as radio waves from various parts.

To prevent failures caused by these types of 
electromagnetic noise, electrical equipment including 
power electronics equipment is required to reduce the 
electromagnetic noise under various regulations.  In 
particular, following the obligation to place CE mark-
ing on products, stipulated by the EMC Directive*1 in 
Europe (within the EU member states) in 1996, vari-
ous methods of electromagnetic noise reduction have 
been proposed.  With power electronics equipment, 
however, reducing the electromagnetic noise gener-
ated and improving the performance (loss reduction) 
are in a trade-off relationship.  This requires repetition 
of trial and error every time a product is developed to 
take electromagnetic noise countermeasures, which 
consumes large amounts of time and labor. 

To conform to the EMC Directive without going 
through trial and error, Fuji Electric started develop-
ing technology to simulate the electromagnetic noise of 
power electronics equipment.

2.2 Simulation of conduction noise
In order to conform to the EMC Directive, the in-

tensity (level) of conduction noise radiated outside 
through cables must be measured and evaluated over a 
range from 150 kHz to 300 MHz as noise voltage (noise 
terminal voltage) at a line impedance stabilization net-
work (LISN) that simulates a power system.  The noise 
voltages for all of the phases must be reduced the regu-
lation value or less.

The conduction noise simulation for deriving the 
noise terminal voltage of the power electronics equip-
ment subject to the regulation is illustrated in Fig. 2.  
As shown in Fig. 2(a), conduction noise simulation can 
be roughly divided into 3 phases:  (1) detailed modeling 
of a device to reproduce the impedance of the device, 
(2) circuit analysis that simulates circuit operation 
and (3) data processing of the results of circuit analy-
sis.  For modeling a device, an equivalent circuit model 
is built:  For circuit components that allow measure-
ment of impedance, LCR circuit elements are combined 
based on the results of measurement and, for printed 
boards and structural components that do not read-
ily allow measurement, electromagnetic fi eld analysis 
is used.  For input/output power cables, the effects of 
the length and layout at the time of measurement are 
also factored into the circuit analysis.  In addition, to 
ensure an agreement between the results obtained by 
circuit analysis and those measured as noise termi-
nal voltages, data processing is done to reproduce the 
bandwidth of the spectrum analyzer, etc.  when tem-
poral waveforms are converted into frequency spectra. 

The accuracy of estimating the noise terminal volt-
age improves as the device is modeled in more detail.  
With the conditions used for building the most com-
plicated model, simulation results are almost agree 
with measurement results over the entire range from 
150 kHz to 30 MHz subject to the regulation for noise 
terminal voltage as shown in Fig. 2(b).

2.3 Simulation of radiation noise
The intensity (level) of radiation noise is measured 

as the radiation fi eld intensity by using a receiving 
antenna located 10 m away from the power electron-
ics equipment.  In this case, the power electronics 
equipment must be rotated by 360 degrees.  Then, 
the maximum value obtained as the height and angle 
(horizontal and vertical) of the receiving antenna is 
varied must be reduced to no higher than the regula-
tion value.

Simulating radiation noise is much more diffi cult 
than conduction noise.  This is because that, as shown 
in Fig. 1, while conduction noise is evaluated only by 
the voltage that has reached the LISN, radiation noise 
is emitted into space from numerous sources of ra-
diation unintentionally formed in the device.  Figure 3 
shows an example of measuring and simulating radia-
tion noise, which is an area that Fuji Electric is work-
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Step (2): Circuit analysis
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Fig.2  Conduction noise simulation

*1: EMC Directive:  Refers to one of the technical require-
ments to be met for acquisition of a CE Mark that relates 
to electromagnetic compatibility (EMC).
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ing on.  The description here is mainly about the differ-
ence from conduction noise simulation.

As compared with the switching frequency of pow-
er electronics equipment, the evaluation frequency for 
radiation noise is high at 30 to 300 MHz.  This makes 
it diffi cult to obtain switching waveforms that include 
this frequency component accurately by circuit analy-
sis.  Accordingly, for electromagnetic noise simulation 
at 10 MHz or higher, switching waveforms measured 
by simulating IGBT peripheral circuitry as shown in 
Fig. 3(a) are factored into circuit analysis.

What is required next is electromagnetic wave 
analysis.  For simple circuit operation, circuit analysis 
and electromagnetic wave analysis can be obtained at 
the same time.  But it is diffi cult to link analyses on 
the complicated circuit operation of power electron-
ics equipment with electromagnetic wave analysis.  
Radiation noise simulation can be roughly divided into 
modeling, circuit analysis and electromagnetic wave 
analysis and a different analysis software application 
is used for each of them.  For this reason, handing over 
data to link these processes with each other is the key.  
First, for impedance modeling, a distributed constant 
circuit, rather than a lumped constant circuit com-
bining LCR circuit elements, must be simulated.  In 
particular, print pattern and component arrangement 
have a major effect, and electromagnetic fi eld analysis 
is used to model them into a distributed constant cir-
cuit, which is factored into circuit analysis.  In circuit 
analysis, the current that fl ows to the antenna formed 
in each location is determined.  Antennas are formed 
unexpectedly here and there in the device but the dom-
inant antenna is identifi ed, and this is then factored 
into the electromagnetic wave analysis.  For electro-
magnetic wave analysis, only the shapes of major an-
tennas are modeled to derive the radiation fi eld 10 m 

away based on the current that fl ows.
Figure 3(b) shows an example of a model for ana-

lyzing radiation noise from an inverter.  The inverter 
is simulated by using a loop antenna for the IGBT pe-
ripheral structure and dipole antennas for the input/
output power cables.  The effective area of the loop 
antenna and the effective length of the dipole anten-
nas greatly contribute to the analysis accuracy, so the 
antenna shapes must accurately simulate these.  The 
interference between the antennas caused by phase 
difference is determined by data processing based on 
the results of the electromagnetic wave analysis for the 
respective antennas.

Figure 3(c) shows an example of the result of ra-
diation fi eld intensity simulation obtained by these 
processes.  It can be confi rmed that the general trends 
agree in the range from 30 to 300 MHz, in which signif-
icant electromagnetic noise is generated in power elec-
tronics equipment.  Note, however, that it still has var-
ious issues such as fi nding a method to identify in ad-
vance the antenna that provides the dominant source 
of radiation, in addition to improving the accuracy.

3. Examples of Application of Electromagnetic 
Noise Simulation Technology

3.1 Application to product development
As shown in Section 2, electromagnetic noise simu-

lation of power electronics equipment achieves high 
accuracy by reproducing the devices and measurement 
environment with high accuracy.  However, it is dif-
fi cult to apply such simulation to product development 
due to its long analysis time in addition to the cumber-
some procedure.  To deal with the issue, we use simple 
and detailed analysis models appropriately according 
to the product development process.

To obtain results, radiation noise simulation re-
quires more labor and time than conduction noise sim-
ulation, so we consider applying it only to those targets 
for which it is more effective.  This subsection presents 
a case in which it is applied to the design of housing of 
power electronics equipment.

Figure 4 shows an example of housing analysis.  As 
shown in Fig. 4(a), the housing of an inverter may be 
confi gured by combining cooling fi ns and sheet metal 
or made by aluminum die casting, and the former 
tends to generate larger radiation noise.  The housing 
is grounded and the potential at any point is ideally 
equal to 0 V.  However, with the large area, minute 
potential variations may occur.  It has been found that 
this minute potential variation may cause large radia-
tion noise.  Hence we use a simulation to design hous-
ing that mitigates the minute potential variations. 
Figure 4(b) shows an analysis model that extracts the 
cooling fi ns, sheet metal and electrolyte capacitors at 
the ground potential.  Based on the results of simula-
tion that uses a partial model like this, the housing is 
designed to achieve a confi guration that reduces the 
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model the switching characteristics of power semicon-
ductors, which is the source of the noise.  In the de-
velopment of power semiconductors, device simulators 
capable of accurately reproducing a single switching 
characteristic have been utilized.  But they are diffi cult 
to combine with circuit operation of power electronics 
equipment, which is characterized by repeated switch-
ing.  For this reason, applying device models of power 
semiconductors to circuit analysis of electromagnetic 
noise simulation had many problems.

Figure 5 shows transition of an IGBT device model.  
With the ideal element in Fig. 5(a) as the basis, the 
initial noise analysis had surrounding parasitic compo-
nents (inductance and capacitance) added to the model 
as shown in Fig. 5(b).  Adding the stray capacitance 
Cstray has made it possible to simulate paths of noise 
without omission.  In Fig. 5(c), the gate driver charac-
teristics are also added to model the switching charac-
teristics in more detail.  However, switching character-
istics are reproduced by fi tting to measurement data.  
This lead to the problem of larger errors caused by 
signifi cant changes in the peripheral circuitry and/or 
device temperature.  Recently, as shown in Fig. 5(d), a 
model based on the device internal structure has been 
built to allow for more accurate simulation of switching 
characteristics(1).  By applying this model, high esti-
mation accuracy has been realized in electromagnetic 
noise simulations without the need for measurement 
data.

3.3 Application to power electronics systems
To prevent electromagnetic noise interference on 

site while conforming to standards, we are moving 
ahead with a study on simulations intended for power 
electronics systems composed of power electronics 
equipment, control devices, detectors, etc.

Figure 6 shows an example of the confi guration of a 
motor drive system.  A motor drive system has a large 

impedance between the connection points, for which 
the minute potential variation should be mitigated, 
and prevents the formation of an unwanted resonant 
peak as shown in Fig. 4(c).  This is effective in reducing 
radiation noise.

Such simulation with part of the device extracted, 
which features simple modeling and short analysis 
time, allows exploration of a better confi guration by re-
peated analysis.

3.2 Study of accuracy improvement
Sometimes, electromagnetic noise arises from a 

product-specifi c circuit and/or structure, where the 
generation mechanism is unclear and is diffi cult to 
deal with.  In those cases, we build a more detailed 
model to further improve the analysis accuracy, there-
by gaining an understanding of the generation mecha-
nism to formulate countermeasures to take.
(1) Mode conversion

Conduction noise is subject to a phenomenon called 
mode conversion.  The common mode component con-
ducted through the ground wire and the differential 
mode component conducted through the power supply 
line may have their paths changed during conduction 
through various locations, and this is referred to as 
mode conversion.  The noise caused by this mode con-
version is generally diffi cult to reduce.  With actual 
measurement, grasping the generation of mode conver-
sion itself is diffi cult.  However, use of simulation al-
lows the paths and mechanism of mode conversion to 
be grasped relatively easily.  In addition, to reduce the 
noise caused by mode conversion, countermeasures can 
be formulated such as those that eliminate the paths 
of mode conversion and shift the resonance frequency, 
which are diffi cult to identify by measurement alone. 
(2) Modeling of switching characteristics

To improve the accuracy of electromagnetic noise 
simulation, we are developing technology to accurately 

CollectorEmitter

Gate

Gate
Collector

p+Emitter

Emitter

p base
Deple-
tion 
layer

n drift layer
p+Collector

Gate

Gate drive 
circuit

GateAuxiliary 
emitter

Emitter Collector

Gate

CollectorEmitter
C stray

Copper base

(c) Considering gate driver (d) Considering device structure

(a) Ideal element (b) Considering parasitic component

Emitter Collector
Stray 
capacitance

Fig.5  Transition of IGBT device model

Sheet 
metal

Internal 
cooling fins

Cooling fins

Electrolyte capacitor
Sheet 
metal

Internal electrolyte 
capacitors

Aluminum
die casting

(a) Example of inverter housing

(b) Modeling of ground potential (c) Analysis example

3 3001003010
Frequency (MHz)

After taking 
countermeasures

Before taking 
countermeasures

10 k

1

10

100

1 k

0.1

Im
pe

da
n

ce
 |

Z
|

 (
)

Fig.4  Housing analysis example



41Electromagnetic Noise Simulation Technology for Power Electronics Equipment

is
su

e:
 S

im
ul

at
io

n 
Te

ch
no

lo
gi

es
 f

or
 P

ro
du

ct
 D

ev
el

op
m

en
t

use of the results of verifi cation obtained with this 
model and built an equivalent circuit that simulates 
the behavior of the grounding portion.  By combining 
with the conduction noise simulation described earlier, 
it is now possible to grasp the behavior of electromag-
netic noise through grounding of the power electronics 
system.  This has made it possible to identify in ad-
vance the best combination of the grounding methods 
of various types of devices that can be performed on 
site.

4. Postscript

This paper has described Fuji Electric’s electro-
magnetic noise simulation technology for power elec-
tronics equipment.  The study started with theoreti-
cally reproducing electromagnetic noise generated by 
power electronics equipment.  And it is now widely 
utilized to include applications to product development 
by streamlining and applications to power electronics 
systems, not to mention improvement of analysis ac-
curacy.

In the future, we intend to continue expanding the 
scope of application of electromagnetic noise simula-
tion and work on establishing the technology to pre-
vent electromagnetic noise interference.
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transformer, inverter panel, motor, etc.  laid out in a 
vast area that can be as large as a few tens of meters 
square.  In a power electronics system like this, elec-
tromagnetic noise emitted to the surrounding envi-
ronment and the conduction noise fl owing into control 
devices and detectors located in the inverter panel may 
greatly vary depending on how devices are grounded.

Traditionally, the respective devices in a motor 
drive system are connected to grounding electrodes of 
Classes A to D with the grounding resistance values 
specifi ed according to the voltage and purpose of the 
respective devices.  However, the choices of ground-
ing methods have increased as the use of equipo-
tential bonding for grounding, which is specifi ed in 
the International Electrotechnical Commission (IEC) 
standards, has been permitted along with the revi-
sion of the “Interpretation of Technical Standards 
for Electrical Equipment” in FY2011.  If the merits 
and demerits of various grounding conditions can be 
grasped by verifi cation in advance, it will be effective 
for mitigating electromagnetic noise.

Accordingly, in order to grasp the effect of the 
grounding portion on electromagnetic noise, we built 
a mini-model for evaluating the effect of the ground-
ing portion (see Fig. 7).  In this mini-model, a medium 
simulating the ground is fi lled in a container and elec-
trodes simulating grounding electrodes are implanted, 
as shown in Fig. 7(a).  Then, as shown in Fig. 7(b), the 
transformer, inverter, motor and control device con-
nected to the respective grounding electrodes are com-
bined to build a mini-model of the power electronics 
system in an area of about 2 m × 1 m.  We have made 
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1. Introduction

The trend toward smaller electric equipment prod-
ucts is causing them to have a higher heat genera-
tion density.  To help this heat dissipate, a common 
measure taken for air cooling systems is to increase 
the airfl ow.  However, the aerodynamic noise gener-
ated from the cooling air may become an issue as the 
air volume increases.  Aerodynamic noise is caused 
by pressure variations generated due to fl ow distur-
bance.  In order to clarify and take measures for this 
phenomenon, techniques that mainly use measure-
ments have been traditionally applied.  However, tak-
ing measurements is often diffi cult if the object to be 
measured rotates or moves or the space to be measured 
is large, for example.  To address this issue, it is effec-
tive to run a simulation that allows a large quantity of 
physical information to be obtained in the target space.  
Note, however, that an aerodynamic noise simulation 
requires that turbulence phenomena are accurately 
reproduced and tremendous amounts of computation 
time are necessary.

In response, in addition to improving computer 
processing speeds, parallel computing using more than 
one CPU has been applied for reducing the computa-
tion time.  Taking fl oating point operation per second 
(fl ops) as an example, the “Earth Simulator” achieved 
35 trillion operations (35  Tfl ops) in 2002 and the “K 
computer” 10 quadrillion operations (10 Pfl ops) in 2011.  
This means that a computational speed increase of 100 
times was achieved in about 10 years.  Following this 
development, faster computers for science and tech-
nology purposes owned by private companies and an 
improved and diffused cloud environment available for 
public use have made it possible to perform massively 
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The size reduction trend of electric power equipment causes increased heat generation density along with an ac-
companying need for increased airfl ow for cooling.  In this situation, aerodynamic noise can be the dominant noise 
source for air-cooled electric equipment.  Grasping the noise generation mechanism and the noise reduction by mea-
surements are often diffi cult, getting physical information through simulation can be an effective approach.  In order to 
achieve noise reduction of equipment, we elucidated the aerodynamic noise generating mechanism by focusing the 
fan, the main source of noise in air cooling equipment, and estimated noise change caused by cooling structure dif-
ferences.  Simulated sound pressure level and peak frequencies are in good agreement with the measurement.   This 
technology can be applied to understand the noise generation mechanism, and can also be used to structure design.

parallel computing.  In addition, execution speeds of 
computations performed for research and development 
have been improving dramatically.

This paper describes aerodynamic noise simulation 
technology intended for power electronics equipment 
with an air cooling structure.

2. Products and Noise

2.1 Types of noise and related products
Figure 1 shows major types of noise sources and 

related products of Fuji Electric.  Noise sources can be 
roughly classifi ed into mechanical vibrations, electro-
magnetic vibrations and aerodynamic pressure varia-
tions.  Noise caused by mechanical vibrations is mainly 
generated in products with mechanical structures that 
involve rotation and/or movement such as rotating 
machines.  Noise resulting from electromagnetic vibra-
tions is mainly generated in products in which elec-
tromagnetic force works, such as transformers.  Noise 
caused by aerodynamic pressure variations is mainly 
generated in products such as air-cooled devices and 
power electronics equipment.  Many products have 
their heat-generating components cooled by using fans 
and establishment of the technology is expected to pro-
duce a ripple effect among products.

2.2 Issues with analysis of aerodynamic noise
In order to reduce the noise resulting from fl ow, 

any unsteady turbulence phenomenon that provides an 
acoustic source should be identifi ed so that appropriate 
measures can be taken.  Flow analysis here allows the 
user to capture a wider range of fl ow phenomena as 
compared with measurement and is becoming an effec-
tive tool.

The Reynolds-averaged Navier-Stokes (RANS) 
model is generally used for fl ow analysis of turbulence 
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phenomena.  It is based on the fl ow statistically time-
averaged for specifi c fl ow conditions and cannot be said 
to adequately reproduce the phenomenon as a fl uid 
analysis method.  Meanwhile, large eddy simulation 
(LES) can be used to directly solve the behavior of ed-
dies that cause a time variation of fl ow.  However, LES 
requires more than 100 times as much computation 
time as RANS, and hence one issue was to reduce the 
computation time.  Still, massively parallel comput-
ing that uses a few hundred to a few thousand CPUs, 
in addition to the improved computation time of recent 
CPUs, has led to a stage where LES computation is 
practicable(1) to (4).

3. Application of Aerodynamic Noise Analysis 
Technology

3.1 Principle of generation of aerodynamic noise
A mechanism of generation of aerodynamic noise 

that takes a cylinder as an example is shown in Fig. 
2.  Aerodynamic noise can propagate to an observa-
tion point from 2 types of acoustic source.  One is an 
acoustic source caused by pressure variations on a 
solid surface generated by eddies and the other is gen-
erated by variations of momentum due to turbulent 
eddies (Kármán vortices) in a space.  The level of noise 
of the former is proportional to the 6th power and of 
the latter to the 8th power of the fl ow speed.  In a low-
Mach-number region with a low fl ow speed, the former 
is dominant(5).  The fl ow speed from an air cooing fan 
considered in this paper is a low-Mach-number fl ow of 
about 20 to 30 m/s and the noise arising from pressure 

variations on a solid surface is dominant.

3.2 Analysis methods
Aerodynamic noise analysis methods can be rough-

ly classifi ed into direct noise simulation method and 
integral methods on acoustic analogy.  Major charac-
teristics of the 2 types of methods are listed in Table 1.  
There are differences in the computation time and type 
of information that can be obtained and the method 
should be selected according to the purpose.

The direct method determines the fl ow and acous-
tic propagation at the same time.  By considering fl uid 
compressibility, which is variation of the fl uid den-
sity according to the pressure, the acoustic pressure 
variation can be analyzed at the same time.  With this 
method, meshes for analyzing the wavelength of sound 
to the observation point are required in addition to 

Fig.1  Types of noise sources and related products

Vending machine

Field Related product
Major noise source

Mechanical vibra-
tion

Electromagnetic 
vibration

Pressure varia-
tion of fl uid

Power electronics equip-
ment

UPS, PCS, power 
supply, inverter, etc. − Core (reactor) Cooling fan

Motor Resonance, bearing Core/coil Cooling fan, rotor

Industry

Clean room, data 
center − − Fan fi lter unit

Electric distribution 
facility − Core (reactor) Cooling fan

Power generation/society

Turbine/peripheral 
equipment Resonance, bearing − Labyrinth seal

Generator Resonance, bearing Core/coil Cooling fan, rotor

Fuel cell − − Cooling fan

Power reception and distri-
bution/control equipment Magnetic contactor Contact collision − −

Food distribution Vending machine Compressor vibra-
tion − Cooling unit fan

Fuel cell

PCS for photovoltaic power generationUPS Motor

Data center

Cylinder

Air flow

Acoustic 
propagation

Observation point

Turbulent eddy

Fig.2    Mechanism of generation of aerodynamic noise with 
cylinder taken as example
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meshes for reproducing turbulent eddies in a fl ow fi eld 
in the vicinity of the acoustic source.  For this reason, 
the direct method tend to require a larger number of 
meshes, and hence a longer computation time.

With the integral method, fl ow and sound are com-
puted independently.  After obtaining pressure varia-
tions on a solid wall surface by fl ow analysis, the sound 
at the observation point is estimated(5) to (7).  It is not 
necessary to consider compressibility of the fl uid and it 
is suffi cient to simply focus on meshes capable of repro-
ducing the turbulent eddies that provide the acoustic 
source.  This makes it possible to reduce the computa-
tion time as compared with the direct method.

In fl ow analysis, it is important to reproduce tur-
bulent eddies that change over time.  Currently, us-
ing LES for this reproduction is the most effective 
method.  For the present target of verifi cation, it is not 
practical to perform a few hundred to a few thousand 
parallel computations using the in-house computer fa-
cilities for completing LES computation in a few days.  
Accordingly, we have used the “K computer” for the 
computation.  We have studied noise from the cooling 
fan unit and noise from the cooling fan and an obstacle 
in the case of using a cooling structure.

With the cooling fan unit, the pressure variations 
of the fl uid that work on the blades and casing sur-
face may provide an acoustic source to directly reach 
the observation point.  For this reason, we used the 
integral method, which is relatively easy to handle.  
Meanwhile, in a structure with a cooling fan and ob-
stacle, noises from the cooling fan and the obstacle and 
their interference are a possibility.  Therefore, we used 
the direct method for studying the noise.

3.3 Analysis results
As shown in Fig. 3, we studied the noise generated 

in 2 types of confi guration:  a cooling fan unit and a 

cooling fan integrated into a cooling unit.
Using a wind tunnel conforming to the JIS B 8330, 

we measured the noise from the fan unit and obtained 
the fan characteristics (fl ow rate and pressure differ-
ence as well as fl ow rate and noise) at the same time.  
We used a model structure similar to the actual equip-
ment, structure of which has fl ow resistance, i.e. a 
block installed in the fl ow channel that simulates elec-
tronic components and a heat sink.
(1) Fan unit

We used the integral method and performed cal-
culation with the same layout and conditions as those 
used for measuring the noise.  Figure 4 shows the fl ow 
speed distribution by LES at the maximum effi ciency 
point.  It has allowed us to reproduce the details of vor-
tex variations in the fan wake fl ow, which was not pos-
sible with analysis by the conventional RANS.

The results of analysis and experiment on a sound 
pressure spectrum at the observation point are shown 
in Fig. 5.  The horizontal axis represents the frequency 
and the vertical axis the sound pressure level.  It indi-
cates that the spectra observed consist of peak sounds 
and wideband sounds.  With the blade rotation fre-
quency represented by N, the peak sounds consist of 
4N resulting from the casing shape, 5N or the blade 

Table 1    Major characteristics of aerodynamic noise analysis 
methods

Item Direct method Integral method

Calculation 
method

™ Compressible fl ow + 
unsteady

™ Direct calculation of 
sound pressure

™ Incompressible fl ow + un-
steady

™ Acoustic calculation from 
wall surface pressure

Fluid 
analysis Unsteady compressible 

fl ow LES analysis

Unsteady incompressible fl ow 
LES turbulence analysis

Noise 
analysis FW-H, Curle’s equations*, etc.

Advantage 
of method

™ Precise method fea-
turing high accuracy

™ Interference between 
object and sound 
fi eld also reproduc-
ible

™ Allows relatively easy 
handling. Highly accurate 
as well

™ Computation time nearly ad-
equate to be practical (a few 
days with existing machines)

Issue

Requires high spatial 
resolution and leads to 
ultra-large-scale com-
putation

Coupling with sound fi eld 
analysis necessary for con-
sidering refl ection and sound 
absorption

*  FW-H, Curle’s equations:  representative calculation methods for noise 
estimation with the distance from pressure variations on a solid surface 
to the observation point taken into consideration

Fan

Wind direction

Wind direction

Obstacle in flow channel
(Electronic components and heat sink
 assumed to be in the area)

Observation 
point

FanObservation 
point

(a) Fan unit

(b) Integrated cooling unit

Fig.3  Structure studied

Flow 
speed

High

Low

Flow direction

Fan

Fig.4    Flow speed distribution by LES at maximum effi ciency 
point (instantaneous value)
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structure is not taken into account.
When studying the cooling structure of a prod-

uct, the distance between the fan and the obstacle as 
shown in Fig. 3(b) is one of the important design fac-
tors that should be considered for noise reduction.  
Accordingly, we used this method to verify the varia-
tion of the sound pressure level as this distance was 
varied (see Fig. 8).  It shows that, as the distance in-
creases, the sound pressure level decreases.  This is 
considered to be a result of a decrease in the pressure 
variation generated by the fl ow from the fan outlet hit-

passing frequency (BPF) resulting from the number 
of blades (5 blades) and their harmonic components.  
The portions that are not the peak sounds result from 
turbulence and are referred to as wideband sounds.  In 
the analysis, of the peak frequencies, the peak sounds 
of 4N and BPF and wideband sounds, which provide 
the fundamental wave, are reproduced.  In addition, 
the difference of the overall value (overall value of the 
sound pressure arrived at by adding up the sound pres-
sure levels of the respective frequencies) between the 
results of analysis and measurement was not more 
than 5 dB.  The reason why the measured values are 
at higher levels in the low-frequency region (approxi-
mately 300 Hz or lower) is assumed to be the acoustic 
effect of the measurement wind tunnel.  Further, re-
production is estimated to become more accurate by 
including the wind tunnel structure in the target of 
analysis.
(2) Integrated cooling unit

We assumed a case of using actual power electron-
ics equipment and studied the noise.  The obstacle in 
the fl ow channel was modeled as a block to analyze the 
noise by using the direct method.

With the direct method, non-stationary variation 
of the sound level can be solved at the same time as 
the fl ow.  Figure 6 shows the pressure distribution de-
termined by LES at the maximum effi ciency.  It shows 
that the pressure propagates to the space upwind from 
the fan, i.e. the acoustic source.  Because of the pres-
sure change in the direction of rotation due to the 
blades, the pressure isosurface has a 3D structure.  At 
this time, pressure variations at the observation point 
translate to sound.  Figure 7 shows sound pressure 
spectra obtained in analysis and actual measurement.  
The analysis is generally successful in reproducing 
characteristics including the BPF and other peak fre-
quencies, wideband noise distributed over wideband 
frequencies due to turbulence and resonance noise 
with peaks over a few hundred Hz.  The results show 
that the analysis values are partly over-evaluated un-
der 200 Hz.  One factor in this is assumed to be that 
the effect of sound attenuation on wall surfaces of the 
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Fig.5  Sound pressure spectra for fan unit
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Prediction of Fan Performance and Noise WG3” of the 
Turbomachinery Society of Japan.

WG3 is participated in by the following organiza-
tions:  the University of Tokyo, Waseda University, 
Hitachi, Ltd., DMW Corporation, Ebara Corporation, 
Mizuho Information & Research Institute, Inc., 
Advanced Simulation Technology of Mechanics R&D, 
Co. Ltd.
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ting the obstacle.
(3) Application of analysis results

We have obtained knowledge by studying noise 
with the fan unit and the cooling unit.  And based on 
it, we are gradually working to apply aerodynamic 
noise analysis to the structural design of power conver-
sion equipment such as uninterruptible power systems 
and power conditioning sub-systems.

4. Postscript

This paper has described aerodynamic noise simu-
lation technology for developing low noise products.

Aerodynamic noise simulation has made it possible 
to visualize the variations of fl ow and pressure that 
provide noise sources.  It can be used to grasp mecha-
nisms and apply them to structural designs in order to 
reduce noise.  In the future, we intend to contribute to 
eco-friendly product development while helping to en-
hance product performance, which are areas we have 
worked on up to now.

Some of the results mentioned in this paper have 
been obtained in cooperation with the organizations 
listed below.  We would like to extend our sincere grat-
itude to the parties involved.

Computations were performed as industrial use 
(project number: hp140072, hp150143) of the “K com-
puter” of the Institute of Physical and Chemical 
Research (RIKEN).

Some of the analysis of a fan unit was con-
ducted under “Turbomachinery HPC Project:  
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 *  Corporate R&D Headquarters, Fuji Electric Co., Ltd.
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1. Introduction

In power reception and distribution facilities that 
connect power systems and power equipment, switch-
gear contains important devices responsible for electric 
circuit switching and power measuring and monitor-
ing.  To switchgear for overseas markets, an IEC stan-
dard (IEC 62271-200) applies.  This standard contains 
enhanced approaches to safe structures such as clas-
sifi cation relating to protection of people in the sur-
rounding areas during failure and maintenance.  It 
provides, among others, for safety performance against 
arc discharges (internal arc faults) in switchgear.  If 
an internal arc fault occurs, energy supply from the 
arc heats up the atmospheric gas in the switchgear, 
and this causes the internal pressure to rise along with 
the increase in gas temperature.  If the housing of the 
switchgear cannot withstand the pressure rise, the hot 
gas that has leaked out may make contact with people 
in the vicinity, developing into a critical accident.  
Accordingly, together with interlock technology that 
prevents internal arc faults in switchgear, it is impor-
tant to have technology for venting hot gas in switch-
gear to the outside in the unlikely event of internal arc 
faults.

This paper describes analysis technology for pre-
dicting the pressure rise and pressure relief perfor-
mance during internal arc faults as technology for de-
signing safe switchgear.

2. Analysis Method

If an internal arc fault occurs, the following opera-
tions take place to prevent damage to the housing of 
the switchgear.

 ASANUMA, Gaku *   ONCHI, Toshiyuki *   TOYAMA, Kentaro *

Analysis of Pressure Rise During Internal Arc Faults 
in Switchgear

Switchgear include devices that play an important role in operations such as electric circuit switching and power 
measuring and monitoring, and  IEC standards stipulate safety performance criteria regarding arc discharge (internal 
arc faults) in switchgear.  Fuji Electric has developed an analysis technology for predicting pressure rise and pres-
sure discharge performance during internal arc faults in order to design safe switchgear.  By incorporating a pressure 
loss model in the vicinity of devices that discharge pressure and an arc model derived from the results of actual de-
vice testing, we have been able to implement highly accurate analysis.  We have developed IEC standard compliant 
switchgear based on this analysis technology.

(a) Internal pressure rise due to arc energy (heating 
energy)

(b) Activation of the pressure relief device at the 
specifi ed pressure

(c) Venting of hot gas via the pressure relief device
(d) Decrease of the pressure in the switchgear

Accordingly, the pressure rise value during inter-
nal arc faults must be predicted for designing the hous-
ing and pressure relief device.  Specifi cally, it is neces-
sary to predict the correlation between the arc energy 
generated and the internal pressure rise, and predict 
the operating performance of the pressure relief device.

To predict the arc energy, circuit analysis should 
be conducted that considers the relationships between 
the system voltage and impedance and between the 
short circuit current and arc voltage generated.  An 
arc voltage is a potential difference generated between 
the 2 ends of an arc, and it causes a pressure rise in 
the switchgear.  At the same time, it limits the current 
that fl ows through the system in the event of failure 
because it provides a back electromotive force against 
the system voltage.  This arc voltage constantly chang-
es according to the arc length, electrode material and 
current fl owing into the arc, which makes it important 
to estimate it with accuracy.

Meanwhile, to predict the pressure relief perfor-
mance in the switchgear, the mass fl ow rate of the 
hot gas that blows out must be determined by solving 
thermo-fl uid equations.  However, an internal arc fault 
may heat the gas around the arc to a high temperature 
of a few hundred to a few thousand K and ionization 
and dissociation may occur in the process, and this 
can cause the gas density and specifi c heat to vary in 
a nonlinear manner.  The gas pressure, in particular, 
greatly depends on the gas density.  For that reason, 
the nonlinear behavior of the property values of the 
gas must be taken into consideration.  As shown in Fig. 
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1, the pressure relief device involves rotational motion 
at the time of pressure relief and the hot gas fl ows to 
the periphery and generates unsteady eddies.  These 
may contribute to pressure loss.  This makes it diffi -
cult to predict the pressure loss in the periphery of the 
pressure relief device.

We have built an analysis method that offers high 
accuracy for the pressure rise during internal arc 
faults by incorporating into numerical analysis the arc 
model and model of the pressure loss in the vicinity of 
the pressure relief device derived from the results of 
actual device testing.

2.1 Construction of arc model
An arc voltage can be represented as the sum of 

the positive column voltage shown in the fi rst term and 
the electrode drop voltage shown in the second term 
in Equation (1).  A positive column is the region be-
tween the electrodes where a strong light emission is 
observed.

Varc = EarcLarc + Vcon  ............................................ (1)

Earc = f (Iarc)  .......................................................... (2)

 Varc: Arc voltage (V)
 Earc: Arc electric fi eld (V/m)
 Larc: Arc length (m)
 Vcon: Electrode drop voltage (V)
 Iarc: Current fl owing into the arc (A)

The electrode drop voltage, which is a voltage in 
the vicinity of the electrode generated when electrons 
and ions collide with the electrode, is a value specifi c 
to an electrode material.  For copper used for power 
lines and bus bars of switchgear, the electrode drop 
voltage is 16.5 V(1).  Meanwhile, the arc electric fi eld 
that constitutes the positive column voltage depends 
on the current that fl ows into the arc (fl owing current), 
as shown by Equation (2).  Accordingly, Equations (1) 
and (2) can be used to determine the arc electric fi eld 
experimentally by defi ning the arc length (distance 
between electrodes), fl owing current and arc voltage.  

Then, as shown in Fig. 2, we evaluated and obtained 
the current dependence of the arc electric fi eld by basic 
testing for arc electric fi eld evaluation.  The following 2 
test parameters were used.

™Distance between electrodes Larc:  2 to 20 mm
™ Flowing current Iarc:  1 to 10 kA
Figure 3 shows the results of measuring the arc 

voltage against the fl owing current for different dis-
tances between electrodes.  It indicates that, in the 

Pressure relief device
Conductor

Pressure rise

Pressure relief outlet

Internal arc fault

(a) Before pressure relief

Pressure relief device
 (rotational motion)Eddies generated

 (pressure loss: large)

Pressure relief
 (pressure decrease)

(b) Pressure relief

Fig.1  Operation of pressure relief device

Current

Copper electrode

Arc
Copper electrode

Distance between electrodes
 (variable)

Impedance

Fig.2  Basic test for arc electric fi eld evaluation

Distance between electrodes: 20 mm

Distance between electrodes: 10 mm

Distance between electrodes: 2 mm

0 5 10 15
Flowing current (kA)

A
rc

 v
ol

ta
ge

Fig.3  Relationship between fl owing current and arc voltage

0 5 10 15
Flowing current (kA)

A
rc

 e
le

ct
ri

c 
fi

el
d Measurement result

Fig.4    Relationship between fl owing current and arc’s electric 
fi eld



49Analysis of Pressure Rise During Internal Arc Faults in Switchgear

is
su

e:
 S

im
ul

at
io

n 
Te

ch
no

lo
gi

es
 f

or
 P

ro
du

ct
 D

ev
el

op
m

en
t

current range that has been obtained, the arc voltage 
and fl owing current are in a linear relationship.  The 
relationship of the arc electric fi eld with the fl owing 
current calculated by using Equations (1) and (2) is 
shown in Fig. 4.  It shows that the arc electric fi eld and 
the fl owing voltage are also in a linear relationship.  
Based on this fi nding, we used linear approximation 
to formulate the arc electric fi eld against the fl owing 
current and incorporated it into the arc model built for 
circuit analysis.

2.2 Simplifi ed thermo-fl uid analysis method
For thermo-fl uid analysis, the fi nite volume meth-

od is generally used.  The atmospheric gas in the 
switchgear is air (compressible viscous fl uid) and, at 
the time as pressure relief operation, eddies are gen-
erated in the vicinity of the pressure relief device due 
to the viscosity and a pressure loss is generated by 
the change (rapid reduction and rapid expansion) in 
the fl ow channel’s cross-sectional area of the opening.  
In addition, the pressure relief device is subject to a 
change in angle over time due to the rotational mo-
tion.  For that reason, the pressure loss is unsteady.  
In order to predict this change in the pressure loss, 
it is necessary to solve fl uid equations that allow for 
the shape of the pressure relief device changing over 
time.  Unsteady coupled analysis of fl uid in a structure 
involving a shape change requires a large amount of 
computation time and was diffi cult to apply to actual 
design of components of switchgear, which are indi-
vidually designed.

The simplifi ed thermo-fl uid analysis method that 
has been developed is aimed to realize both reduced 
computation time and ensured analytical precision and 
built as a fi nite volume heat dissipation fl uid analysis 
method specialized in prediction of pressure rises dur-
ing internal arc faults by measuring the behavior dur-
ing pressure relief operation, which involves high com-
putational load, and refl ecting the results to analysis.  
This method has 3 characteristics:
(1) Element breakdown with rectangular parallelepi-

ped meshes
In order to simulate a general 3D shape of switch-

gear composed of rectangles, rectangular parallelepi-
ped meshes have been used to break down the ele-
ments.
(2) Accommodation of nonlinearity of property values

When an internal arc fault occurs, property values 
related to pressure and temperature (density, specifi c 
heat and thermal conductivity) become nonlinear due 
to ionization and dissociation of the gas.  The con-
structed method accommodates this nonlinearity and 
rapid change in the pressure, etc. due to ionization and 
dissociation can be solved with high accuracy.
(3) Analysis of pressure relief portion with ensured 

accuracy
In order to allow for pressure losses due to vis-

cosity in the vicinity of the pressure relief device, we 

measured the relationships that the opening area, 
rotation angle and pressure loss of the pressure relief 
device have with the fl ow speed of the gas that passes 
through the pressure relief outlet in the basic test.  We 
then incorporated the results into the analysis.  This 
has made it possible to analyze the pressure relief por-
tion with ensured accuracy and reduced the computa-
tional load.

2.3 Obtaining pressure-loss characteristics in the vicinity 
of pressure relief device
To obtain the pressure-loss characteristics in the 

vicinity of the pressure relief device, we used a pres-
sure vessel equipped with a pressure relief device to 
conduct a basic test (see Fig. 5).  For the test, the pres-
sure vessel was fi lled with pressurized air from a high-
pressure cylinder and the pressure was relieved by 
pulling out the movable lever.  We used a pressure sen-
sor to measure the pressure loss in the vicinity of the 
pressure relief device during pressure relief and the 
estimated outlet speed of the gas vented to the outside 
of the vessel from the pressure change.  We also deter-
mined the change in rotation angle of the pressure re-
lief device by using a high-speed camera.

As the test parameters, the opening area of the 
pressure relief outlet, maximum rotation angle of the 
pressure relief device and the fi lling pressure for the 
pressure vessel were used and their relationships with 
the pressure loss were evaluated.

An example of pressure-loss characteristics ob-
tained from the test results is shown in Fig. 6.  The 
fl ow speed of the gas that fl ows out of the pressure 
relief outlet increases along with the rotation of the 
pressure relief device and reaches its peak at the maxi-
mum rotation angle (60 ° in Fig. 6).  Subsequently, the 
fl ow speed decreases as the pressure in the vessel de-
creases.  The process of decrease of the gas fl ow speed 
is nonlinear.  However, it has been incorporated into 
analysis by simulating with an approximate curve 
derived from the pressure loss in the vicinity of the 
pressure relief outlet, maximum rotation angle of the 

Movable lever

Pressure relief device

Pressure
sensor

Pressure 
vessel

Pressurized air

(a) Before pressure relief (b) Pressure relief

Lever pulled out

θ : Rotation angle of pressure relief device

Pressure relief 
outlet’s opening 
area

P : Pressure difference 
     between inside and 
     outside of pressure vessel

Gas discharge 
(pressure relief)

u : Gas outlet speed

Fig.5   Outline of basic test for obtaining pressure loss charac-
teristics in vicinity of pressure relief device
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force of the gas fl ow causes a damping phenomenon 
around 0 kPa.  It has been verifi ed that the analysis 
simulates this phenomenon.
(2) Pressure-rising process during arcing

We wished to verify the validity of the analyti-
cal precision in the pressure-rising process that takes 
place when an arc is formed.  Therefore, we sealed the 
pressure vessel and had an arc form in the pressure 
vessel to measure the actual pressure rise.  The results 
were then compared with the analysis results.  We 
calculated the results of the circuit analysis on the arc 
power and of the simplifi ed thermo-fl uid analysis using 
the calculated arc power as the input and compared 
them with the results of measurement for them respec-
tively, which is shown in Fig. 8.  Both the arc power 
and pressure waveforms show good correspondence 
with the measured values, which indicates that this 
analysis method is capable of simulating the phenom-
enon during a pressure rise.

4. Application to Switchgear Conforming to IEC 
Standard

By using the method of analyzing pressure rise 
during internal arc faults that has been developed, we 

pressure relief device and opening area of the pressure 
relief outlet.

3. Analysis Results

To evaluate the validity of the analysis method de-
veloped, we conducted 2 tests for comparison with the 
analysis.
(1) Pressure decreasing process in pressure relief

For verifying the validity of the analytical preci-
sion in the pressure decreasing process that takes 
place during pressure relief, we made a comparison 
with the pressure relief test using the pressure vessel 
described above.  Table 1 lists the test conditions.  This 
test does not include heating of the gas (pressure rise) 
by arcing and is suffi cient only for evaluating the valid-
ity of the model of the pressure loss in the vicinity of 
the pressure relief device incorporated into the analy-
sis.  Figure 7 shows a comparison between the results 
of measurement in the pressure-decreasing process 
during pressure relief and of the analysis.  The pres-
sure waveforms from the results of measurement and 
analysis show good correspondence with each other, 
which indicates that the analysis is capable of simu-
lating the phenomenon that occurs during pressure 
relief.  The volume of gas that passes through the pres-
sure relief outlet is large when the opening area of the 
pressure relief outlet and the maximum rotation angle 
of the pressure relief device are large and the inertial 

Conditions: Pressure relief outlet opening area: 2,500 mm2, Pressure relief device’s 
                    maximum rotation angle: 60 °, Pressure vessel filling pressure: 160 kPa 
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Fig.6    Example of pressure-loss characteristics in vicinity of 
pressure relief device

Table 1    Test conditions for pressure relief test using pressure 
vessel

Condition No. Size of pressure 
relief outlet

Filling 
pressure of 
pressure 

vessel

Maximum 
rotation 
angle of 
pressure 

relief device

Test case 1 50 × 50 (mm) 200 kPa 30°

Test case 2 70 × 70 (mm) 200 kPa 60°

Test case 3 100 × 100 (mm) 75 kPa 90°
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Fig.7   Comparison between results of measurement in pres-
sure-decreasing process during pressure relief and of 
analysis
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Fig.8   Comparison between results of measurement and analy-
sis in pressure rising process during arcing
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found to propagate through the switchgear from the 
arc at the center.

Furthermore, we compared the results of analysis 
with the results of measurement for validity evalua-
tion.  Figure 11 shows the results of measurement by 
using pressure sensors located in the vicinity of the 
pressure relief device and arc respectively and results 
of analysis of pressure in the respective sensor loca-
tions.

The pressure during an internal arc fault is shown 
to continue to increase even after activation of the 
pressure relief device.  This is because it takes a few 
ms before the pressure relief device reaches the maxi-
mum opened state after starting rotational motion.  
As shown in Fig. 11, the results of measurement and 
analysis show good correspondence and validity of the 
analysis method has been verifi ed.  In addition, this 
method has the analysis time reduced from the gener-
al-purpose thermo-fl uid analysis method, which allows 
it to be applied to actual design.

In the development of switchgear shown in Fig. 12, 
we conducted structural analysis with the aforemen-
tioned analysis results used as the input data, thereby 
estimating the locations to be reinforced, which was 
fed back to the structural design.  In this way, we have 

studied switchgear conforming to the IEC Standard.  
The analysis conditions used are the same as the test 
conditions for internal arc testing conforming to an 
international standard IEC 62271-200, as shown in 
Table 2.  Figure. 9 shows interphase arc power wave-
forms derived by circuit analysis.  As a result of analy-
sis, arc power has been found to peak immediately af-
ter the occurrence of an internal arc fault and decrease 
thereafter.

We next present the results of pressure analysis 
that uses as the input the arc power waveforms ob-
tained by the circuit analysis.  Figure 10 shows the 
shape of the switchgear analyzed and the result of 
analysis of pressure distribution immediately after arc-
ing.  As the fi gure indicates, pressure waves have been 

Table 2    Internal arc test conditions for switchgear conforming 
to IEC Standard

Item Condition

System voltage (RMS value) 11 kV

Short circuit current 18 kA

System frequency 50 Hz

Short circuit mode 3-phase short circuit

Arc power decrease due to 
DC component decrease
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Fig.9  Results of analysis of interphase arc power generated
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Fig.10    Shape of switchgear and result of pressure distribution 
analysis
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Fig.12  7.2-kV switchgear conforming to IEC Standards
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rise during internal arc faults in switchgear.  Power 
demand is expected to continue to increase overseas, 
especially in Asia, which involves addition and equip-
ment replacement of switchgear estimated.  Analysis 
technology (prediction technology) is required for de-
signing safe power reception and distribution facilities 
and, schemes to satisfy computational speed require-
ments adequate for actual design are necessary.  In the 
future, we intend to continue to work on the building of 
analysis technology in view of actual design of devices.

References
(1) Yokomizu, Y. et al. Total voltage drops in electrode 

fall regions of SF6, argon and air arcs in current range 
from 10 to 20000 A, Journal of Physics D: Applied 
Physics. 1996, vol.29, no.5, p.1260-1267.

completed the development of a product conforming to 
the IEC Standard.

5. Future Development

We have successfully predicted pressure rise dur-
ing internal arc faults of switchgear by applying the 
analysis method described in this paper.  This method 
also allows prediction of the fl ow speed, density and 
temperature of the hot gas fl owing out of the pressure 
relief device and, in the future, we plan to study diffu-
sion outside the switchgear of the hot gas after passing 
through the pressure relief device.

6. Postscript

This paper has presented analysis of pressure 
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1. Introduction

Stores such as supermarkets and convenience 
stores are required to save energy due to the amend-
ment to the Act on the Rational Use. of Energy 
(Energy Saving Act) and its enforcement.  Fuji Electric 
offers smart stores that make effi cient use of energy to 
save on the energy consumed by an entire store.  The 
equipment that consumes the most electric power in a 
store is refrigeration equipment such as an open show-
case.  With an open showcase, about 80% of the heat 
load is accounted for by heat invading through the air 
curtain and improving the performance of the air cur-
tain is the key.  The performance of air curtains varies 
with time due to the attachment of frost (frost forma-
tion) to the evaporator.  Fuji Electric has developed a 
thermo-fl uid simulation technique for clarifying this 
change in air curtains over time.  We have also made 
use of this technique to develop a new air curtain sys-
tem for saving energy.

2. Open Showcase Confi guration

Figure 1 shows the structure of an open showcase.  
Open showcases do not have a door and the warm air 
entering through the front opening is blocked by using 
air curtains so that products are kept cool.  The evapo-
rator installed in the duct generates cold air, which is 
blown out of the air curtain outlet and the back outlets 
in the back panel by using a fan and drawn into the 
air inlet, forming an air curtain.  The evaporator that 
generates cold air develops frost over time as shown 
in Fig. 2 because warm air containing moisture enters 
through the air curtain.  The frost attached causes re-
sistance in the air trunk and decreases the circulating 

NAKAJIMA, Masato *   ASADA, Tadashi *

Thermo-Fluid Simulation Technique for Achieving 
Energy Saving in Open Showcases

More than half of the electric power load in open showcases used in stores such as supermarkets and con-
venience stores is heat invasion that comes from the front opening of the displays.  In order to save energy on the 
showcases, it is necessary to improve the performance of air curtains that suppress this heat invasion.  Air curtain 
performance changes over time based on the impact of frost formation on the evaporator.  Fuji Electric has devel-
oped a thermal-fl uid simulation technique for elucidating this phenomenon, and based on this technique, we have de-
veloped a new air curtain system.  Demonstration results achieved improved energy saving of more than 30% com-
pared with conventional systems. 

air volume, which causes more air to enter through the 
front opening.  Accordingly, in the development of open 
showcases, it is important to control the air fl ow of air 
curtains in view of changes in frost attachment over 
time.

(a) Before frost formation (b) After frost formation

Fig.2  Frost formation phenomenon of evaporator

Air outlet

Air curtain

Air inlet

Heat invasion

Back panel

Light

Back outlet

Evaporator

Fan

Fig.1  Open showcase structure
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3. Simulation Technique

3.1 Incorporation of effect of frost formation
The fl ow of the developed simulation is shown in 

Fig. 3.  With thermo-fl uid simulation alone, as is the 
conventional way, the effect of changes in frost attach-
ment over time cannot be taken into consideration.  
Hence, we independently developed and introduced a 
frost formation simulator that predicts the growth of 
frost.  First, thermo-fl uid simulation was conducted 
in the initial conditions with no frost formed to deter-
mine the temperature, humidity and velocity of the air 
drawn into the evaporator.  Based on the temperature, 
humidity and velocity, the wind velocity according to 
the frost thickness, surface temperature of the frost 
and humidity of the air blown out of the evaporator 
were calculated in the frost formation simulator.  The 
results were then reset to thermo-fl uid simulation as 
the boundary conditions.  We repeated this operation 
and proceeded to the calculation for the next period 
when the temperature and humidity changes of the 
air drawn into the evaporator were conversed.  We 
completed the calculation when the specifi ed period 
elapsed.

The frost calculation model in the frost formation 
simulator is shown in Fig. 4.  Growth of frost is mainly 
infl uenced by the temperature of the cooling surface 
and the temperature, humidity and velocity of the air 
fl owing through the evaporator, and these have been 
used as parameters to build a frost calculation model.  
When frost is formed, the frost’s surface temperature is 
used instead of the temperature of the cooling surface.  
The frost formed is distributed in the direction of fl ow 
of the evaporator.  A large amount of frost is attached 
especially on the inlet side, where the temperature and 
humidity of air are the highest.  For this reason, to 

more accurately predict frost formation it is necessary 
to run a simulation of frost distribution in the direction 
of fl ow of the evaporator.  Accordingly, we used a model 
of an evaporator divided into several sections in the 
direction of fl ow and predicted the frost thickness and 
thermal conductivity in the respective sections based 
on the temperature and humidity of the air drawn in.  
The frost thickness was used as the basis to calculate 
the pressure loss of the evaporator and the humidity 
after dehumidifi cation.  Then, the air temperature and 
humidity calculated were passed on to the following 
section.  In this way, calculation is performed in all 
sections in this model.

Changes in the average temperature inside show-
case over time were calculated by simulation with frost 
formation taken into consideration.  The results were 
then compared with the result of measurement (see 
Fig. 5).  There is no change in the temperature without 
frost formation taken into consideration.  By consid-
ering frost formation, however, the temperature was 
found to rise over time, which agreed with the actual 
trend.  The temperature rise is due to frost formation 
that not only decreases the heat exchange amount 
between the evaporator and the circulating air but 
also lowers the wind velocity of the air curtain, which 
causes more air to enter through the front opening. 

Frost
formation 
simulator

Calculation of frost thickness, 
thermal conductivity, 
pressure loss, etc.

Settled

Not converged

Not elapsed

Elapsed

Calculation start

Initial condition setting

Initial analysis

Frost formation calculation

Resetting of boundary conditions

Thermo-fluid analysis

Convergence test

Judgment on elapse 
of specified time

Calculation complete

Fig.3  Flow of simulation
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(fins, pipe)

Air blown out of evaporator 
(temperature, humidity and wind velocity)
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(temperature, humidity and wind velocity)

Fig.4  Frost calculation model
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Fig.5    Example of change in average temperature inside show-
case over time
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3.2 Optimization design technique
As shown in Fig. 6, there are many factors involved 

in controlling the air curtain of open showcases and we 
have developed an optimization design technique for 
balancing them.  Figure 7 shows the fl ow of a design 
that uses the technique.  Open showcases may come in 
many different models and the number of factors may 
vary depending on the model.  An ability to accommo-
date multiple factors is also required.  Accordingly, we 

determined the parameters for the calculation samples 
based on Latin hypercube design (LHD), which al-
lows the number of factors to be freely specifi ed.  Next, 
based on the calculation samples arranged, the analy-
sis model is created by using the showcase design tool 
that applies the thermo-fl uid simulation technology 
described in 3.1 (see Fig. 8) to perform analysis.  Then, 
the results of analysis (characteristic values) were 
used to approximate the response surface using a radi-
al basis function (RBF) network and the optimal solu-
tion was found by particle swarm optimization (PSO).  
For example, for the design of the open showcase 
shown in Fig. 6 with 12 factors, we calculated samples 
with 66 different conditions to obtain the optimal solu-
tion.

The showcase design tool developed for the pur-
pose of creating many sample models and reducing the 
analysis time can create meshes, execute analysis and 
display the results simply by using general-purpose 
software (Excel*1) to input parameters of each sample, 
as shown in Fig. 8.

4. Effect of Application of Simulation Technique

For the new air curtain system developed by us-
ing the optimization design technique and the conven-
tional system, we simulated the wind velocity and tur-
bulent kinetic energy distributions (see Fig. 9 and 10).  
The conventional system is characterized by a high 
wind velocity that is used to maintain the external air 
blocking performance from the air outlet to the inlet of 
the air curtain.  This causes the turbulent kinetic ener-
gy to rise, increasing the amount of warm air dragged 
in at the front opening.  Meanwhile, in the new air 
curtain system, the cold air from the back outlets is 
gradually mixed with the air curtain, which reduces 
the supply air fl ow velocity of the air curtain, decreas-
ing the turbulent kinetic energy and hence the amount 
of warm air dragged in.

We built a demonstration model based on this 
simulation result and performed evaluation.  The re-

*1:   Excel is a trademark or registered trademark of Microsoft 
Corporation of the U.S.
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Fig.6   Factors involved in air curtain control of open showcases
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Fig.8  Showcase design tool
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on a 3D thermo-fl uid simulation technique for achiev-
ing further energy saving and enhancing the design of 
a showcase that cannot be simulated by 2D cross sec-
tions.  Figure 11 shows an example of air fl ow analysis 
by 3D thermo-fl uid simulation.  We have made use of 
3D simulation to develop a structure that provides a 
uniform wind velocity distribution in the longitudinal 
direction of air curtains.  In this way, we intend to es-
tablish technology for verifying the air fl ows in the 3D 
directions of air curtains and in ducts in the future.  
The aim is to further improve the energy effi ciency of 
open showcases.

6. Postscript

We have developed a thermo-fl uid simulation tech-
nique for open showcases that takes frost formation 
into consideration and realized energy savings by us-
ing a new air curtain system that applies an optimi-
zation design technique.  In the future, we intend to 
further the application of this simulation technique to 
development and design so that we can offer even more 
ecological and energy-saving open showcases. 

sults showed we had successfully saved energy by over 
30% as compared with the conventional system.  In 
addition, the decrease of the air entering through the 
front opening has allowed the refrigerant evaporation 
temperature to increase by approximately 4K.  This re-
duces the amount of frost developed, which is also con-
sidered to have contributed to energy saving.

5. Future Development of Simulation Technique

Fuji Electric is studying open showcases to work 

Wind
velocity

High

Low

(b) Conventional system(a) New air curtain system

Wind
velocity high

Wind
velocity low

Fig.9  Results of simulation of wind velocity distribution

Turbulent
kinetic
energy

High

Low
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large

Turbulence
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Fig.10    Results of simulation of turbulent kinetic energy distri-
bution

Wind
velocity
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Longitudinal direction

Fig.11  Example of air fl ow analysis by 3D simulation
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1. Introduction

Plastic has excellent electrical insulating prop-
erties and many types of plastic have mechanical 
properties, sliding properties and thinner resistance 
that makes them applicable to industrial parts.  Fuji 
Electric uses plastic in many of its products including 
power electronics equipment, food distribution facili-
ties and electronic devices.

In recent years, as the globalization of production 
bases accelerates, needs have arisen for products that 
have the same quality all over the world.  In order to 
meet such requirement in plastic parts molding, it is 
important to establish quality by making every prob-
lem that results from product/mold design apparent.  
This must be done during the early stages of develop-
ment in which product shapes or mold structures can 
be designed more freely and modifi ed at lower cost.

Resin fl ow analysis and other simulation technolo-
gies are effective tools not only for predicting improper 
dimensions or poor external appearance but also for 
designing products and molds.  This should be done in 
consideration of productivity at stages including veri-
fi cation of the ease of assembly or the optimization of 
the mold temperature control circuit.

This paper describes our approaches for increasing 
the quality of injection molded parts by taking advan-
tage of simulation technologies.

2. Simulation Technologies in Injection Molding

In injection molding, plastic material is fed into 
a mold in the injection process, sent to the dwell-
ing and cooling processes and then removed from the 
mold.  During these processes, the resin, which is the 

YAJIMA, Asuka *   SUGATA, Yoshinobu *   YOKOMORI, Noriharu *

Simulation Technologies Supporting Quality 
Improvement in Injection Molding

Plastic has excellent electrical insulation properties and is often utilized in various products due to its mechanical 
properties and characteristics.  In order to improve the quality of plastic parts, Fuji Electric has utilized resin fl ow anal-
ysis to elucidate the quality and productivity issues that exist during the early stages of development.  Furthermore, 
we have been refl ecting our fi ndings into the design of our products and molds.  We have verifi ed ease of assembly 
in consideration of warping by using the analysis results and a 3D printer, and as a result, we developed parts suit-
able for automated assembly in a short time.  We have also utilized unsteady heat transfer analysis to optimize the 
temperature control circuit for molds and have signifi cantly reduced the molding cycle.  Furthermore, we have been 
working to estimate the fi ber length of fi ber-reinforced plastic, and are now able to determine the distribution trends of 
the fi ber length that affects the strength of parts.

major component of plastic material, changes from a 
fl owing state to a solid as heat is exchanged with the 
mold, and shrinks after it is released from the mold 
until the temperature equilibrates.  Moreover, the re-
inforcement fi ber in fi ber-reinforced plastic material is 
oriented along the fl ow of the resin in the mold, which 
produces anisotropy in shrinkage or strength.  Resin 
fl ow analysis is a technology for simulating the behav-
ior and state of the resin over this period.

Figure 1 shows the relationship between injection 
molding processes and resin fl ow analysis.  Resin fl ow 
analysis can be used to determine whether molding is 
possible or not based on fi lling pressure or the occur-
rence of unfi lled area.  It can also be used for predict-
ing various factors of molding quality, such as warp-

Mold cooling analysis

Solid thermal conduction

Residual stress analysis

Viscoelastic body

Dwelling/cooling analysis
Compressibility, pure viscosity

Shrinkage/
warpage analysis

Elasticity 
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Fiber orientation
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Fig.1    Relationship between injection molding processes and 
resin fl ow analysis



58 FUJI ELECTRIC REVIEW vol.62 no.1 2016

age, the deformation of insert parts, or the position of 
weld*1.  It is also possible to predict fi ber orientation 
which determines the strength of fi ber-reinforced plas-
tic.

Filling pressure can be used not only for calculat-
ing a mold clamping force of the injection molding 
machinery (the force applied to the mold to prevent it 
from opening), but also together with structural analy-
sis for predicting mechanical stress or deformation of 
the mold.  By checking the strength of mold parts and 
studying optimum shapes with minimum waste before 
creating molds, we can ensure more refi ned mold de-
sign and provide more reliable products.

The fi ber orientation, position of weld and warpage 
predicted in resin fl ow analysis can be incorporated 
into an analysis model for structural analysis to pre-
dict the strength of molded products.  In recent years, 
it has become possible to analyze not only fi ber orienta-
tion but also fi ber damage in the fl owing resin includ-
ing those in the molding machinery cylinder.  This is 
then used to predict the fi ber length distribution in 
molded products.  Consequently, it has become possible 
to predict the strength with higher accuracy and refl ect 
it in the design of products and molds.

Mold temperature is a factor that greatly affects 
productivity as well as the ease and quality of mold-
ing.  Conventional mold cooling analysis was steady 
analysis assuming that the average value was constant 
while the temperature fl uctuated in the molding cycle.  
By using unsteady mold cooling analysis, we can now 
see the chronological change in the temperature of 
various sections of the mold from the start of molding 
to when the mold temperature stabilizes, and check for 
hot spots after the temperature stabilizes.

3. Resin Flow Analysis

3.1 Warpage analysis utilization
Warpage in molded products caused by resin 

shrinkage not only reduces the functionality of parts 
but also affects the fi t with other parts and the feasibil-
ity of automated assembly.

We have already utilized the result of warpage 
analysis for studying fi tting state (see Fig. 2).  The ease 
of assembly has been checked with prototypes created 
by cutting or with a 3D printer based on the drawing 
dimensions; however, the infl uence of warpage was 
mainly verifi ed with products molded with prototyped 
molds.  In recent years, we have been using a 3D print-
er to print out a deformed shape obtained in the warp-
age analysis and using it to check the ease of assembly 
(see Fig. 3).  Such an approach makes it possible to 
optimize parts shapes or mold structures to determine 
dimensions applicable to automated assembly in the 
design stage.  This results in less mold modifi cations 

and a shorter development period.

3.2 Weld avoidance
Not only does a weld have a poor external appear-

ance, but also it is known that weld regions have ex-
tremely low strength that might cause fractures espe-
cially in the case of fi ber-reinforced plastics.

Many of the plastic parts that Fuji Electric han-
dles are product housings and mechanical parts that 
require good mechanical properties.  Due to their 

Large

Displace-
ment

Small

Fig.2    Example of warpage analysis of power electronics equip-
ment part

Fig.3    Example of 3D printer printout of power electronics 
equipment part

Snap-fit part Snap-fit part

Weld

Weld

(a) Before optimization of 
      gate position

(b) After optimization of 
      gate position 

Fig.4  Example of prediction of weld positions
*1:   Weld refers to a thin line-shaped molding failure gener-

ated at the section where the fl ows of molten resin meet.
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complex shapes and openings, weld is inevitable.  We 
therefore use fi lling analysis to predict the positions 
where welds will be generated.  We then avoid plac-
ing welds in high-stress sections by optimizing gate 
positions and product shapes in consideration of mold-
ing possibility (fi lling pressure, occurrence of unfi lled 
area), fi ber orientation and the amount of warpage.

Figure 4 shows an example of predicting weld posi-
tions.  In the power electronics equipment part shown 
above, optimizing the gate position allows us to avoid 
placing welds at the base of the snap-fi t part to which 
high stress is applied.

3.3 Mold corrosion prevention
In injection molding, the air in the mold before 

plastic material is fed in and the decomposition gas 
generated from the plastic material fl owing into the 
mold may cause various molding failures such as short 
shots (incomplete fi lling) or burn marks (scorch on the 
product surface).  Fire-resistant plastic materials, in 
particular, generate corrosive gases which must be dis-
charged effi ciently from the mold.  This is because they 
may be heated to a high temperature by adiabatic com-
pression at the fi nal fi lling area in the mold and cause 
mold corrosion that degrades productivity and quality.

Filling analysis enables us to predict the position 
of fi nal fi lling or trapped air (gas trapped by resin), and 
we use it for optimizing gate and the gas vent (open-
ing for discharging the gas from the mold) position and 

product shapes.
Figure 5 shows an example of fi lling analysis for 

the housing of a low-voltage circuit breaker.  This is an 
example of optimizing a product shape to prevent mold 
corrosion.  The images show that, before the optimiza-
tion, resin fi lling was completed faster on the gas vent 
side and inhibited the discharge of the gas.  After the 
optimization, the resin is fi lled more slowly on the gas 
vent side so that the gas can be discharged more easily.

4. New Approaches for Increasing Quality

4.1 Optimization of the temperature control circuit of the 
mold for high-speed molding
In injection molding, the cooling time takes up 

most of the molding cycle.  The larger the size of 
molded products, the higher the ratio tends to be.  
Consequently, one possible measure for improving pro-
ductivity is to lower the mold temperature and shorten 
the time for cooling injection molded parts.  It must be 
noted that lowering the mold temperature may cause 
insuffi cient fi lling or transfer failure.

To solve this problem, Fuji Electric has established 
a high-speed molding technology that proactively con-
trols mold temperature during a molding cycle.  By 
this technology, greatly shortens the molding cycle 
time while ensuring high quality.  Figure 6 shows the 
mold temperature profi le obtained with the high-speed 
molding technology.  Specifi cally, a heater is placed 
near the contact surface between the mold and plastic 
material.  It heats the mold quickly after the molded 
product of the previous shot is removed and until the 
next injection starts.  After the fi lling is complete, 
the temperature is controlled to help the material be 
cooled with cooling water.

This technology cannot be achieved without a tem-
perature control circuit that can heat and cool the mold 
quickly and uniformly.  We use resin fl ow analysis to 
predict the resin temperature distribution, determine 
the sections that should be heated or cooled proac-
tively, and refl ect the result in the design of the mold 
for high-speed molding.  Since we need to proactively 
cool the mold parts which heat up easily, we achieved a (a) Before optimization

(b) After optimization

Gas cannot go 
through the vent.

Gas vent

Gas can go 
through the vent.

Gas vent

Fig.5    Example of fi lling analysis for housing of low-voltage cir-
cuit breaker (fi lling ratio: 90%)

Conventional 
molding

High-speed molding
1 cycle

1 cycle

Elapsed time (s)

M
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d 
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m
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re
 (

°C
)

Shortened

Fig.6  Mold temperature profi le
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tion of the mold.  Figure 9 shows a comparison between 
the analysis value and measured value of the heater 
current dependence of the mold temperature rise rate.  
The measured values of the temperature distribution 
and temperature rise rate of the mold well match with 
the analysis result.

4.2 Prediction of glass fi ber length
The strength of fi ber-reinforced plastic depends 

on the length and orientation of the reinforcement 
fi ber contained in the molded products.  The fi ber is 
damaged while fl owing and this makes it shorter and 
causes it to have a lower strength.  A longer reinforce-
ment fi ber is damaged more easily.  Consequently, in 
the application of long fi ber glass-reinforced plastic of-
fering a strength equivalent to metal, it is important 
to establish technology to predict the glass fi ber length 
contained in the molded products and refl ect the result 
in the design of products and molds.

We have revealed so far that the area of model-
ing and consideration of the damage inside the mold-
ing machinery cylinder (incorporation of the injection 
screw shape into analysis conditions) will affect the 
result of analysis of glass fi ber length.  Furthermore, 
we have been studying analysis parameters including 
the possibility of glass fi ber damage or the degree to 
which a compression force that results from resin fl ow 
contributes to fi ber damage.

Figure 10 is a result of analyzing glass fi ber length 
in a shape simulating a mechanical part for which high 
strength is required.  Figure 11 is a comparison of the 
changes in the glass fi ber length of the same part dur-
ing a molding process with an actually molded part.  
The glass fi ber becomes shorter as the molding pro-
gresses.  The glass fi ber length matches well with the 
measured value from when the resin was inside the 
cylinder until the point immediately after it passed 
through the gate.

We will improve the accuracy of the analysis after 
the resin passes through the gate by optimizing the el-
ement breakdown, glass fi ber physical properties and 
fi ber length distribution parameters.  We will then 
apply the result to the design of long fi ber glass-rein-

cooling effect and uniform temperature of the mold by 
using a 3D printer to form a 3D cooling water channel 
inside, which is shown in Fig. 7.

We optimized the layout of the heater by checking 
the temperature rise rate and temperature distribution 
of the heated surface through unsteady heat transfer 
analysis.  We considered a heater installation method 
to increase thermal effi ciency and installed heaters 
onto moving parts with small and complex structures.  
Figure 8 shows a comparison between the analysis 
value and measured value of the temperature distribu-

(a) No channel (b) 3D cooling water channel

Fig.7  3D cooling water channel in mold part
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Fig.9    Comparison between analysis value and measured 
value of mold temperature rise rate

(a) Analysis result (b) Actual measurement result

High

Tempera-
ture

Low

Fig.8  Comparison of temperature distribution in mold

Long
Fiber length

Short
Gate

Fig.10  Analysis result of glass fi ber length
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forced plastic molded products and their molds.

5. Postscript

This paper has described our approaches for in-
creasing the quality of injection molded parts by taking 
advantage of simulation technologies.

We will continue working to achieve further so-
phistication and higher accuracy of analysis technolo-
gies so that we can provide products of higher quality 
to our customers.

Initial fiber length of the material

Gate

Inside
the cylinder

Inside the mold

G
la

ss
 f

ib
er

 le
n

gt
h

 (
m

m
)

Analysis 
value
Measured 
value

Resin flow distance (mm)

Fig.11  Change in glass fi ber length during molding process
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Supplemental explanation 1 SiC Crystal Types and Crystal Surface

SiC crystals can be confi gured by one of several 
layered structures, such as crystal polymorphism (poly 
type) as shown in Fig. 1.  The material properties are 
different for each poly type.  4H-SiC and 6H-SiC wa-
fers for power device applications are both being sold on 
the market.  4H-SiC is currently the mainstream wafer 
with its wide band gap.  In addition, SiC is character-
ized by a carbon-terminated C-face (carbon face) and 
silicon-terminated Si-face (silicon face) even for crystal 
surface with the same {0001} face, and it also exhib-
its different electrical conductivity when forming a 
MOSFET gate.  Furthermore, we have also been study-
ing the m-face (1100), a-face (1120) and (0338) face for 
device applications, where each has its own properties 
suitable for specifi c applications (see Fig. 2).  

Supplemental Explanation

p.4, 13

Supplemental explanation 2 MOSFET Carrier Scattering

Applying high voltage to the gate electrode in 
MOSFET can dent the potential on the semiconduc-
tor surface, creating a path (channel) for the moving 
charge (carrier, e.g., electrons).  Since the channel is 
an extremely thin layer, various factors prevent carri-
ers from moving straight path (scattering).  The main 
types of scattering includes Coulomb scattering, pho-
non scattering and surface roughness scattering.  
(1) Coulomb scattering

Since carriers have a charge, they move while be-
ing affected by a fi xed charge or ion located inside the 
channel or its vicinity.  A Coulomb force affects the 
movement of a carrier because it creates repulsion for 
homopolarity and attraction for heteropolarity.  This 

p.5, 13, 24

type of scattering mainly occurs at low temperatures.  
(2) Phonon scattering

Carriers move while being affected by a potential 
in a state (lattice) in which atoms are arranged in or-
der.  In particular, the intense vibration of atoms at 
high temperatures can impact the movement of the 
carriers due to lattice vibration.  This type of scatter-
ing mainly occurs at high temperatures.
(3) Surface roughness scattering

Carriers move in a channel created near the inter-
face of the semiconductor and insulator.  The existence 
of order irregularities in the atomic layer near the in-
terface can impact the movement of the carrier.  This 
type of scattering mainly occurs in a high electric fi eld.

m-face (1100)

(0338) face

a-face (1120)

Silicon face (0001)

Carbon face (0001) 

Fig.2  Main 4H-SiC crystal surfaces and their face directions for 
use in devices

A B C A B C A B C

2H-SiC

Hexagonal crystal Cubic crystalCarbon atom Silicon atom

Silicon face (0001) Silicon face (0001)

Carbon face (0001)

A B C A B C A B C

4H-SiC

Carbon face (0001)

Silicon face (0001)

A B C A B C A B

6H-SiC

Carbon face (0001)

Silicon face (0001)

A B C A B C A B

3C-SiC

Carbon face (0001)

Fig.1  SiC crystal types
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*   Development Group, Fuji Electric FA Components & 
Systems Co., Ltd.

Magnetic contactors are increasingly being used in 
overseas markets, especially in China and Southeast 
Asia, as a result of industrialization in various fi elds 
that accompanies economic development.

For China’s elevator market, Fuji Electric has 
launched the “SL Series” of silent magnetic contac-
tors which feature quieter operation than our standard 
products.

1. Features

(a) Operating noise
10 to 15 dB less noise compared to Fuji Electric’s 

standard products (Measured 1 m from the mount-
ing surface of the electromagnetic contactor)
(b) Control coil voltage

Can be used at the same voltage for both AC 
and DC
(c) Coil surge absorption function

Suppresses the occurrence surges from the con-
trol coil
(d) Auxiliary contacts

Adoption of twin contact structure that provides 
high contact reliability
(e) Standards

IEC standard-compliant and GB standard-com-
pliant (CCC certifi cation)

2. Specifi cations

DAIJIMA, Hideki *

Silent Magnetic Contactor “SL Series”

Figure 1 shows the external appearance, Table 1 
lists the types and ratings, and Table 2 lists the perfor-
mance of the SL Series.

3. Background Technology

In general, there are two types of magnetic contac-
tors, AC-operated magnetic contactors that are driven 
by AC power supplies and DC-operated magnetic con-
tactors that are driven by DC power supplies.

The AC electromagnet in an AC-operated magnetic 
contactor has a wide core gap, and when the contact is 
made, a large drive current will fl ow due to the large 
magnetic resistance.  Since its operation is quick and 
the mechanical impact at the time of switching is 
large, the impact noise is also loud.  The impact noise 
during operation is generated by collisions of the fi xed 
core and moveable core when the contact is made, and 
by collisions with the moveable core and body frame 
when released.  In the elevator industry, machine-
roomless confi gurations have become popular in recent 
years, and since the control panel is mounted in the 
vicinity of the car, quieter operation of the devices used 
is sought.  The AC-operated magnetic contactors wide-
ly used in devices for industries such as elevators have 
a disadvantage of large impact noise, however.

On the other hand, the DC electromagnet in a DC-

(a) “SL09” (b) “SL40”

Fig.1  “SL Series”

Table 2 “SL Series” performance

Type

Rated op-
erational 
voltage  

(V)

Rated 
opera-
tional 

current 
(A)

Operating 
frequency
(Times/ 

hr.)

Durability (million 
times or more)

Making/break-
ing current (A)

Mechanically 
switched

Electrically 
switched 

(AC-3, 
400 V)

Making 
current

Breaking 
current

SL09
240

9 1,800 10 2 90 72
440

SL25
240

25 1,200 10 1.5 250 200
440

SL40
240

40 1,200 10 1.5 400 320
440

Table 1 “SL Series” formats and ratings

Type

Rated 
insula-

tion 
voltage 

(V)

3-phase squirrel-cage type motor (AC-3) Rated 
thermal 
current 

(A)

Rated capacity (kW) Rated operational current (A)

240 V 440 V 550 V 690 V 240 V 440 V 550 V 690 V

SL09
690

2.2 4 4 4 9 9 7 5 20

SL25 5.5 11 11 7.5 25 25 17 9 32

SL40 1,000 11 18.5 18.5 15 40 40 29 19 60
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operated magnetic contactor has a narrow core gap, 
and current fl ows according to the time constant of the 
coil resistance, without regard for the core gap or the 
current fl owing in the coil.  In this case, the operation 
is slower than with an AC electromagnet, and the abil-
ity to reduce the operating noise is an advantage.  For 
the Chinese market, however, power is supplied from 
an AC source, and the AC power has to be converted to 
a DC power supply.

3.1 Noise reduction
Figure 2 shows the structure of the SL Series  The 

SL Series is confi gured from a rectifying unit that con-
verts AC to DC, and a low-noise DC-operated magnetic 
contactor.  Even during AC operation, the rectifying 
circuit converts the operating voltage to DC so that 
the DC electromagnet can operate to improve the noise 
performance.

3.2 Use of current delay effect of rectifi er diodes
The rectifying unit contains a full-wave diode 

bridge circuit in which four rectifying diodes, D1 to D4, 
are connected in a bridge confi guration as shown in 
Fig. 3.

As described above, with a DC-operated magnetic 
contactor, the coil current increases gradually when 
the power supply is turned ON.  When the power sup-
ply is OFF, if there were no diodes, the energy stored 

in the coil would be released instantaneously; however, 
it will be self-consumed by the regeneration through 
the diodes and attenuated (current delay effect).  Due 
to this effect, the opening speed decreases and the gen-
eration of impact noise is suppressed.  In contrast to 
the approximately 80 dB (Fig. 4) impact noise level of 
an AC operation type magnetic contactor having the 
same conduction specifi cations, the noise level of this 
contactor could be reduced to about 70 dB (Fig. 5), and 
the noise performance improved.

Launch time
July 2015

Product Inquiries
 Switching Products Section, Product Management 
Department Business Planning Group., Fuji Electric 
FA Components & Systems Co., Ltd.
Tel: +81 (3) 5847-8060

Rectifier unit

Fixed core

DC electromagnetAuxiliary contact unit

Movable core

Fig.2  “SL Series” structure

DC electromagnet terminals

D1

D2

D3

D4

Full-wave rectifying diode bridge circuit

Varistor

Control power input

Fig.3  Rectifi er unit circuit diagram

－100 －50 0 50 100 150
Time (ms)

Main “a (NO)” contact

Auxiliary “b (NC)” contact

Noise pressure level

Coil current

Fig. 5    Operating noise of silent magnetic contactor (during 
closed circuit operation)

－100 －50 0 50 100 150
Time (ms)

Main “a (NO)” contact

Noise pressure level

Coil current

Fig.4   Operating noise of AC-operated magnetic contactor (dur-
ing closed circuit operation)
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 *  Power Electronics Business Group, Fuji Electric Co., Ltd.

With the increasing global demand for energy, 
there is growing interest in energy-saving measures, 
and energy-saving products are being introduced at a 
rapid pace. In offi ce buildings, for example, approxi-
mately 40% of the total energy consumption is used 
for heat sources and heat transport, and as a result, 
greater energy effi ciency of air conditioning equipment 
has increasingly been demanded. On the other hand, 
a major challenge facing Asia, which has undergone 
signifi cant economic development and where future 
growth is also expected, is how to continue economic 
development while conserving energy. 

To meet this challenge, Fuji Electric is deploying 
its inverters for air conditioning use throughout the 
world. This paper describes Fuji Electric’s “FRENIC-
eHVAC Series” that has been commercialized in re-
sponse to specifi cation and price requirements of the 
Asian market in particular (see Fig. 1). 

1. Functions Required for Air Conditioning 
Applications

1.1 PID control
As a standard feature, the inverters are equipped 

with two PID modules for PID control. One is used for 
the output frequency control of the inverter, and the 
other can be used with external systems. As a result, 
since modules are provided as a standard feature, the 
addition of an external PID module is no longer neces-
sary for applications that require PID control. 

KONO, Hiroyuki *

Air Conditioning Inverter for Asian Market 
“FRENIC-eHVAC Series”

1.2 Cascade operation
By using the FRENIC-eHVAC Series, cascade op-

eration can be implemented to operate a water sup-
ply system consisting of multiple pumps connected via 
header tubes with optimal power. 

For this cascade operation, the following fi ve usage 
methods are available so that various systems can be 
supported fl exibly. 
™  Inverter drive motor fi xed system
™  Inverter drive motor fl oating system
™  Inverter drive motor fl oating + commercial power-

driven motor system
™  Communications-linked inverter drive motor fl oat-

ing system 
™  Communications-linked all motors simultaneous 

PID control system

1.3 Fire mode
A fi re mode is provided as a standard feature for 

forcibly continuing operation at a specifi ed speed dur-
ing an emergency or the like. During the fi re mode, 
operation will continue even under conditions such as 
when an inverter alarm has been triggered. Moreover, 
even if instantaneous overcurrent protection is trig-
gered, a retry function will enable operation to con-
tinue. This function allows for trip-free operation that 
prevents stoppages due to the detection of abnormali-
ties. 

1.4 Other functions
The FRENIC-eHVAC Series also comes equipped 

with the following standard functions.
(1) EMC fi lter

A built-in EMC (electromagnetic compatibility) fi l-
ter (C2/C3) is provided as a standard feature, and is 
compatible with any installation environment.
(2) PM (Permanent Magnet) motor drive

A PM sensorless vector control function is provided 
to meet the needs for additional energy savings.
(3) Password setting

Two levels of passwords can be set to securely pro-
tect the confi guration data.

2. Customizable Logic

Program editing, which as previously been lim-
ited to 14 steps, has been expanded to 200 steps. 
Customizable logic, enhanced with this expanded func-
tionality, is provided as a standard feature, so that 

Fig.1  “FRENIC-eHVAC Series”
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the dedicated functions requested by end users can be 
supported fl exibly.  Following in the footsteps of the 
“FRENIC-Ace Series”, by using more than 50 types of 
logic symbols such as for logic operations, counters, 
timers, etc., control devices such as external relays and 
timers can be newly incorporated into the inverter, 
which can operate as a simple PLC.  

When programming with customizable logic, edit-
ing can be performed easily using the “FRENIC Visual 
Customizer,” a programming tool provided for free.  

This customizable logic can be used to implement 
various forms of energy saving control, including tem-
perature difference constant control and estimated end 
pressure control, when used in combination with a re-
sistance temperature detector (RTD) option card.

3. Communication Function

As communication protocols*1 for air condition-
ing equipment, the frequently used BACnet protocol 
is supported as a standard feature, and METASYS N2 
and MODBUS RTU protocols are also supported. 

As communication system options*2, DeviceNet, 
CC-Link, PROFIBUS-DP and LonWorks are support-
ed. As control system options, an analog I/O card, re-
lay output card, and RTD card are available to facili-
tate system support.

4. Multilingual Support

The ability for users to review and verify function 
codes and other inverter information in their native 
language is important not only because of improved 
readability, but because it leads to fewer incidents as-
sociated with confi guration errors or misunderstand-
ings. Accordingly, a multi-function keypad panel that 
supports 19 languages is available as an option so that 
the FRENIC-eHVAC series can be used in many coun-
tries. 

The 19 supported languages are Japanese, English, 

German, French, Spanish, Italian, Chinese, Russian, 
Greek, Turkish, Polish, Czech, Swedish, Portuguese, 
Dutch, Malay, Vietnamese, Thai, and Indonesian. 

In addition to these 19 languages, many other 
languages require unique characters. Moreover, even 
among English-speaking countries, the terminology 
used may differ by country, and in some cases, expres-
sions normally used by Fuji Electric may be diffi cult 
for users to comprehend. Therefore, in order to create 
special characters, the character editing screen shown 
in Fig. 2 is provided is a standard feature. Data that 
has been created may be saved as text data, and char-
acters shown on a display can be changed as desired. 
Moreover, Fuji Electric has developed a user-custom-
ized language (UCL) creation tool so as to be able to 
support all characters and text. By using this tool, nu-
anced language expressions (phrases) can be set and 
modifi ed from the data creation screen shown in Fig. 3. 

*1: Communication protocols:
BACnet is a trademark or registered trademark of the 
American Society of Heating, Refrigeration and Air-
Conditioning Engineers (ASHRAE).
METASYS is a trademark or registered trademark of 
Johnson Controls.
MODBUS is a trademark or registered trademark of 
Schneider Automation, Inc. of France.

*2: Communication system options:
DeviceNet is a trademark or registered trademark of the 
ODVA (Open DeviceNet Vendor Association, Inc.).
CC-Link is a trademark or registered trademark of CC-
Link Partner Association.
PROFIBUS-DP is a trademark or registered trademark 
of the PROFIBUS User Organization.
LonWorks is a trademark or registered trademark of the 
Echelon Corporation of the United States.

Fig.3  Data creation screen

Fig.2  Character editing screen
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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 Offi ce)
Promotion of electrical products for the electrical utilities and the indus-
trial plants 

Tel +973-17 564 569

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

Tel +95-1-382714 

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

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

Europe
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

China
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 Fuji Electric Switchgear Co., Ltd.
Manufacture and sales of switching equipment, monitoring control 
appliances, and related facilities and products 

Tel +86-21-5718-1234 
URL http://www.fujielectric.com.cn/sfswgr/ 

Shanghai Fuji Electric Transformer Co., Ltd.
Manufacture and sales of molded case transformers 

Tel +86-21-5718-7705 
URL http://www.fujielectric.com.cn/sfswgr/ 

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 
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/cn/ 

Fuji Electric FA (Asia) Co., Ltd.
Sales of electrical distribution and control equipments 

Tel +852-2311-8282 
URL http://www.fea.hk/ 

Fuji Electric Hong Kong Co., Ltd.
Sales of semiconductor devices and photoconductors 

Tel +852-2664-8699 

Hoei Hong Kong Co., Ltd.
Sales of electrical/electronic components 

Tel +852-2369-8186 
URL http://www.hoei.com.hk/

Overseas Subsidiaries
* Non-consolidated subsidiaries
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