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Prefatory Note

Accelerating Research Activities together with
the World’s Intellectuals

Kazuhiro Doi
Alliance Global Director, Research Division

Nissan Motor Company is moving ahead with research and development activities focused on vehicle
electrification and intelligence. These technologies will play a major role in advancing more attractive
automotive design and engineering contributes to resolve various issues related to vehicle use such as
energy consumption, global warming, congestion and traffic accidents, among others. In June 2015, four
and a half years after the release of the Nissan LEAF, cumulative sales of electric vehicles (EVs) by the
Renault-Nissan Alliance surpassed 250,000 units. Our share of the global EV market exceeds 50%, amid
the continued entry into this segment by one company after another. In the course of developing active
safety technologies for more than twenty years now, we have commercialized an emergency brake system
that is highly acclaimed by customers and is one technology that is expected to lead to autonomous
driving. Research and development work on vehicle electrification and intelligence is steadily moving
forward and will soon enter the stage where it will yield significant results that will benefit not only
vehicles but also society in general.

Companies in the automotive industry have traditionally cultivated their own knowledge and
technologies independently and accumulated them within their organization to secure a competitive
advantage. However, the traditional research style of relying only on in-house resources is limited with
regard to creating advanced and diversified technologies, greater customer satisfaction and new social
value. As typified by the Vehicle-to-Home (V2H) system and the connected car that is always connected to
the Internet, the links between vehicles and society are continually becoming stronger. In this context, a
trend toward making vehicles themselves more open will be inevitable in the coming years.

At the Nissan Research Center, we began early on to focus on possibilities for open innovation in
creating new value quickly by combining ideas from both within and outside the company. As one of our
action guidelines, we set the goal of becoming an open innovation center where the world’s intellectuals
would gather. In order to create new value through collaboration with global intellectuals filled a spirit of
intellectual inquiry, it is necessary to build a broad network of contacts with learned persons throughout
the world. In addition, it is also important to possess high levels of technical skills and specialized
knowledge for mutually stimulating global intellectuals, along with an open mind that enjoys co-creation
without being confined within a particular framework.

Under this guideline, we have not kept our research endeavors solely in Japan, but have extended
them abroad in pursuit of new research seeds and human resources. Our research activities have taken
root in different areas of the world and are characterized by making effective use of distinctive local
features. At the Nissan Research Center Silicon Valley established in 2013, collaborative research is being
conducted with the world’s leading research institutes and universities, including the U.S. National
Aeronautics and Space Administration (NASA) and Stanford University, to accelerate the research and
development of autonomous driving technologies. Moreover, programs are also under way in Europe and
Asia to research and demonstrate technologies for making new contributions to vehicles and social
systems. These various efforts are contributing substantially to the development of researchers and
provide the foundation for producing unique research results.

This special feature of the Nissan Technical Review describes the research activities under way at the
overseas facilities of the Nissan Research Center and presents examples of joint research studies
conducted with universities and research institutes abroad. It is hoped that it will serve to stimulate
further discussion on open innovation and also enable the reader to feel the dynamic quality of our
research activities that under way globally.
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Nissan Research Center : where World Intellects Converge
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1. Introduction: the Nissan Research Way

The mission of the Nissan Research Center is to
create new value contributing to sustainable mobility for
the future. Our principal role is to be a fountainhead that
continuously creates new core technologies indispensable
to Nissan’s future business.

Nissan’s technology strategy is based on the Orchard
Concept detailed in Nissan Technical Review No. 73
(December 2013). It describes how Nissan nurtures new
technologies through the framework of the Orchard
Concept to create unique value. In this analogy, the Nissan
Research Center’s mission is to seek and provide new land
for cultivation, along with new seeds and seedlings, to a
farmer standing by an orchard and contemplating ways to
grow new fruits (technologies).

To carry out this mission, at the Nissan Research
Center we conduct our activities based on the Nissan
Research Way consisting of three pillars (Fig. 1).

With the first pillar, to “forecast technology trends and
social changes,” the aim is to clarify the image of the
society (market) to which we wish to contribute. With the
second, to "create open innovation with the world’s
intellects," the aim is to build a global network comprising
research institutes from around the world as a basis for
"finding new land to clear" and "growing new seeds and
seedlings." With the third, to "develop competitive
technologies in strategic domains," the aim is to stock the
"new seeds and seedlings" and hand them over to the
farmer.

2. Creating Open Innovation with the World’s
Intellects

This special feature focuses on the second pillar,
particularly on how Nissan Research Center is moving
forward with open innovation to support overseas efforts
to develop electric and intelligent vehicles.

Our open innovation activities overseas can be broadly
divided into two categories. One is the activities our
overseas research centers are carrying out, and the other
is dispatching human resources from Japan to famous
universities and research institutions abroad.

Our overseas research sites are located in Farmington

3 NISSAN TECHNICAL REVIEW No.78 (2016-3)
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Hills (Michigan, USA), Silicon Valley (California, USA),
Chennai (India), and Moscow (Russia) (Fig. 2).

Top-level human resources and equipment, combined
with a robust investment environment, enable the
Farmington Hills site to implement its activities on a broad
scale ranging from basic to applied research. Making the
most of these advantages, the men and women at the site
have produced exceptionally unique ideas about materials
for use in electric vehicle batteries.

Silicon Valley is known as a thriving area for venture
firms, a center for state-of-the-art ICT (Information and
Communication Technology) research and creative
business development where world intellects congregate.
By establishing a facility in this area and taking advantage
of its environment, we have been able to carry out top-level
intelligent technology research for application to
autonomous vehicles and connected cars.

The Chennai site handles a wide range of research
areas, ranging from selecting and assessing materials for
fuel cells and lithium-ion batteries to developing and
assessing software for autonomous vehicles. Previously,
the work there focused on prototypes and simple
evaluations, taking advantage of the low labor costs in
India. However, the site quickly drew attention as a
treasure trove of excellent human resources and
accordingly we established a local system there. As a
result, it has already grown to a level where new research
ideas are being created there.

In Moscow, which in the former Soviet Union was a
center for studies in space exploration and research on
advanced materials in nuclear power systems, we are
promoting research activities with particular emphasis on
areas such as nanomaterials and nanoprocesses. In this
way Nissan is actively adopting new and different ideas
from the United States and the EU, as well as innovative
technologies that can be applied in the shift to electric
vehicles.

Our research site in Japan (Atsugi, Yokosuka) lies at
the middle of the four overseas sites. In establishing these
sites we have built a global research system where the

COOOOOVOOVOVOV0VOVVOVVOVOVOVVOVOVVOVOVOVOVOVOOVOVOOOOOOO

_|
Farmington Hills
(India) | (USA) (USA)

Chennai Silicon Valley

2 e
Fuel cell, Battery, Autonomous vehicle,
Software Connected car service

X-2 HEOHZFEHS
Fig.2 Nissan’s global research sites
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strengths and advantages of each country and region can
be combined, enabling each site to learn from the others.
Through links to overseas sites and other research
institutions, Nissan Research Center truly becomes a place
where the world’s intellects gather.

The center also dispatches human resources from
Japan to universities and other research institutions. In the
last five years up to and including 2015, for example, more
than 30 researchers have been sent to other areas to join
research teams there.

In such cases Nissan does not unilaterally specify the
research tasks to be performed; rather, the tasks are
determined through discussions. We believe that open
innovation can be nurtured by not taking a one-sided
approach. We also believe that sending researchers to
other areas will give them opportunities to interact with
young local researchers and from them learn things about
the local culture and climate. This will help them establish
a foundation for a global network, which they can use to
nurture “global human resources” through open
innovation from Japan after returning home. In other
words, they will bring back values not limited to research
laboratory results.

This special feature has shown how these desired
objectives can be achieved, with a focus on applying
research work to the development of electric and
intelligent vehicles.

3. Concluding remarks

The global competition in the automotive industry has
expanded to the point where it has spread beyond the
automobile business and moved into the ICT industry. In
creating new technologies to survive in such an
environment, open innovation must be carried out as the
“essential conditions for survival” rather than “ideal
research.” We sincerely hope that all who read this special
feature will understand and appreciate the deep and
concerted efforts the Nissan Research Center is making to
push forward with open innovation.

5 NISSAN TECHNICAL REVIEW No.78 (2016-3)
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Summary

Nissan Research Center Silicon Valley (NRC-SV) has been operating since February

2013 in Silicon Valley, on the west coast of the USA. Silicon Valley is internationally recognized as the
center of advanced software technology and telecommunication network technology. Affected by the
Silicon Valley nature, NRC-SV is also focusing its research on software engineering and development. In
particular, NRC-SV focuses on Al (artifical intelligence) research enabling autonomous vehicles to
perform socially acceptable and human-like maneuvers and research on vehicles connected to networks
(connected cars). In this article we overview NRC-SV’s research activities.

Key words : Research & Development, Computer Application, Electronics, research, intelligent
vehicle, artificial intelligence, simulation
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2. Nissan Research Center Silicon Valley
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1. Introduction

Nissan Research Center Silicon Valley (NRC-SV),
founded in February 2013, is a new research and
development center for Nissan. Located in the middle of
the Silicon Valley area (Sunnyvale, California), NRC-SV
aims to develop new vehicles and a new automobile society
while working together with the various research institutes
and companies in the region.

The center’s current interests mainly focus on
research leading to the development of autonomous
vehicles and using available large-scale data to develop
vehicles connected to networks (connected cars). Either
case involves new technical challenges in which the
research features emanating from Silicon Valley are
combined with Nissan’s own methodologies. This article
will present the research activities NRC-SV is carrying out
in the context of the Silicon Valley environment.

2. Nissan Research Center Silicon Valley

The NRC-SV (Fig. 1) was established in Silicon Valley
in accordance with Nissan’s global strategy of extending
R&D activities to and localizing them in strategic markets.
The key for companies competing in the autonomous
vehicle and connected car fields is developing software

*Nissan Research Center Silicon Valley
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enabling them to put their technologies to real and
practical use, particularly data analysis software and
artificial intelligence (Al) software. Accordingly, Nissan
established NRC-SV with the aim of developing such
software in an area representing the forefront in software
development, and then rapidly employing it in automobiles.
Many organizations of worldwide repute have facilities
located nearby NRC-SV, including Yahoo Inc., Apple Inc.,
NASA, and Stanford University. Thus, it can truly be said
that the center is located in the heart of Silicon Valley.

2.1 Research fields

Currently, research at NRC-SV is mainly being
performed in three fields: (1) autonomous vehicles, (2)
connected cars and services, and (3) human-machine
interface and interaction. Particular emphasis is focused
on developing Al techniques that will enable autonomous
vehicles to be operated even in urban areas. Competition
in these fields has become quite fierce in recent years,
making it essential to efficiently carry out the cycle of
developing techniques, implementing them in vehicles,
performing and running tests, and making improvements.
It will be especially important to develop a software
platform that makes “plug and play” possible for at least
some improved software programs. Thus, NRC-SV’s major
research objectives include developing software platforms
and methodologies for doing so.

2.2 Research and development approach

The research and development methodology NRC-SV
has adopted is a “Lean Research Cycle” (Fig. 2), which is
based on a development approach called “Lean Startup”.

In this cycle specific use cases are used to construct

realistic technology development scenarios. The steps in

the cycle are as follows.

(1) Scenario development: Discuss specific use cases of
developing technology and drawing up its realistic
scenario of development.

(2) Sensing: Identify customer needs, particularly on the
basis of market surveys and actual field observations.

I e e e e e e e g
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Fig.2 Lean Research Cycle
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(3) Visioning: Propose solutions to meet the needs, using
specialized knowledge to narrow down the range of
possible candidates.

(4) Prototyping: From the narrowed-down range, construct
prototypes with the minimum scope required for
customer tests.

(5) Analyzing: Perform the tests to obtain feedback for use
in modifying development scenarios and creating new
ones.

To remain competitive in Silicon Valley, where things
change very rapidly, it is essential to perform the Lean
Research Cycle quickly and produce research results
continuously. Therefore, it is necessary to thoroughly and
truly understand the customer value achieved in each
cycle. Such understanding of the value will point out the
right direction to take to address research challenges in
the next cycle.

2.3 Silicon Valley ecosystem

The comfortable environment Silicon Valley offers
year-round attracts people from all over the world to it.
Many of them continue to form and expand organizations
that complement each other in producing new value time
and again. This new value creation is a driving force for
further growth in the region. Thus, the whole region
seems to function as one ecosystem, which is why the
recent activities in the area are referred to as the “Silicon
Valley ecosystem.” The ecosystem comprises multiple
firms in multiple industries, to which venture capital and
first-class universities are added. This has enabled the
region to enjoy great success as an environment that
produces startup firms, disruptive business models, and
leaders in a wide variety of high-tech fields?.

NRC-SV has been added as an element of this
ecosystem, playing a complementary and active role not
only as one of Nissan’s global research sites, but as a
contributor to employment, education, and technical
exchanges in the region.

3. Autonomous vehicle research

The future will see autonomous vehicles sharing the
roads and driving environments with other vehicles,
pedestrians, bicycles, etc. in many areas. Accordingly, they
will need to be able to move around freely while at the
same time anticipating the movements of other road users,
making compromises in a manner satisfactory to all
concerned. That is, for society to accept autonomous
vehicles it will be necessary for them to interpret and
potentially reproduce judgments and actions that human
beings make instinctively and automatically.

In order to develop such vehicles, every day NRC-SV
personnel observe and improve their understanding of
driving behavior in the city and use their understanding
as a basis for developing software that will enable
autonomous vehicles to behave “intelligently.”

H ZE # #’ No7s (2016-3) 8



Introduction to Research Activities in Silicon Valley : NRC-SV

FO LD HBERE Y EBT 5720, REFZERTCIE.
ANEASHE, #T17- T v 2558178 2 B8 - WRY 2
ZEDBIGD, FOLT, ZNOOMBIZIED V- HE)hE
HEHEOBEWRLFWEZFEHT LY 7 M 2 TOREE1T-
TWwb,

31 HEENMEDREIR
MW P HITEOH X 25t HDHVIEZOHEAIIIE
DSWTHHOB X % JET A5M01E. MBS L CHEEDS
s BRSO BRSNS, TORT, KETHEE
Hlia B L), BEICTREBEZRIZLZD, Lo
FafE LT, ETHOHMLVWIRETH S, 2FD. H
FEi O FEHII AT 2 E L, ATR R T 7 A L,
V7MY 7 LEOGHE THER SN T Il E 2 X
A Z &1 5 2,
BARMICIE, DT o2 ER T2 0LEDRH 5,
c BT  MoBHAHEOENAHML, Ihd
{{% 5 %00 % TS DM Bz X, BITEEL
A ELTHWDLON, HOFENFFHERL L) LT
WhHDMTE,
o REEERTE ., WOERTH C HA9M F ComY) iR 2 B
T A& F O BT R EY) & [l A i
e XTI - gy HIzIE BE DN Al
B B HL I 2R AT OIRTE, B D WVITER T ERS L
T, W TE L,/ TERVOHMZAT ) HEhk,
D Eofrex HERERE DY 2, BIRINETE TV,
IRA|MAZ IO TN T 8T, BRI E & Al
7% HEEREOEBIA R L % %,

32 VIJhDI7IE

HEREfZO Y 7 by = 7RIS T, BiROMiEE 8§
L0, TV —2a—Fa2iEkds, 2nb
O— RTRBENBEHOEY 2 — WA H IR LT
BEL. AR, BRILZ-E) KT 2707 I A% 58T
HIED, VTN T LEHEOBRETH S,
NRCSV<TlE, YVav N NL—2BFsV 7 o271
FORANT T T4 AERBALTwD, BAMIZIE, &
Ralb—Ta X BEMEMERR. FIAEY 7Y 32l —
5 (3) 12X AEEMGEZ: & % 872 £ T, FEEBREZ Hw
TETEREZERT S E Vo7, BIEREGRORKILEH
By& L7z M L7221 -> Tw b,

3.3 BEEEGZEOHRREMN
[HEREREIE S0 &) 1R 2, A EER Y 2
HEJHBRATE, HIRH 2 E oMo EBRAHE 1220 A
noh, HEO—BE LTHRETE 2000
HEJHEZ [ ] 728, N7 Ao N7 4308k
T8, HEREZ EOMOBHFIHE L, TORLOYTE

9 NISSAN TECHNICAL REVIEW No.78 (2016-3)

3.1 Achieving “intelligent” behavior

Problems remain in using calculation to read the
movements of other vehicles and pedestrians and using
the readings as a basis for determining autonomous
vehicle movements. These include high degrees of freedom
and ambiguity in the calculation results. The advanced
automation technology of today enables us to fly airplanes
or move an exploration vehicle on Mars, but the challenges
facing us in developing autonomous vehicles are even more
difficult. Nothing less will be required than to unlock the
secrets of Al, robotics, and all the other branches of science
discussed in the software engineering field.

Specifically, it is necessary to develop the following
functions.

¢ Intention estimation : This function makes it possible for
the vehicle to understand the intentions of other road
users and predict what they will do next. Predict, for
example, whether that pedestrian is going to try to cross
the road or whether that vehicle in front is going to try to
change lanes.

e Trajectory and path planning : This function makes it
possible for the vehicle to plan the best route to take to
the destination and to avoid the other vehicles and
obstacles on it.

e Negotiation : This function makes it possible, for
example, for the vehicle to judge whether or not it can
pass through an intersection without a signal, by
assessing the situation regarding other vehicles and
pedestrians and determining their intentions.

Implementing these functions will enable the
development of autonomous vehicles that can coexist with
other road users by performing sequential calculations to
determine their intentions and actions.

3.2 Software engineering

To enable these functions to be developed,
autonomous vehicle software is written with several
thousand source code lines. Multiple modules written in
these codes are synchronized so as to function with each
other, enabling software engineering to perform its role of
developing programs that function as intended.

GO0V VVVVVOVVVOVVVOVVOVVOVOVOVOVOOVOOOOOOOOS
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Fig.3 360 FOV driving simulator
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Fig. 4 Nissan IDS Concept

The best practices of software engineering in Silicon
Valley have been introduced into NRC-SV and used in the
development process, with the aim of maximizing efficiency
and effectiveness. A specific example is using simulation to
check operations or using a driving simulator (Fig. 3) to
verify operations, then using the acquired data in carrying
out running tests using test vehicles.

3.3 Social acceptance of autonomous vehicles

"If autonomous vehicles are accepted by other road
users, like pedestrians, cyclists and other drivers, then
they will act as better members of society."

When people drive vehicles, they need to be in
constant “on the spot” communication with other road
users. They communicate directly with the other users by,
for example, exchanging gestures or gazes at intersections,
or indirectly by reading signals, such as indictors or body
motion. Safe driving conditions are achieved for all when
drivers drive well by applying the rules of the road they
have learned. Applying these rules means drivers must
observe region-specific practices as well as established
traffic laws and also “negotiate” with other users on a basis
of mutual self-assertion. NRC-SV’s goal is to implement
knowledge of these rules and communication means into
autonomous vehicles so as to create a road environment
that will be completely reassuring to all road users.

An example of an autonomous vehicle developed by
applying our research results is the Nissan IDS Concept,
which was unveiled at the Tokyo Motor Show 2015 (Fig. 4).
The vehicle features information panels on the dashboard
and a LED display that shows the vehicle’s “intent” to
people outside the vehicle. For example, it will show
messages such as “Stopping” or “Waiting” to indicate
whether it is going to pass through an intersection or wait
for pedestrians to cross it. It is also important for the
vehicle to inform pedestrians or cyclists it is aware of their
presence, and the Nissan IDS Concept has a function for
doing so.

In carrying out research in this area we incorporate
sociological methods (ethnography, ethnomethodology,
interaction analysis). We are also developing other
concepts for achieving communication with other road
users and studying ways to implement them into
autonomous vehicles.

4. Connected car research

At NRC-SV techniques are being developed aimed at
furthering data-driven mobility, by providing drivers with
appropriate information about timing, places, and methods.
In attempting to take advantage of the Silicon Valley
ecosystem to discover new value for mobility, we are
integrating a variety of methods and techniques from both
within and outside the center, including large-scale data
analysis, mobile application development, cloud services,
networks, IoT (Internet of Things) and telematics. Below
we will show examples of applying these techniques.

H 2 # #R No78 (2016-3) 10
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4.1 Application cases
4.1.1 Application development: Click N Plug /
CollaBox

Click N Plug is an application for electric vehicle
charging support. It provides information about charging
station reservations and queues, with the aim of relieving
congestion at charging stations at or outside the
workplace. We constructed a middleware framework called
CollaBox to realize the application.
4.1.2 Cloud service: LEAF @ Home

LEAF @ Home (Fig. 5) is a cloud and mobile application
with features that automatically enable electric vehicle
users to charge their vehicles during off-peak hours when
charging rates are lower, put it in standby state before they
leave so that it will be ready to go at any time, and ensure it
is sufficiently charged to get them home. The application is
currently undergoing user tests with 30 Nissan North
America employees serving as users. The test results,
acquired by applying the Lean Research Cycle concept,
become a useful means for enhancing the application's
features and providing new ones.

5. Human-machine interaction research

5.1 Research background

One of the major challenges in developing
autonomous vehicles is achieving smooth communication
between the driver and the vehicle during autonomous
driving.

In introducing autonomous driving into the market,
Nissan has proposed the idea of introducing it in phases,
from highways to city streets. Such an approach will mean
a mixing of areas where autonomous driving is possible
and areas where human driving has always been the norm.
In other words, the driving entities will switch back and
forth in the areas, autonomous driving taking over from
human driving and vice versa.

Even for areas where autonomous driving is not

B e o e e e = o o R L o R e = R - e
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1) E.Ries: The Lean Startup: How Today's Entrepreneurs
Use Continuous Innovation to Create Radically
Successful Businesses (2011).

2) K. E. Kushida: A Strategic Overview of the Silicon
Valley Ecosystem: Towards Effectively “Harnessing”
the Ecosystem, Stanford Silicon Valley - New Japan
Project (2015).

contemplated, using sensors and controls provided for it
may enable us to offer customers advanced driver
assistance systems (ADAS) with better functionality than
ever.

Important factors will be involved in bringing on the
era of autonomous driving. One is the development level of
autonomous driving technology. Another is the study and
development of methods for determining how the support
roles will be divided between human and autonomous
driving, between people and intelligent vehicles, in
accordance with the driving environment.

5.2 Silicon Valley as an experimental environment

One of the advantages to setting up a research center
in Silicon Valley is the experimental environment the
region provides. In California, prior testing is permitted for
road tests of autonomous vehicles. However, it is difficult
to reproduce actual driving environments through
simulation and to get accurate results using simulators;
developed functions must ultimately be validated in actual
driving environments (Fig. 6). Complete familiarization
with these environments is nothing less than the key factor
in defining research issues and promoting research
development.

6. Concluding remarks

In this article we have provided an overview of NRC-
SV and its research activities. The men and women at the
center represent many different countries, nationalities,
cultures and lifestyles, making it a research center that is
truly rich in diversity. The consequence of this is a free-
thinking atmosphere where new ideas are born every day
and tangible research results are progressively increasing.
As exemplified by its NRC-SV facility, Nissan looks forward
to making further contributions to the automaking world in
the future.
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Research on Battery Materials and Cells at NTCNA-Farmington Hills
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Summary Thickening the electrode layers and applying silicon- or tin-based active materials are
methods that have been studied for increasing the battery capacity of electric vehicles (EVs). However,
many issues concerning these approaches remain to be solved. To clarify potential issues concerning
high-capacity batteries, at the Nissan Technical Center North America (NTCNA) we benchmarked
US-originated technical measures for improving battery capacity. The results of this benchmarking
indicate two key phenomena: mechanical damage to the conductive pathway at the interface with the
current collector and capacity loss around low-conductivity particles in the active material layers. In
light of these results, NTCNA is focusing on suppressing the mechanical damage to the conductive
pathway and enhancing conductivity in the active material layers. This article shows that using a new
material that is effective in both ways improves the discharge rate capability.

Key words : Research & Development, material, lithium-ion battery, rate characteristics,
conductive path

1.1 U & [C 1. Introduction

It will soon be fifty years since it was first said that
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climate change is happening on a global scale. In the
intervening period, technical efforts to reduce emissions of
carbon dioxide have continuously been pursued, and
definitive accomplishments have been made.

To address environmental issues, Nissan formulated a
medium-term environmental action plan called the Nissan
Green Program. With the aim of reducing emissions of
carbon dioxide under this plan, we are continuing to
develop zero-emission vehicles such as electric vehicles
(EVs) and fuel-cell vehicles (FCEVs). Moreover, to keep
this momentum moving forward, we are conducting global
R&D activities.

Zero-emission research started at the Nissan
Technical Center North America (NTCNA) in 2009 and
has focused on materials research concerning fuel-cell and
battery technologies in particular. The aim of this research
is to evolve new material technologies cultivated in the
USA towards automotive applications. This article
describes the zero-emission research activities under way
at NTCNA.

*Nissan Technical Center North America
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Table 1 US-originated high-capacity anode materials

Evaluation results

Rate capability Durability

Crystal Si X X
Amonrphous Si X
Nano Si X X
Sample A O O
Sample B X X
Sample C X X
Sample D O O
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2. Strengths and difficulties concerning research on
battery materials in the USA

Research conducted in the USA has two key
strengths. The first is that the range of research fields is
extensive. For example, with the aim of manufacturing
high-capacity batteries, research ranges from classic
research, such as for applying high-capacity silicon active
materials, to very unique research on current-collector
foils with discharge capacity. The idea of giving discharge
capacity to current-collector foils itself is very unique,
and such ideas provide hints about opening up new
possibilities for new batteries.

The second strength is that adequate amounts of
unique material samples are available for testing. Since
steady investments have been made by organizations such
as the United States Department of Energy (DOE),
evidence for judging the feasibility of applying new
materials has been continually collected. In the case of
current-collector foils, a roll-to-roll manufacturing process
has already been implemented, making an adequate
amount of samples available for research.

On the other hand, these two strengths have also
generated two difficulties when considering practical
applications. The first is the difficulty of applying a new
idea to existing systems. The more novel the idea is, the
more difficult it is applying to existing systems. The
second is the difficulty of improving a technology in the
later stage of research. From the standpoint of engaging in
a business with a unique idea in the manner of venture
companies in particular, if a certain amount of samples can
be provided, the next target is to sell the idea to other
companies. Generally, an idea is not further refined in
that stage. For that reason, we need to understand the
technologies in many aspects during a one-off sample
evaluation period—including the essence of the
technologies offered, the mechanisms of the technologies
that influence product performance, and the instances
when the purported performance does or does not
materialize— and improving measures must then be
proposed.

3. Research on batteries at NTCNA from the
standpoint of zero-emissions

To gain the innate technical understanding described
above, it is essential for us to understand fundamental
problems as well as the phenomena underlying those
problems. As for the various anode materials used for
increasing the capacity of lithium-ion batteries (such as the
examples listed in Table 1), it is desirable to not only
evaluate materials individually but also have a universal
and essential understanding of background phenomena.
This is because without this essential understanding of the
phenomena involved, when present technologies are
combined, challenges that were previously concealed
invariably emerge afterwards.

The samples listed in Table 1 are high-capacity anode
materials that were sourced in the USA.
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Silicon and tin are anode materials expected to
increase capacity, having specific energy capacities of 4200
mAh/g and 1000 mAh/g, respectively, in comparison to
that of commonly used graphite (370 mAh/g). In the case
of silicon and tin, however, the volume expands and
contracts significantly accompanying charging and
discharging. Accordingly, research on these materials is
aimed at suppressing the volume change by utilizing
amorphization and nanonization processes and to absorb
the volume expansion by using other materials such as
graphene or a hollow carbon shell.

As one example of the results of such research, it was
shown that samples A and D achieve high performance
and good durability. This result indicates that a high
discharge rate characteristic tends to result in good
durability. As for why such a relationship exists, this
trend provides one hint towards a universal and essential
understanding of the underlying phenomena. We then
considered how each of these characteristic features is
related to the phenomena involved.

The discharge rate is an index showing how quickly a
battery can discharge, which are related to the reaction
rates between lithium ions and active materials, the
diffusion rate and the resistance to electron conduction.
On the other hand, durability is an index showing how
much capacity can be maintained in relation to the initial
capacity of a battery and how it is affected by undesirable
factors pertaining to side reactions of electrolyte,
irreversibility of active materials, and structural instability
of the electrodes. Upon identifying some factors that may
influence both indices, we reached a hypothesis
suggesting that the conductive path in an electrode
(namely, the diffusion path of lithium ions and the electron-
conduction path) influences both indices.

Although it is easy to imagine that conductive
properties influence the discharge rate, the reason why
they also influence durability is not clear. What happens
and where it happens to the diffusion path of lithium ions
and the electron-conduction path during durability testing.
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Accordingly, we formulated and experimentally verified a
hypothesis to reveal that reason.

3.1 What happens on the conduction path due to
addition of silicon?

It was first confirmed what happened in a battery cell
when silicon was added. Cell performance is shown in Fig.
1. Although the plateau during charging (indicated by
arrows) ought to occur at essentially the same voltage,
according to this graph, the voltage varies from 0.14 to 0.17
V. This result indicates that polarization (i.e., deviation of
voltage due to internal resistance) increases significantly.
As the reason for this polarization increase, we focused on
the lithium-ion diffusion path and electron-conduction
path, and came up with two hypotheses for the cause of
electrode degradation. The schematized hypotheses are
shown in Fig. 2.

The first hypothesis concerns delamination of the
electrode coating layer and current-collector foil that
occurs at their boundary. Although the electrode layer
tries to expand as the silicon expands, the mechanical
strengths of the current-collector foil and electrode layer
differ, so a strong shear force concentrates near the
collector foil. When that shear force exceeds the strength
of the binder, the electrode layer “floats” away from the
collector foil. As expected, this state is manifested as
polarization resistance.

The second hypothesis is that pore clogging occurs,
i.e., blockage of the diffusion path of lithium ions due to a
decreasing volume of pores in the electrode layer. We
suspect that as a result of electrode reactions proceeding
in the absence of lithium ions, decomposition products are
generated by a side reaction, and these products are
manifested as the cause of resistance.

To ascertain the influence of the above-mentioned
delamination, we tried inserting a single graphite layer
between the collector foil and the electrode layer. The
resulting structure is shown schematically in Fig. 3. By
inserting a layer with little expansion and contraction close
to the current collector foil, we reasoned that the shear
force due to expansion and contraction of silicon would be
mitigated and thereby suppress the delamination. The
results of this structural addition are shown in Fig. 4. After
three charging cycles, the level of the above-mentioned
voltage plateau little changed, so we concluded that the
delamination was well suppressed. This implies that such
delamination is one cause of the decline in durability.

Moreover, to ascertain the influence of the blockage,
a sample thick-film electrode layer (with about double
thickness)—which was assumed to have more influence—
was similarly evaluated in the state in which the single
graphite layer was inserted between the collector foil and
the electrode layer. The results of the evaluation are shown
in Fig. 5. In the state in which the lower delamination was
suppressed, significant polarization (peak-voltage
deviation) was not observed even when the electrode film
thickness was increased.
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In light of these results, we concluded that when
silicon is utilized as an anode material, the delamination
occurring between the electrode layer and current
collector foil is the biggest factor causing polarization.
Given that conclusion, we wondered if there was a problem
in the conductivity of the electrode layer itself. To clarify
that possibility, we deliberately mixed insulator particles
into the electrode layer as shown in Fig. 6(a) and
investigated the resultant effect. Particles of barium sulfate

were used as insulation, and a material with the same grain
size as that of other active material particles and without
affecting the structure was used. To exclude the influence
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Table 2 Effect of insulator particles on cell performance

Cycle number Charge capacity Discharge capacity Discharge CC Discharge CV Columbic efficiency

(mAh/g) (mAh/g) capacity (mAh/g)  capacity (mAh/g) (%)

With 1 352.2 395.9 323.1 72.8 89.0

Lo 2 353.4 358.3 328.1 30.2 98.6
dead" particle

3 353.2 356.9 332.2 24.6 99.0

. 1 362.9 420.4 342.7 7.7 86.3
Without

. vithout 2 366.0 369.4 344.2 25.2 99.1
dead" particle

3 365.7 366.9 347.7 19.2 99.7
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of the delamination that accompanies charging and
discharging, only graphite was used as the active electrode
material.

The results presented in Table 2 show that the
discharge capacity decreased per unit weight of graphite.
This indicates that all the graphite active material present
in the electrode layer was not used. When 6% volume of
barium sulfate was mixed in the electrode layer, the
volume of graphite lost was 4%. Accordingly, as shown in
Fig. 6(b), this volume decrease was probably caused by
the fact that the active material (in which the conduction
path to the current collector was cut off by the insulator
particles) could not be charged and discharged. In other
words, when this sort of “disconnection” occurs on the
electron-conduction path in the active-material layer of the
electrode, it presumably leads to a loss of capacity of the
active material connected beyond it. Since the capacity
further decreases as this cycle is repeated, we presume
that a local abnormal potential is generated by an increase
in sneak current near the insulating particles, the
surrounding particles are changed to insulating particles
by active-material particles falling into an overcharged
state, and the capacity continues to degrade as this cycle
progresses.

It can be concluded from the results that the
delamination of the electrode layer and disconnection of
the electron-conduction path are the basic causes of the
decrease in durability.

3.2 How can the electron-conduction path be
maintained?

What are the optimal means for stopping the
delamination and disconnection? Returning to the samples
listed in Table 1, we see that sample D is very promising.
That is because a high-capacity active material (such as
silicon or tin) is incorporated in the electron-conduction
path itself as a copper alloy, and little delamination and
disconnection occur.

A photograph of sample D is shown in Fig. 7. It shows
a network of copper alloy with openings of about 50 pm. An
electrode with pores filled with graphite as a negative-
electrode active material was prepared, and its discharge
capacity retention was evaluated. The results of the
evaluation are shown in Fig. 8. Unfortunately, a general
trend is seen for the dischargeable capacity to decrease as
the current value increases. Even so, the electron-
conduction path ought to be significantly improved by the
porous structure of sample D extending from the current
collector. Accordingly, it is presumed that this trend is a
characteristic of degradation, not performance, due to a
side reaction such as decomposition of the electrolyte.
When the initial prolonged charging and discharging
(when the side reaction can easily occur) was avoided and
the discharge rate characteristic was evaluated from the
high-rate side, a fairly even discharge rate was attained as
shown in Fig. 8(b).

At present, we cannot explain the mechanism of even
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discharge rate performance. However, since 90% of the
initial capacity is not exceeded, while the microscopic
electron-conduction path is lost due to melting or other
reasons during discharge at a high rate, either a wider and
more stable electron-conduction path is being formed or
the contact resistance with the graphite active material
inserted into the pores is initially high. While the side
reaction occurs during discharge at a high potential for a
prolonged time at this stage, we believe that lowering the
contact resistance by initially discharging at a high rate
will avoid the side reaction. In any case, we believe that
this technique represents one candidate technology for
enabling fast charging and discharging of a high-capacity
battery.

4. Concluding remarks

In very recent weather forecasts, we have often heard
expressions like “unparalleled in history” and “never
before.” Rainfall of 600 mm and wind speeds of 70 m/s are
a couple of examples. When we think about phrases like
“heavy rain totaling 400 mm” and “gusts of wind at speeds
up to 40 m/s,” we think the magnitude of recent numbers
is in an abnormal range. However, since these
abnormalities are being caused by global great changes
(such as variation in ocean temperatures), we sense that
rainfalls of 600 mm and wind speeds of 70 m/s may
inevitably become the normal in the future. At that time,
what should we do? We believe we should take
“unprecedented” methods and “unparalleled” technologies
to overcome these problems. Toward that, we intend to
continue our research by gathering the wisdom of the
world and converting it into the power to change the world
with belief that those are our mission for corporate
researchers.
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Summary Nissan Research Center-Russia (NRC-R) opened in Moscow in 2008. Initially, NRC-R was
in charge of surveying cutting-edge research in Russia in general, especially space technologies and
nuclear technologies developed since the Soviet Union era. Now, as for new research themes, we are
searching for “seeds technology” concerning advanced materials, especially nano-materials and nano-
processing. We are now expanding these surveys to Europe while continuing “idea creation” activities
applying the brains of young researchers in Russia. This article introduces the role of NRC-R and
presents some examples of NRC-R’s activities.
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Fig.1 Example of Nissan global R&D sites

1. Introduction

Nissan has established many research and
development (R&D) sites in twelve countries around the
world (Fig. 1), and one research site among them is the
Nissan Research Center-Russia (NRC-R) (Fig. 2).

NRC-R opened in Moscow in 2008. Initially, NRC-R
was in charge of surveying cutting-edge research in Russia
in general, especially space technologies and nuclear
technologies developed since the Soviet Union era. Now,
as for new research themes, we are searching for “seeds
technology” concerning advanced materials, especially
nano-materials and nano-processing. We are now
expanding these surveys to Europe while continuing “idea
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Fig.2 Nissan global research sites
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from social studies

creation” activities applying the brains of young
researchers in Russia. This article introduces the role of
NRC-R and presents some examples of NRC-R’s activities.

2. Role of NRC-R

From the results of social studies, Nissan has
identified four big problems facing a future car-oriented
society—namely, energy consumption, global warming,
traffic congestion, and accidents. Accordingly, aiming to
solve these four problems, we have set two “pillars” of
research and development—namely, “electrification”
technologies (such as electric vehicle) and “vehicle
intelligence” technologies (such as autonomous vehicle)
(Fig. 3). Moreover, as part of the “Nissan Green Program
2016” (a medium-term environmental action plan lasting up
to 2016), Nissan set “zero-emission vehicle penetration” as
another main R&D pillar. In 2010, the Nissan LEAF, mass-
produced electric vehicle, was launched (Fig. 4).V

NRC-R aims to contribute to creating electric vehicles
of the future that are groundbreaking from the standpoints
of advanced materials, nano-materials, and nano-
processing. Examples of our contributions are lithium-ion
batteries and new types of batteries surpassing them, fuel
cells, new energy technologies, ultralight car bodies,
functional materials, rare-material substitutions, and new
manufacturing processes.

Nissan’s research, process is shown schematically in
Fig. 5. The research process consists of three phases: an
“idea creation phase,” a “principle confirmation phase,”
and a “feasibility judgment phase.” After the research goal
of these three phases is achieved, the overall process
moves onto the “advanced engineering.”

The role of NRC-R is to launch high quality research
themes of idea creation phase that will be pillars of the
future. As the three pillars supporting that role, (i) surveys

R e =

®-4 |xE#E [HEU—7]
Fig.4 Electric vehicle “Nissan LEAF”

| | b
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Fig.5 Research process of Nissan
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of seeds technology in Russia and Europe, (ii) surveys of
funds in Russia and Europe for promoting research
frugally, and (iii) idea creation activities (namely, how to
use discovered seeds technology and how to satisfy needs
technically) are ongoing. These three pillars are described
in detail in the following section.

3. Introduction to Detailed Activities of NRC-R

3.1 Surveys of seeds technology

While a cycle including searches for research papers,
participation of major societies in Russia and Europe, and
visiting up-and-coming researchers in addition to the fund
surveys (described in the following) and idea creation
activities are repeated, activities aimed at creation of new,
high quality research themes are continuing (Fig. 6).
Moreover, a “European advanced materials research map”
(Fig. 7)—which shows which research fields are strong in
which European country—is plotted and used as a
guideline for formulating strategies. This map is used to
plan effective and efficient surveys of seeds technology in
cooperation with R&D centers in Europe.

Within Russia, connections are particularly important.
Although present-day Russia is said to be a more open
environment in comparison to the Soviet Union era, the
level of public information disclosure is still lower than that
of European countries. Given that situation, networks
previously built by NRC-R and every other kind (such as
ones introduced by researchers) are being utilized.

3.2 Surveys of funds

To put “frugal” research in practice, funds in Russia
and Europe are utilized to the upmost. While cooperating
with R&D centers in Europe, we are working tirelessly to
find better circumstances concerning funds. It is said that
fund surveys are significant activities because they have
not only financial merits but also reveal power structure of
these research areas.

3.3 Idea creation activities

To generate high quality research themes that will
become future pillars in the manner described above, it
is essential to create original ideas for using seeds

R R e e =

Number of research projects
*90<N< 150 @
"30<N<9 o

-7 BN ERZE S v T 06

Fig. 7 Example of European advanced materials research map
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technology or technically solving problems in accordance
with needs. At Nissan, we call these activities “idea
creation.” Idea creation activities are going on at Nissan at
all times. However, activities of researchers only in the car
industry in Japan are surely limited; accordingly, activities
that mix flexible intellectual powers of young people and
mix people from different industries were judged
necessary. To meet that need, activities mixing students at
Russian universities (particularly those taking Ph.D.
courses) were started.

Russian universities provide a solid basic education,
so the level of their students is extremely high. At NRC-R,
we hold frequent idea creation sessions—in which we try
to create original ideas concerning seeds technology and
needs identified by Nissan—that utilize the young, highly
capable intellectual powers of such Russian students.

The rough process involved in these sessions is
outlines as follows. The theme of the idea creation session
is set by the participants with specialists from Nissan, and
the subject matter concerning the theme is given to
participants before the session. On the appointed day of
the session, the methodology of brainstorming as well as
challenges and technical matters are explained. The
participants add their own ideas on the day and ideas they
came up with after listening to others to the pre-study
session contents. Then, all participants group the ideas.
After that, groups of interesting ideas are subjected to
further brainstorming.

It is rare that definitive ideas come out of a single idea
creation session. Even so, by following a cycle in which
further seeds technology surveys and researcher visits are
implemented on the basis of the ideas generated through
this process and, if required, the idea creation session is
repeated, it is possible to create high quality ideas (Fig. 8).

Although the main purpose of idea creation sessions
is to get original ideas from outstanding students, another
purpose is to identify outstanding students with potential

COOOCOOOVOOVOVVOVVOVOVVVVVVOVVVVVVVVVVVVOVVVVVVVOVVVVVVVVOVVVVVVVVVVVVOVVOVVOVOVOVOVOVOOOOOOOO
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Fig. 8 Flow of an idea creation session
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of Moscow State University
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as future Nissan employees. In regard to outstanding
students, it is kept in mind that interns are sent to NRC-R
and Nissan, and some of them are employed in Russia and
Japan.

4. Introduction to the Details of Cooperation with
Research Institutes in Russia

4.1 Moscow State University

In reality and in name, Moscow State University is the
top university in Russia, and the level of students and
researchers there is extremely high. NRC-R has signed a
comprehensive agreement with the Materials Science
Department of Moscow State University, in collaboration
with which we are searching for collaborative research
themes in a broad range of advanced materials research
fields, dispatching interns to Nissan, and holding idea
creation sessions (Fig. 9). In particular, idea creation
sessions are frequently held with students taking Ph.D.
courses at Moscow State University.

4.2 Tomsk Polytechnic University

Located in Siberia, Tomsk Polytechnic University
(TPU) is a top-class technical university in Russia. Nissan
has signed a collaborative research agreement with TPU.
As well as collaborative research between both parties,
this agreement covers a broad sphere of activities, such as
dispatching interns to Nissan and holding idea creation
sessions with students (Fig. 10), and promotes activities
that are beneficial to both parties.

TPU has particular strengths in the technology fields
of nano-particle synthesis and particle solidification, and
the collaborative research between NRC-R and TPU is
targeting those fields. Aiming to improve properties
related to performance and durability, this collaborative
research is investigating creating nano-particles of various
materials.

4.3 RTC
The Russian State Scientific Centre for Robotics and
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Fig. 10 A scene from an idea creation session with TPU
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Technical Cybernetics (RTC) is a prominent Russian
research institute with expertise in space technologies.
Nissan is involved in collaborative research with RTC on
autonomous driving-technologies.

4.4 Russian Academy of Sciences

The Russian Academy of Sciences (RAS) is the
preeminent academic institution in Russia. RAS includes
the academic organizations of the entire Russian
Federation, and there are many research institutes under
RAS. Nissan has been involved in collaborative research in
many fields—such as lithium-ion batteries, fuel cells, air
cells, abrasion-resistant materials—with a number of these
research institutes.

5. Concluding Remarks

Russia has strengths in fundamental technologies,
centered on space technologies and nuclear technologies.
And the level of students in Russia is extremely high
because Russian universities provide such a solid basic
education. Russia, however, has weaknesses in terms of
“needs creation” (namely, how to use these technologies)
and product development. A glance at the reason for the
latter weakness tends to simply conclude that there are no
up-and-coming technologies in Russia. That is why
collaborative research between Russian institutes and
Nissan is significant, since it realizes the potential
for complementing each party and linking great
accomplishments.

While it goes without saying that great potential is
hidden in surveys of seeds technology in Russia itself, we
feel that great potential is also hidden in surveys of seeds
technologies in Europe and idea creation activities that
utilize the outstanding human resources of Russia. From
now onwards, we aim to keep contributing to creating the
seeds technology that can be installed in Nissan’s
innovative electric vehicles of the future.
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Summary With advantages such as a population bonus, market expansion, huge science-related
human resources, and the emergence of global executives, India is presently a hot topic in regard to the
global economy. To succeed in this “hot” India, three success factors were identified from the
benchmarks set by global companies that have already moved into India. In 2009, NRC-India was
established as Nissan'’s research center in India. As activities based on these success factors, first, NRC-
India has implemented management by local leaders who were trained in management at Nissan Japan,
second, established Vision 2020 to make clear the strategic role of NRC-India, and, third, empowered
local teams in the collaboration with universities and other research institutes in India. In this article,
the research activities of NRC-India are overviewed.
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1. Introduction

With the second-highest population in the world
(currently surpassing 1.2-billion people), speaking a
diversity of languages (21 of which are endorsed by the
constitution), practicing diverse religions, and comprising
various ethnicities, India is the largest country in South
Asia, and its economy is drawing the attention of the whole
world. While it is known that India’s domestic regulations
create many bottlenecks, India’s ongoing rapid economic
growth is forecast to continue. The font of that growth,
namely, India’s increasing working-age population, is
expected to continue increasing until the year 2045; in
other words, India will benefit from a so-called “population
bonus.” Consequently, it is anticipated that local
production and business investment through foreign
capital will grow in response to this abundant labor force,
consumption will be boosted by expanding job opportunities
and increasing incomes, and economic growth will be
accelerated.

In 2009, Nissan established a research center (NRC-
India) in an Indian region gaining attention, namely, the
city of Chennai—which is known as the “South Asia
Detroit”—located in the economic and cultural center of
southern India. As a port city facing the Bay of Bengal, and

*TfF 724 %5, Research Planning Department
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RNTBCI is one of the two alliance joint ventures supporting
the expansion plans of Renault and Nissan Brands in India
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business organization
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Fig.1 Renault-Nissan Alliance in India

known as Madras in the old days, Chennai was developed
by the British East India Company, which established their
headquarters there. These days, it is home to a prospering
assembly-equipment industry, including cotton textiles,
automobiles, and railway vehicles.

Nissan and Renault established the world’s first
“alliance factory” in Chennai in 2007, and started
operations there in 2010. Renault and Nissan vehicles
are both manufactured at this factory, and these vehicles
were sold in the domestic market as well as exported to
world markets. In addition to Renault Nissan Automotive
India Private Limited (RNAIPL) which is an alliance
manufacturing company, the alliance is composed of
Nissan Motor India Private Limited (in charge of sales and
distribution), Renault India Private Limited, and Renault
Nissan Technology Business Centre Private Limited
(RNTBCI, in charge of developing technologies and
business support) (Fig. 1).

NRC-India is set up within RNTBCI as a research
organization. In this article, R&D centers in India are
introduced, and the research activities of NRC-India are
overviewed.

2. R&D centers in India

In recent years, the number of global companies
setting up R&D centers in India has been increasing. Some
representative companies are IBM, Robert Bosch, General
Electric (GE), Samsung, Google, and Microsoft. As for the
reason that such companies have set up R&D centers in
India, some businesses are enticed by low labor costs and
potential markets; others aim to acquire high-quality talent
with technical skills, and the times are changing from an
era in which simple cost competitiveness is a weapon to a
technology-intensive era in which outstanding technical
talent is utilized (Fig. 2).

According to an analysis of trends concerning global
corporations that have successfully moved into India, while
most corporations started from facilities operating as mere
subcontractors performing global product development,
the road to success involved confronting crises (such as

R g e e e g

B Lowering cost and potential local market were initial drivers.

B Some companies established R&D centers to use high-quality
local talent.

Attractive local
markets

Lower costs

High—quality
local R&D talent

Source: Frost & Sullivan Analysis.

H-2 A2 RICHIFDIRFRFADRILIEAENE
Fig. 2 Initial motivation to establish an R&D center in India
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quality degradation, wage increases, and high staff
turnover) head on and transforming their corporations
thereafter. This pattern of transformation takes two forms:
first, transformation to “global strategic centers” and,
second, transformation to “local development centers.”
Analyzing the factors that led these corporations to success
reveals three key components: local leadership, strategic
roles, and empowering local teams.

To strengthen local leadership, company A, as an
example, offers global opportunities for training to nurture
candidates for future leaders on site, and cultivates human
resources supplying global leaders who understand
management methods. And it implements “bottom-up
technologies” by dispatching not managers but technical
experts from those countries. Achieving success by
defining “strategic roles,” namely, implementing a drastic
strategy under which software development is performed
in India, company B and others are establishing a structure
in which work in India brings together improved work
efficiency (by utilizing high-quality human resources) and
cost competitiveness as weapons when economic conditions
are good or bad. Achieving success by empowering local
teams, namely, by granting independence in terms of power
and authority to local organizations, company C is speeding
up operations utilizing local strengths, efficient decision-
making, and R&D matching local market needs.

At NRC-India, while utilizing the benchmark
achievements of R&D centers of the above-mentioned
global corporations, we are putting human resources
and organizations to practical use and implementing
management by local leaders.

COCOCOOPOCOOOOPOCOOPOCGOOOOFOCOOCOCOO
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3. Overview of NRC-India (RNTBCI Research)

As mentioned above, NRC-India is a research
organization within RNTBCI, which is composed of
an “engineering function” (performing, for example,
R&D, product development, and fabrication-process
development) and a “business function” (performing, for
example, purchasing and IT support). With over 5000
employees, it is the largest-scale overseas base of Renault-
Nissan. Mahindra World City, home of the head office of
RNTBCI, is located south-west of the southern Indian city
of Chennai in close proximity to industrial areas in order to
promote easily cooperation with nearby alliance factories
and parts suppliers (Fig. 3). Moreover, as for premises
other than the RNTBCI head office, aiming to facilitate
cooperative research with universities and external
research institutes, NRC-India has set up laboratories and
offices within the premises of the IIT Research Park (IIT-
RP)—Ilocated on the campus of the Indian Institute of
Technology Madras (IIT-M) in Chennai (Fig. 3).

4. Research activities of NRC-India

NRC-India first opened the RNTBCI Fuel Cell Lab on
the premises of IIT-RP in 2009, and then constructed the
Battery Lab on the same premises in 2013. When the
laboratories were first established, managers were
dispatched from Japan to facilitate and manage the
laboratory systems. Presently, however, the laboratories
are managed by “Local Leasers”—who have been trained
in the “Nissan Way” while they were gaining practical work
experience in Japan. In 2013, RNTBCI Research and
Advanced Engineering Vision 2020 was established, and
strategic roles were defined. Under that vision, advanced
materials are being developed by utilizing India’s
strengths. While researchers with skills in advanced
materials cooperate with universities and other research
institutes, they perform durability testing of materials
followed by screening and analysis of those materials in
specialized laboratories (Fig. 4).

Furthermore, with the aim of empowering local
teams, cooperation with II'T-M (which represents the top
science and technology university in India) was started in
2009, and five programs (summarized below as (1) to (5))

COCOOVCOCOOOOOOCOOOOGOOOOCOGOOOOGOCOOO

@ Nissan Support Program
@ Mobility workshop @
@ Fuel cell and battery laboratory

@ Scholarship program
@ Contracted research

Nissan Support Program
Y pp g

y v (selection committee)
Scholarship program by

Nissan Global Foundation

Mobility workshop

®-5 IIT-Madras &DJ/\—bhF—2 v
Fig.5 Partnership with IIT-RP
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1) N. Karthikeyan et al: Highly Durable Platinum based
Cathode Electrocatalysts for PEMFC Application
using Oxygen and Nitrogen Functional Groups
Attached Nanocarbon Supports, Fuel Cells, Vol.15,
No. 2, pp. 278-287 (2015).
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are presently being undertaken (Fig. 5).

(1) Nissan Support Program: Yearly selection committees
are set up under the aim of supporting research
spending on young university researchers, and
promising advanced research is selected, and
promoted, on the basis of presentations by young
researchers. The results of that research are then
presented at special meetings.

(2) Mobility Workshops: Themes concerning mobility are
set every year, and relevant people from a wide variety
of organizations (namely, universities, government
agencies, research institutes, and businesses) are
invited to discuss those themes at special sessions.

(3) Fuel Cell and Battery Lab.: A laboratory specializing in
fuel cells (FCs) and batteries was set up, and research
on those technologies is carried out in cooperation with
universities and external research institutes.

(4) Scholarship Program: Through cooperation with
Nissan Global Foundation, two students are chosen
every year on the basis of a dissertation and interview,
and granted an internship at RNTBCI, including visits
to Nissan factories and research centers.

(5) Contracted Research: Promising research themes
identified through the above related programs are
expanded as collaborative research themes, and
research aimed at practical applications of these
themes is implemented.

Many accomplishments have stemmed from the
collaborative research between IIT-M and NRC-India, and
one example is research on electrode catalysts for
polymer-electrolyte-membrane (PEM) fuel cells. By special
processing of cutting-edge carbon nanotubes and
graphene, platinum (Pt) (which is a costly catalytic
material) can be supported in a highly dispersed form,
thereby significantly improving durability while
maintaining performance (Fig. 6). This accomplishment is
presented in a paper co-authored with IIT-M.

5. Concluding remarks

India is drawing the attention of the whole world while
it generates plenty hot topics, such as economic growth
created by a population bonus, creation of a huge market
through a growing middle class, abundant scientific-based
human resources focused at the IIT, and Indian
businesspersons flourishing at global corporations like
Google and Microsoft. To be a success in this hot Indian
market, NRC-India is aiming to put into practice the
success factors extracted from benchmarks set by the
global companies first to penetrate India and convey
innovation from India that will surprise the whole world.
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Report on Robust Localization and Map Making for Handling Driving Environment Changes
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Summary

An autonomous driving system offers great promise for improving traffic safety and

reducing traffic congestion. We started a collaborative project with the Mobile Robotics Group at
Oxford University to study the possibility of achieving autonomous driving with affordable sensors. Map
making and localization were considered without using expensive 3D laser sensors and special map data
that include detailed road structures and semantic information. This article proposes a robust road
model for localization and presents experimental results that confirm its performance.

Key words : Research & Development, research, artificial intelligence (Al), autonomous driving,

perception, localization, map building
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1. Introduction

Many research groups have conducted autonomous
driving demonstrations in recent years, and it is beginning
to look like a feasible system may be achieved in the near
future. Nissan has announced that it will begin selling a
vehicle equipped with an autonomous driving system by
the year 2020.

An autonomous driving system comprises
comprehensive technologies. In order to make autonomous
driving a reality, many technologies will be needed for
(a) capturing the traffic environment around the vehicle,
(b) recognizing the vehicle’s surroundings, (c) planning
a driving strategy, and (d) actually controlling the
vehicle, among other tasks. Several previously reported
studies have proposed for tasks (a) and (b) the use of an
expensive 3D laser range finder (LRF) to measure the
surrounding environment or high-definition maps that
indicate data on specially surveyed geographical features.
However, there are many hurdles that must be overcome
in order to commercialize an autonomous driving system
based on these assumptions.?

In using existing map data to accomplish autonomous
driving, it is necessary to take account of discrepancies
between the actual environment and maps. The system
must be constructed so as to take into account the
incompleteness of maps and the fact that they may also
contain errors.

To deal with these possibilities, Nissan has been

*ETUEY T4 - —EAWIFEFT, Mobility Services Laboratoty
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conducting research with Oxford University since 2010
with the aim of developing an approach for accomplishing
tasks (a) and (b) without relying on a 3D LRF or high-
definition maps. This approach is principally based on
techniques for synthesizing a road environment model
using cameras to measure the vehicle’s position (self-
localization) and vehicle-mounted sensors to provide
information on the traveled road environment without
relying solely on map data. The road environment model
contains white lane markings, road boundary markings
and other information. As a result, from the next time the
vehicle is driven map data are also referred to, in addition
to the results of direct recognition of the environment
based on sensor information. This approach enables
recognition of the surrounding environment by also
acquiring information on areas where direct measurements
are difficult to obtain, and that serves as the basis for
planning a driving strategy.

The best known technique for camera-based self-
localization and map making is called Visual SLAM
(Simultaneous Localization And Mapping). The well-known
PTAM (Parallel Tracking and Mapping)? method
proposed by Klein and Murray achieves faster speed and
higher accuracy by recording features and performing self-
localization asynchronously. Other methods proposed
since then include DTAM (Dense Tracking and Mapping
in Real-Time),» LSD-SLAM (Large-Scale Direct Monocular
SLAM)? and SVO (Semi-Direct Visual Odometry).”» All of
these methods are in the SLAM framework in that they
estimate camera movement based on camera image data
and use the estimations to build a model of the camera’s
surrounding environment. Because these methods only
provide an environment model in which images change as
the camera moves, they have the advantage of being able
to operate in a wide variety of environments.

When this type of method is applied to the vehicle
environment, road environments traveled in the past are
recorded as road environment models. However, when an
attempt is made to refer to a model from the time of the
next trip onward, the present environment may differ from
that seen previously owing to changes in the seasons or
the weather. Large discrepancies between the real-world
environment and the road environment model can give
rise to the problem that self-localization cannot be
accomplished. To resolve this problem, we propose a
robust road environment model that records the relatively
unchanging road surface as the road environment and
then performs self-localization on that basis.

The following sections describe the method adopted
for estimating the vehicle’s movement using Visual SLAM,
the construction of a robust road environment model, the
conclusions of this study, and issues for future work.

2. Details of Collaborative Study

2.1 Method of estimating the vehicle’s movement
using Visual SLAM
The proposed method uses a stereo camera to
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implement Visual SLAM, estimates the camera movement,
and models the surrounding environment on that basis.
Visual SLAM based on a stereo camera is accomplished
according to the following process as outlined in Fig. 1.

1. Image normalization (dewarping and rectification)

2. Feature extraction (feature detection/description)

3. Left-to-right stereo matching

4. Calculation of movement by matching with the previous

images

Each of these steps is explained in detail below.

First, at time tx one right and one left image each are
obtained from the stereo camera and normalized images
are acquired by rectifying image distortions. Points in the
right and left images captured by the stereo camera are
now displayed at the same height.

Specific partial images are extracted from the
normalized images. Generally, if the end points of lines,
angles or other features of the images have moved,
keypoints that allow the amount of movement to be
measured are extracted. Methods that have been proposed
for extracting such keypoints include SIFT (Scale-Invariant
Feature Transform),® SURF (Speeded Up Robust
Features)” and FAST (Features from Accelerated Feature
Test),® among others. Our proposed method adopts FAST
for keypoint extraction because of its light computational
load.

The keypoints detected by the right and left cameras
are compared and associations are established between
the same keypoints in the right and left images. This
method is referred to as matching. The keypoints detected
in one image as a result of the normalization operation
should be present at the same height in the other image.
Matching is done by a method called Efficient Second-
order Minimisation (ESM).? Here, M number of associated
keypoints are expressed as y'x(j=1... M).

Matching is again performed on the keypoints yix
obtained at time tx and on the keypoints y/x:1 obtained in
the next set of stereo images. Camera movement and
rotation in the interval from t« to tx.: are found in the 4x4
transition matrix Tk in the Special Euclidean Group in
three dimensions, SE(3), using the random sample
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Fig.1 Process of Visual SLAM using a stereo camera
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Fig.2 False detection examples

consensus (RANSAC) iterative method. As the final step in
the process, higher accuracy is obtained by applying the
Levenberg-Marquardt algorithm.'?

2.2 Necessity of a robust road environment model

The method described above treats the detected
keypoints as the road environment model. Assuming that
the optical environment and locations of structures are
entirely identical, the very same set of keypoints will be
detected in the stereo camera images obtained from the
time of the next trip onward. Therefore, it should be
possible to estimate the camera’s position in the road
environment model by matching these keypoints. In this
way, it is possible to calculate the amount the present road
environment deviates from previous driving histories.

However, moving objects, roadside trees and other
objects in real-world driving environments are never
entirely the same. Moreover, even if the shapes of things
do not change, it is assumed that views previously seen
may differ due to changes in the time of day or in the
weather. Taking such influences into account, it was
decided to detect the road surface texture with the
proposed method and use that information to build the
road environment model. Road surface texture refers to
white lane markings and stop lines painted on the road
surface, which should not undergo any seasonal changes.
Another advantage is that there are large differences in
luminance when observed by the stereo camera, so the
surface texture tends not to be influenced by changes in
the relative brightness of the surroundings. However, in
detecting white lane markings, there are times when
straight line elements are falsely detected instead of the
desired white lines owing to the influence of buildings or
moving objects, as the examples in Fig. 2 illustrate. If these
falsely detected lines are used to construct the road
environment model, it can be expected that using such
lines from the time of the next trip onward to accomplish
self-localization would result in pronounced positional
error.

The approach adopted to deal with this problem is to
travel along the same road environment several times and
use the white lines detected in common to construct the
road environment model.

2.3 Construction of a road environment model
using white line detection

First, the vehicle-mounted stereo camera was
operated manually while driving along a certain course. A
one-dimensional kernel'® was used as the method for
detecting white lines in the images captured at time tx. The
area ahead of the vehicle was projected, assuming that it
was a plane. Then, it was assumed that the camera moved
according to the result estimated for its relative movement
as explained in the preceding section, and the detection
results were plotted in the road plane.

Because the white lines were detected here in each
frame, the detection results were plotted as a set of line
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segments. The line segments were clustered using a
distance defined by Nacken’s metric for line segments.'?
The clustering process was performed for every line n, and
the cluster obtained as a result was denoted as Cx'.

The white line detection results obtained while
driving the course several times also included falsely
detected results, such as when white lines were falsely
detected due to the influence of buildings, parked vehicles
or other objects. Therefore, a comparison was made of
the clustering results for the detection results obtained in
each driving session. Specifically, a comparison was made
of the positions of the clustering results C.' and Cu! for
the white lines detected when driving the course in two
different time frames. If the clusters were not present
at the same places in the results of the two driving sessions,
the data were discarded as false detections.

2.4 Experiment

An experiment was conducted to confirm whether
white line segments could be stably detected using the
proposed method explained above. The same course was
driven several times in different time frames. The stereo
camera was used to detect the white lines in each driving
session and the relative movement was also detected
simultaneously. Figure 3 shows examples of the white line
detection results obtained at different times.

Because a car was parked along the course at the
same place in each case, the detection results included
false white line detection caused by the car’s shadow, as
illustrated in Fig. 4. However, the shape of the shadow
differed because the time frames of the driving sessions
were different. As a result, the shapes of the detected
white lines also differed.

These two sets of detection results were compared by
applying the metric for line segments mentioned above. If
no white lines were detected nearby in the other detection
results, the data were discarded as false detections, and
finally the white line detection results shown in Fig. 5 were
obtained. It is seen that the false detections caused by the
parked vehicle were successfully removed from the final
white line detection results.

3. Conclusion

This article has proposed a method for retaining
keypoints stably detected in camera images captured
during multiple driving sessions. The keypoints are used to
construct a road environment model that is robust against
driving environment changes for facilitating autonomous
driving. It is inferred that the proposed method has the
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Fig. 5 White lines as a road environment model
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potential to support vehicle control for tracing the same
trajectory on a course previously driven. However, the
road environment model constructed with this method
consists of keypoints and does not possess sematic
information in the form of traffic rules. In order for a car to
stably drive itself on the basis of an understanding of the
road environment, it will be necessary to refer to maps in
which the road environment is explicitly described or to
recognize the environment in real time using sensor
information.

In the future, it is planned to use hybrid maps
consisting of existing map data containing traffic rules
combined with the method developed in this study for
constructing a road environment model. Errors in existing
map data and permanent changes in the road environment
will need to be described in the maps. Information
providing easy cues when referencing map information will
have to indexed and also described in the maps. These are
some examples of the approaches that presumably will be
necessary.
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Lane Recognition by Deep Learning for Autonomous Driving on City Roads
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Summary

To achieve autonomous driving on city roads, Nissan aims to develop a surrounding

environment recognition system for complex road environments using deep learning. This article
describes deep learning-based lane recognition using camera images. The system is being developed in
collaboration with Stanford University. The lane recognition model is trained by using labeled data that
contain the positions of lane boundaries without any hand engineering. The labeling system using a 3D
lane boundary model is effective in producing large volumes of datasets with a small amount of human
effort. Our results show that lane recognition by deep learning can deal with complex lane structures
and predict lane boundaries even when lane markings are partially invisible or inexistent at
intersections. This indicates that deep learning could achieve a high level of perception beyond

conventional object detection.

Key words : Research & Development, research, artificial intelligence (Al), autonomous driving,
perception, lane recognition, deep learning, neural networks
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1. Introduction

An artificial intelligence technique known as deep
learning has attracted increasing attention in recent years.
Impressive results have been obtained by applying this
technique in various fields, including image recognition,
voice recognition and natural language processing, among
others. The impetus for the popularity of deep learning for
image recognition stems from the victory by Profesor
Goeff Hinton’s team using deep learning to overwhelm
other competitors in the ImageNet Large Scale Visual
Recognition Challenge 2012.9 Entrants in this contest
compete to see how well their system can identify objects
in images and classify them into 1,000 different categories.
That victory prompted many researchers to initiate studies
on deep learning. As a result of fierce competition, deep
learning has now progressed to the level where its
performance in this same task surpasses that of humans. It
is possible to say that two capabilities have been proved;
large-scale recognition that can simultaneously distinguish
1,000 categories of objects and high-level recognition for
identifying the universal features of objects regardless of
their position, pose or state in images.

Nissan is carrying out research aimed at achieving
autonomous driving on city roads. The situations on city
roads are overwhelmingly more complex and variegated
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Fig. 1 Lane recognition on city roads by deep learning
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than on highways, and there are many more objects to
be recognized. Consequently, the ability to recognize
more complex surrounding environments is required. It
is assumed that high-level intelligence is needed to
simultaneously recognize a large variety of objects and also
to holistically comprehend the surrounding circumstances.
For that reason, we decided to focus on the technique of
deep learning that is capable of facilitating large-scale,
high-level recognition as noted above. We have initiated
research on the application of deep learning to surrounding
environment recognition for autonomous driving in
collaboration with Dr. Andrew Ng, an associate professor at
Stanford University, who is one of the leading authorities
in this field. This article describes the application of deep
leaning to lane recognition (Fig. 1).

2. Details of Joint Research

2.1 Features and advantages of deep learning

Deep learning refers to one type of machine learning;
it is a generic term for methods that make use of multilayer
neural networks. In conventional image recognition
systems using machine learning, researchers have
designed the features effective for recognition of each target
object based on their experience or knowledge and have
then trained the systems using those features. Research
has focused on the design and development of such features.
For example, for pedestrian recognition, efforts have been
made to improve recognition performance by developing
features showing the positional relationships among body
parts such as the head, arms and legs. In contrast, one of
the biggest characteristics of deep learning is that features
themselves can be learned from data without any such
hand engineering. Consequently, it has been demonstrated
in many tasks that deep learning can deliver much better
performance than conventional methods.

The multilayer structure of neural networks not only
facilitates this automatic extraction of features, it also
enables acquisition of more abstract features. More layers
lead to an increase in nonlinearity and enable extraction of
abstract features. As a result, more complex, high-level
recognition is achieved

What is simply referred to as deep learning subsumes
various methodologies. In image recognition, convolutional
neural networks with supervised learning are generally
used.

2.2 Lane recognition by deep learning

Lane configurations on city roads are more complex
than on highways and an infinite variety of patterns exist.
There are also various patterns of lane markings, including
white lines and Botts’ dots. It is safe to say that it would
be next to impossible for a person to define all the lane
configuration patterns and all the features of lane markings.
Therefore, our aim is to make the system learn all of the
features without any hand engineering by using deep
learning and to achieve more flexible and robust lane
recognition.
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for lane recognition

Moreover, lane markings on city roads are often
obscured by other vehicles owing to close headway
distances, and they do not exist from the beginning inside
intersections. In these circumstances, human drivers
do not simply try to find the lane markings, they also
imagine virtual lane boundaries using information on the
surroundings as clues and drive their vehicles accordingly.
Our aim is to accomplish the same thing by using deep
learning that facilitates complex and high-level inference.
In other words, the aim is to accomplish lane recognition
even in places where lane markings do not appear in the
captured road images by estimating continuous lane
boundaries without any interruption.

Figure 2 illustrates the learning process for lane
recognition by deep learning. First, large quantities of
raw images are prepared along with correct data of the
positions of lane boundaries in the images. A deep neural
network is prepared that takes an image as the input and
outputs the positions of lane boundaries. The network
is then trained using the correct data. As a result of
this training, a network is formed for estimating lane
boundaries as shown in Fig. 1. We generally follow the
method by Huval et al.? The details are explained below.
2.2.1 Network structure

The input is 640 x 480 RGB pixels and the output is
probabilities of lane boundaries being present in each 8 x 8
pixel segment (Fig. 3(b)). In order to obtain more precise
positions of lane boundaries, the coordinates of the
beginning and ending points of the lane boundaries in each
segment are also output separately. The estimated results
for each segment are calculated on the basis of information
on a 355 x 355 pixel region (Fig. 3(a)). We call this region a
context window. The purpose of the context window is to
recognize lane markings and vehicles in the surroundings,
the road surface conditions and the positional relationships
of these objects. The aim is to estimate the presence and
positions of lane markings using information on the
surroundings in the context window as clues, rather than
just in local areas.

Figure 3(c) is an example of a visualization of the
network output results. The small pink squares represent
segments, and the color gradations indicate the probability
of lane boundaries being present. In the segments showing
a probability above a certain specified level, lane
boundaries are shown as straight lines using the separately
output coordinates of the beginning/ending points.

The basic network structure inherits that proposed by
Krizhevsky et al.? which achieved notable results in the
challenge of recognizing 1,000 categories of objects
mentioned earlier. Features are extracted using this
network up to the 5™ layer among the seven layers in total.
The fully connected 6™ and 7" layers are reconfigured to
obtain the desired output.

2.2.2 Data sets

It is well known that deep learning requires much
larger quantities of data than other machine learning
methods. Therefore, one key point is how efficiently data

H ZE # #’ No7s (2016-3) 42



Lane Recognition by Deep Learning for Autonomous Driving on City Roads

BRIECRDL, 722N OMEBEGRR 2 sEr L%
MHro AVFHFANIA Y FYEREATHIET, B
FIRF TR 29 L EBONHE FH» D ICHEMREE R
MOFAERMELHET S L2 HIET,

3(c)ixdy b7 —27 OWIFERETHILL 72HITH
bo EVIBO/NSRMNAEN LT AV PR L, O
JENTERER 2 £, — B LOFEMELRT L7 X
Y MIBWT, JIEHTI SN BMG T MO E G
HWCTHBEL KRS %,

oy M7= OERFHEL, D 100027 5 A5G TE
% FIF 72 Krizhevsky S X D EEN Ay b T — 72
D 2T L, £TRBONOESE T T AT
BEERHH L., E6EUEO KB E ML
RGO NLHEEICET T %,
222 F—=Htwvhb

T4 =TT == 7T, Mo E F R T
KEOT = I P BELRZENMENT VDL, 22T, Wi
IR LT =5y VEHEBETE DD —208E >
TWwhe AEBERIIBO TREICLELRIEFT — 5
X% FCORBEROMBE TH LA, TR Om%IC
XL CTFEETT NUAFT 24T DIEd £ ) IZEEHA
D, FLIANAN AL KRELS LD, 2T 3K
TOFAEEIFHRO BT IV AR L, Wifg LIcHwd 211
LAY HEAT D,

9. 3RILL =YL —F L EhiEGPS # v T, 3k
TCHBE~Y Y TR T %o K REEORE S HHRMN O G
BEEHRAE T T AV ) V7 E2TO, HBOBER S %

g g e e g

Context window

(a) (b) _

(o)

M-3 Xy bhI—THHIDA A= EEHRIEH
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sets can be prepared. The correct data ultimately needed
for the lane recognition are the positions of lane
boundaries in the images. However, manually labeling
every single image would be too time consuming and
there would be greater chances for mistakes to occur.
Therefore, a system has been developed that constructs a
3D lane boundary model and projects the model on the
images.?

First, a 3D point cloud map is created using a 3D laser
radar and a high-precision GPS locator. Filtering is
performed using information on the height and reflection
intensity of each point and lane marking candidate points
are extracted. As the final step, the candidate points are
connected to form continuous curves and the lane boundary
model is built. Some confirmation and correction work
remains to be done manually. The positions of the ego-lane
boundaries can be narrowed down, so the model of the
ego-lane boundaries can be accurately created almost
automatically. The boundaries of other lanes can be
generated semi-automatically by narrowing down their
positions based on information about the width of the ego-
lane and the number of lanes specified by hand. However,
increasing or decreasing the number of lanes and complex
shapes cannot be treated automatically. In these situations,
corrections must be added manually. The labeling tool
shown in Fig. 4 has been developed to perform labelling
efficiently and accurately. If there are deviations in the lane
boundaries, the operator makes corrections with a mouse
while checking the lane marking candidates in 3D space
and the images.

The 3D point cloud map is created by temporally
integrating the observation data in all directions.
Therefore, lane markings can be captured in the 3D point
cloud map in most cases even if they are obscured by other
vehicles. By projecting the lane boundary model created
with the 3D point cloud map onto an image, correct data
showing the positions of the lane boundaries can be
created even in situations where the lane markings are
obscured. In addition, inside an intersection where there
are almost no lane markings as seen in the yellow region in
Fig. 4, the lane markings before and after the intersection
are used as clues to complement and connect continuous
lines. The aim is to train the neural network so that it can
estimate lane boundaries based on correct data even in
situations where lane markings are not directly displayed
in the images.

2.2.3 Learning

Learning is conducted according to the following
specific steps. First, the output is calculated on the basis of
randomly defined network parameters and the deviation
from the correct data is computed. The parameters are
updated using methods such as back propagation and
gradient descent so as to gradually reduce the error. The
parameters are optimized by repeating the updating
process any number of times so that finally the error
between the correct data and the output is reduced.

The neural network described here evaluates two
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types of error. One type is the error between the estimated
probability for the presence of lane boundaries in each
segment and the correct data (0: none; 1: present). The
second type is the error between the estimated beginning/
ending points of the lane boundaries in each segment
and the correct data. Through this learning process, the
network model is constructed to output the lane recognition
results as shown in Fig. 3(c).

2.3 Experiment

The test vehicle used was an Infiniti Q50 installed with
a high-precision GPS receiver (SPAN-SE, Novatel), an
image sensor (OV10635, OmniVision) and a 3D laser radar
(HDL-32E, Velodyne) (Fig. 5). The vehicle was driven on
four different arterial roads in the Silicon Valley area in the
U.S., and data were recorded for a total time of around 90
min. The driving test was conducted under the condition
that the vehicle was only driven straight ahead at
intersections in order to simplify the labeling process.
After 3D labeling of the lane boundaries according to the
method explained in section 3.2, images and correct data
were extracted at 5 Hz from the video and approximately
27,000 data sets for training use were prepared in the end.
Four GPUs (GeForce GTX TITAN Black, NVIDA) were
used to train the network over approximately three days.

Figure 6 shows examples of lane recognition results

COVOOVCOOVOOOOVOOOVOOOOOOOOOGOOOOOOGOCOOO

No real lane markings
inside the intersection
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Frame (260/5965)‘1 Lane (1, 89) ¥
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Fig.4 Sample view of the labeling tool around an
intersection
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Fig.5 Configuration of the test vehicle
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that were obtained when the network was applied to the
video that was prepared separately from the training data
sets. It is seen in Fig. 6(a) that the network recognized the
lane boundaries of the complex configuration of the lane
branching off on the left side of the image. Figure 6(b)
shows that the right-side boundary of the adjacent lane
was estimated even though it was obscured by another
vehicle. Figure 6(c) shows that the lane boundaries were
estimated even inside an intersection where there were no
lane markings. These results indicate that the network did
not simply detect the lane markings, but that it estimated
lane boundaries using information on the surroundings as
clues.

The trained network can run at 44 Hz on a desktop
computer installed with a NVIDA GeForce GTX 780 Ti
GPU. It has sufficient speed for real-time processing and
its capability for in-vehicle application has been confirmed.

3. Conclusion

This article has proposed a method of lane recognition
on city roads using deep learning, and demonstrated proof
of concept. It was shown that this method is capable of
handling complex lane configurations and can estimate
lane boundaries from the surrounding circumstances
even in situations where lane markings are obscured or
nonexistent. Through the examples of application to lane
recognition, it was indicated that image recognition by
deep learning can go beyond simple object detection and
achieve recognition accompanied by high-level inference.

In future work, we plan to investigate methods for
creating correct datasets more efficiently and also increase
the volume of the data with the aim of further improving
recognition performance. In addition, we plan to develop
an integrated recognition system for the surrounding
environment that includes the recognition of various
objects besides lane boundaries, and aim to achieve
recognition capabilities needed for autonomous driving on
city roads.
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Fig.6 Sample results of lane recognition by deep learning
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Summary

This article describes a low-loss multi-port converter for electric vehicles. The multi-port

converter achieves port idling without any complex control procedure and zero switching loss at the
idling port. A power flow distribution scheme is proposed. The effectiveness of the proposed scheme
was verified by experimental results. This study was conducted jointly with Virginia Polytech Institute

and State University in the United States.

Key words : Research & Development, Parts, Electric Equipment, Electronics, electric circuit,
power electronics, multi-port converter
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Fig. 1 Power conversion in future electric vehicles

Off-board

1. Introduction

Future electric vehicles will be fitted with various
types of power sources and loads, making it important to
have the technology for converting power between them
flexibly (Fig. 1). Ordinarily, because one converter is
needed for power conversion in one direction, the number
of converters required increases, resulting in higher costs
and a larger system. To address this situation, a multi-
port converter has been proposed that consists of one
converter having multiple ports.”? As illustrated in Fig. 2,
a multi-port converter serves to integrate multiple
converters into one unit. In applying a multi-port converter
to vehicles, it will be necessary at times to suspend power
conversion to a specific port. For example, while charging
the main battery, power conversion to the 14 V auxiliary
battery will be suspended. One issue of conventional multi-
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Fig.2 Converter integration with a multi-port converter
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Port 1

port converters is that transistor switching losses occur in
an idling port where power conversion is suspended,
resulting in power losses. As the number of idling ports
increases, power losses increase to a corresponding
extent, with the result that overall power efficiency
declines. This article describes a new multi-port converter
that reduces power losses in idling ports.

2. Details of Joint Research

2.1 Conventional multi-port converter

Figure 3 shows the circuit diagram of a conventional
multi-port converter. Each port of this multi-port converter
is electrically connected in parallel via a high-frequency
transformer. Consequently, as shown in Fig. 4 (a), even if
all the transistors of the port to be idled are turned off,
current still flows into the port via the diodes connected in
parallel to the transistors, making it impossible to reduce
the power of the idling port to zero. In another case as
shown in Fig. 4 (b), if the transistors of either the upper or
lower arm are always turned On to produce Vsqs = 0, the
voltage of the transformer windings of port 3 also becomes
zero. Because each port is electrically connected in
parallel via a high-frequency transformer, the voltages of
the other transformer windings also become zero, making
power conversion impossible. For conventional multi-port
converters, a virtual isolation method has been proposed
to achieve a zero power balance by switching the transistors
of an idling port at a high frequency of several tens of
kHz. Maximum efficiency of 89% has been reported for
operation with one idling port using this method.?

2.2 New multi-port converter

Figure 5 shows the circuit diagram of the new multi-
port converter. A distinctive feature of this multi-port
converter is that each port is electrically connected in
series via a high-frequency transformer. When a specific
port is to be idled, the transistors of either the upper or
lower arm of the full bridge circuit of that port are always
turned On, making it possible to block the flow of current
to the port load or to the power source. As a result, the
idling port is electrically decoupled from the other ports.
Consequently, no complex control procedure is needed for
the idling port and it is also possible in principle to reduce

R e e e e e e g
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Grid 14V battery |
. + £k
PFC f— p———
. Py
3% 1
Port 2 i
Main battery T —T—
5%
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Fig. 3 Circuit diagram of a conventional multi-port converter
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Fig. 4 Operation of port 3 of a conventional multi-port
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the switching losses there to zero.

A new power distribution method was developed to
facilitate flexible power conversion between the ports of
the new multi-port converter. Figure 5 explains this
method for an example where the power supply Vi is
connected to port 1 and loads Rz and Rs are connected to
ports 2 and 3. As indicated in the figure, the number of
turns of the high-frequency transformer is denoted as nzr,
nzs, nap and nss. The square waves of the voltages Vsa:(t) to
Vsqs(t) applied to the transformer windings of each port
are shown in Fig. 6. The conduction angles (corresponding
to the duty ratio) of these square waves are denoted as a,
B and y . Square waves can generally be considered as
the superposition of sine waves having various frequency
components. The frequency of the fundamental wave
(Vrc1(t)) of these sine waves is made to coincide with the
resonant frequency of the LC series resonant circuit in Fig.
5. That reduces the impedance of the LC series resonant
circuit to nearly zero relative to the fundamental wave.
Other than the fundamental wave, the high harmonics are
filtered out by the LC series resonant circuit. The output
voltage of each port can be formulated using the principle
that the superposition of the fundamental wave of each
port becomes zero in the closed loop containing the LC
series resonant circuit. The equations derived for the
relationship between the conduction angle and output
voltage are shown below.

2.3 Experimental results

A several-hundred-watt-class prototype of the
proposed multi-port converter was fabricated to verify its
operating principle (Fig. 7). In the prototype circuit, ports
1 to 3 were mutually isolated using high-frequency
transformers. The resonant frequency of the resonant
circuit and the switching frequency of the full bridge
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Fig. 6 Voltage waveforms of transformer windings at each port
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Fig.8 Measured waveforms under 3-port operation

circuit were both set at 85 kHz. Port 1 was connected to
the power supply and ports 2 and 3 to loads. Figure 8
shows the waveforms that were measured for an input
voltage Vi of 50 V and a duty ratio for each port of Duty 1 =
Duty 2 = Duty 3 = 1. Square waveforms were confirmed for
the voltages applied to the transformer windings of each
port, and the current waveform of the sine wave due to
the fundamental wave component of Vsai1(t) was also
confirmed. As one example, Fig. 9 shows a comparison of
the calculated and measured output voltages when Duty 3
was varied. The results indicate that the measured output
waveforms coincided well with the calculated values
obtained with an analytical equation. Feedback control was
not applied in this experiment. If the duty ratio was
controlled by feeding back the actual output voltage, the
desired output voltage could be obtained. The maximum
measured efficiency under 3-port operation was 95%.

In the next experiment, port 3 was idled and port 1
was connected to the power supply and port 2 to the load.
The measured results obtained for 2-port operation under
this condition are presented in Fig. 10. In this 2-port
operating mode, the two transistors of the lower arm of
port 3 were always turned On and the two transistors of
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Fig.9 Measured and calculated output voltage dependence
on duty ratio under 3-port operation
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Fig. 10 Measured waveforms under 2-port operation
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the upper arm were always turned Off. This operating
mode allowed either of the ports to be idled as desired
without using any complex control procedure. It was
confirmed that zero switching losses were attained for the
idling port. As a result, the maximum efficiency measured
when port 3 was idled was a high 94%.

3. Conclusion

This article has proposed a new multi-port converter
circuit that focuses on rendering a specific port idle, which
is an important factor for vehicle application of a multi-port
converter. A new power distribution method was
established for flexible power conversion between each of
the ports. A prototype of the proposed multi-port converter
was built and the validity of this method was verified. A
condition of zero switching losses at the idling port was
also attained.
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Summary A proof-of-principle prototype of a VFI-IPM (variable-flux flux-intensifying interior
permanent magnet) machine is fabricated. A series of experiments is conducted to evaluate the
magnetization and demagnetization characteristics, torque characteristics and demagnetization caused
by load current. Efficiency contours are also acquired. A full-scale machine is then designed with an
improved magnetic circuit for application to an electric vehicle and evaluated using finite element
analysis. The losses during a driving cycle are evaluated. The study was conducted jointly with
University of Wisconsin-Madison in the United States.

Key words : Research & Development, permanent magnet synchronous machine, variable

speed, variable flux machine, efficiency, VFI-IPM, flux intensifying machine, variable
magnetization machine, memory motor
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1. Introduction

Vehicle manufacturers began selling electric vehicles
(EVs) and hybrid vehicles in recent years because these
vehicles have attracted considerable interest on account
of zero-emission and their low environmental impact,
respectively. The prime mover used on these electrified
vehicles is often a permanent magnet (PM) machine from
the standpoints of compactness and high efficiency. For
the purpose of improving electrical energy/fuel efficiency,
it is desired to improve machine efficiency further.

In the high speed operating region, PM machines
suffer larger iron and copper losses, the former due to
fluctuation of PM flux and the latter to the field weakening
current applied to inhibit the back electromotive force
produced by magnetic flux. Put differently, losses increase
in high speed operation because the magnetomotive
force of the permanent magnets is too strong. If the
magnetomotive force of the magnets could be varied such
that it is increased at low speeds to facilitate the generation
of large torque and reduced after reaching high speeds,
machine losses would decrease, leading to even higher
efficiency.

A number of examples have been reported of machines
having variable magnetomotive force characteristics.”?
For example, the memory motor shown in Fig. 1 is one
example of such a machine.? Ordinarily, neodymium
magnets having high coercive force are used for the rotor
of PM machines, but the memory motor uses low-coercive-
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force aluminum-nickel-cobalt (AINiCo) magnets for the
rotor. Low-coercive-force magnets can be magnetized/
demagnetized by the pulse current applied to the stator
windings, which means their magnetomotive force is
variable. It is expected that the machine loss issue can be
resolved by reducing the magnetomotive force of the
magnets in the high speed operating region.

Moreover, the memory motor does not require any
additional elements; the magnets can be magnetized/
demagnetized by simply applying a pulse current to the
stator windings that are present in all ordinary machines.
Consequently, it has few disadvantages with respect to size
and cost.

However, with the magnet layout of the memory
motor, the edges of the magnets tend to be influenced by
the armature reaction due to the stator current.
Consequently, when large torque needs to be generated,
the edges of the magnets can be demagnetized, i.e., cannot
retain their magnetomotive force and become weaker,
making it difficult to produce the desired torque.

To resolve this issue, the authors have proposed a
variable-flux, flux intensifying interior permanent magnet
(VFI-IPM) machine.? The concept of this machine uses
low-coercive-force magnets and also the rotor iron core is
designed with a special geometry. This special geometry
enables the edges of the magnets to retain their
magnetomotive force when large torque is generated, thus
making it possible to produce the desired level of torque.
Moreover, like the memory motor, it does not require any
additional elements, so there are few disadvantages with
regard to size or cost.

This article describes the fabrication and evaluation
tests of a proof-of-principle (PoP) prototype of the VFI-IPM
machine. It then describes the design of a full-scale VFI-
IPM machine possessing output characteristics envisioned
for EV application and presents the results of an evaluation
of the machine characteristics by finite element analysis
(FEA).

2. Details of Joint Research

2.1 Principle and specifications of VFI-IPM
machine

Because a special geometry is adopted for the rotor
iron core of the VFI-IPM machine, the saliency, one of
parameters expressing the machine characteristics, takes a
positive value.? Possessing positive saliency gives the
machine the characteristic that torque increases when
stator current is applied to intensify the magnetomotive
force of the magnets. At the same time, the magnetomotive
force at the edges of the magnets tends not to weaken. In
other words, positive saliency enables to keep having large
torque still maintaining the magnets their magnetomotive
force.

Saliency is usually negative with the geometry of the
rotor iron core of machines in general. With a rotor having
negative saliency, iron cores can be positioned in the space
that exists between the magnets having opposite polarity.
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Thus, large reluctance torque can be obtained while at the
same time saving space, making negative saliency suitable
for machine downsizing. However, when a machine has
negative saliency, there is a trade-off between the
generation of large torque and the retention of the
magnetomotive force of the magnets. Consequently, such a
machine has the issue described in the preceding section.

Figure 2 shows the geometry of the magnetic circuit
of the PoP prototype of the VFI-IPM machine. The VFI-
IPM machine uses low-coercive-force samarium-cobalt
(SmCo) magnets. Magnets with low-coercive-force are
magnetized/demagnetized by the pulse current applied to
the stator windings, which means the magnetization state
(MS) of the magnets can be varied. Reducing the MS in
the high operating speed range works to reduce machine
losses at high speed. The prototype machine produces
maximum torque of 21.6 Nm and maximum power of 4.8
kW. The machine has the geometry of the rotor iron core
with positive saliency, which enables the current applied at
the time of maximum torque generation to intensify the
MS of the magnets. Consequently, the machine is designed
such that the magnets do not demagnetize even when the
maximum torque is generated.

2.2 Magnetization characteristics of prototype VFI-
IPM machine

The magnetization characteristics of the PoP
prototype machine were confirmed experimentally. In the
experiments, the machine temperature was monitored with
thirteen thermocouples attached on the windings and the
magnets. All the experiments described below were
conducted such that the temperature of the windings and
magnets stayed in a range of 20-40°C. The machine was
operated at a speed of 300 min™ (equivalent to an electrical
frequency of 15 Hz) using a dynamometer.

First, a negative current pulse was applied to the
stator windings to demagnetize the magnets and create a
nonmagnetized state. Then, after magnetization was
increased again by applying a positive current pulse, the
no-load back electromotive force was measured in order to
calculate the no-load flux linkage. Because of the
relationship between the no-load flux linkage and the MS
of the magnets, i.e., because the MS has nearly a
proportional relationship, it was possible to confirm the
MS. The magnetizing current pulse had a trapezoidal
waveform and the overall pulse period was 500
milliseconds.

The graph in Fig. 3(a) shows the no-load flux linkage
that was obtained as a function of the current pulse
amplitude. It is seen that MS saturated when the current
pulse amplitude was 2.7 times greater than the current
rating of the machine. Accordingly, that magnetization
state was defined as 100% MS. Similarly, Fig. 3(b) shows
the demagnetization characteristics obtained as a function
of the negative current pulse amplitude. Complete
demagnetization was possible when the pulse amplitude
was more than 0.6 times greater than the current rating of
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the machine.

2.3 Torque characteristics of prototype VFI-IPM
machine

The relationship between machine torque and the
electric lead angle was confirmed experimentally. First,
using the method described in the preceding section, the
magnets were magnetized to 100% MS. Then, the
maximum current was applied at a certain electric lead
angle to produce torque, after which magnetization was
again measured from the back electromotive force at the
no-load condition. Figure 4 shows the machine torque (red
curve) and MS (blue curve) as a function of the electric
lead angle. The results indicate that 100% MS was
maintained during field intensifying control (when the
electric lead angle was negative). It is also seen that 97%
MS was maintained even under the condition of maximum
torque. These results thus confirmed that the issue
described in section 2.1 of maintaining the MS of the
magnets under load was resolved.

2.4 Efficiency maps of prototype VFI-IPM machine

Figure 5 presents efficiency maps of the prototype
machine that were obtained experimentally for three
different MSs (100%, 75% and 50%). The machine was able
to display its maximum torque at 100% MS. As the MS was
reduced, the torque characteristic at high operating speeds
tended to improve.

Figure 6(a) presents an efficiency map that was
created by selecting the MS yielding the highest efficiency
at each operating speed in the three efficiency maps in Fig.
5. The results indicate that the region of high efficiency
was expanded, though the maximum efficiency value did
not change from that seen for 100% MS in Fig. 5(a). The
map in Fig. 6(b) shows which MS in Fig. 6(a) was selected.
It is seen that a lower MS was selected at higher operating
speeds.

2.5 Improvements made to full-scale VFI-IPM
machine

A full-scale VFI-IPM machine was then designed with
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Fig. 5 Experimentally obtained efficiency maps of fabricated
VFI-IPM machine

output characteristics envisioned for EV application and
the machine characteristics were evaluated by FEA. The
full-scale machine generates maximum torque of 280 Nm
and maximum power of 90 kW. Based on the test results
for the PoP prototype, improvements were made to the
magnetic circuit of the full-scale machine. With the
prototype machine, the amount of current needed for
magnetization was 2.7 times greater than the machine’s
current rating. That could give rise to an issue that the
electrical load of the machine drive system increased at the
time of magnetization. To prevent this, the magnetic circuit
and winding method were changed as shown in Fig. 7. The
specific details of the changes are explained below.
(a) Omitting arc-shaped flux paths

As shown in Fig. 2, arc-shaped flux paths were
provided at the rotor of the PoP prototype to give the
machine positive saliency. However, these flux paths had
the effect of increasing the flux produced by the stator
pulse current during magnetization, which caused
significant magnetic saturation of the stator iron core. The
flux paths were omitted for the full-scale machine, thereby
mitigating the magnetic saturation during magnetization
and reducing the current needed for magnetization by
around 40%. While this change reduced saliency, a positive
value was still maintained, thus making it possible both to
produce large torque and to maintain the magnetomotive
force of the magnets.
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(b) Change of winding method

The winding method was changed from the previous
random windings with round cross-section wires to bar
windings. This change improved the slot fill factor of the
windings and increased the maximum magnetomotive
force producible by the stator by around 60%, thereby
enabling magnetization within the machine’s current
rating.

2.6 FEA results for full-scale VFI-IPM machine

Figure 8 presents an efficiency map that was obtained
by FEA for the designed full-scale VFI-IPM machine at
20°C. A frequency analysis was conducted for each
element and Steinmetz’s equation was applied to calculate
the iron loss. Mechanical losses were not considered in the
calculation.
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(Rectangle cross-section wire used)
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Fig. 7 Geometry of designed full-scale VFI-IPM machine
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Fig. 8 Efficiency contours of designed full-scale VFI-IPM
machine obtained with FEA
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Of the three MSs of 100%, 75% and 50%, the MS value
achieving the lowest machine losses was selected. Similar
to the test results for the PoP prototype, it is observed that
a lower MS was selected on the high speed side.

2.7 Calculation and comparison of electrical energy
consumption under driving cycle operation

Using the efficiency maps obtained by FEA for the
full-scale VFI-IPM machine, an evaluation was then made
of the electrical energy consumption and efficiency under
driving cycle operation. The Los Angeles Route Four (LA-
4) driving cycle of the Federal Test Procedure was
selected. The operating points of the machine during this
driving cycle were calculated assuming typical EV
operating parameters. It was assumed that regenerative
braking was always applied without using a mechanical
braking system. It was also assumed that the battery was
capable of providing a certain constant voltage output that
did not depend on the current value. The amplitude of the
magnetizing current pulse was set at an amplitude of 50
milliseconds, which had been able to facilitate operation of
the PoP prototype.

Figure 9 shows profiles of the torque, speed and
magnetization. The MS is consistently changed to a
suitable level that can reduce machine losses.

Figure 10 compares the total energy losses of the full-
scale VFI-IPM machine and a conventional PM machine
during operation under the LA-4 driving cycle. The left-
hand bar graph indicates the energy loss of a conventional
PM machine having the same torque and power output
characteristics. The right-hand bar graph shows the
energy loss of the VFI-IPM machine. The results show that
the latter reduces the total energy loss by 39% compared
with the former.

3. Conclusion

This article has described the fabrication and
evaluation tests of a proof-of-principle prototype of a
variable-flux, flux intensifying interior permanent magnet
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Fig. 9 Waveforms for torque, speed and magnetization state under the LA-4 driving cycle
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(VFI-IPM) machine. The test results confirmed that the
magnets can be magnetized/demagnetized and that they do
not demagnetize even when maximum torque is produced.
Machine efficiency maps that were experimentally obtained
for three different magnetization states confirmed that
reducing the magnetization state in the high speed range
works to improve efficiency.

A full-scale machine was also designed with improved
magnetization characteristics. Machine efficiency maps
were then evaluated by finite element analysis. The total
energy loss of the machine when fitted to an EV was
calculated for operation under the LA-4 driving cycle. The
results confirmed that the proposed VFI-IPM machine is
effective in reducing machine losses.

The torque ripple and back electromotive force duing
magnetization process will be investigated.
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Characterization of Solid-Electrolyte Interphase on Silicon Alloy Anode
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Summary

The chemical structure and morphology of the solid-electrolyte interphase (SEI) film

generated from phosphite-type chemicals on a Si alloy anode were characterized by utilizing a
combination of DFT calculations and various analytical techniques in joint research with the Argonne
National Laboratory. The results of the DFT calculations revealed some chemicals with the CF3
functional group as good additive candidates. The results of simulations and electrochemical
measurements suggested that polymerization and the CH2CF; radical are key factors for improving the

cyclic durability of the Si anode.

Key words : Research & Development, solid electrolyte interphase, SEl, DFT calculation, CH2CFs

radical, Si alloy anode
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1. Introduction

Energy management is an extremely critical issue for
the ongoing formation of sustainable societies on a global
basis. This is also true for today’s motorized societies
where energy consumption by the transport sector
represents approximately 40% of the total energy
consumed, and manufacturing industries account for
approximately 90% of that amount.” The use of batteries to
increase energy efficiency has been taken up as a key
technology strategy in recent years. The energy conversion
efficiency of internal combustion engines (ICEs) is around
20-30%, but that of electric vehicles (EVs) is markedly high
at approximately 90%. Batteries have attracted increasing
attention in recent years as a mobile power source
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Fig. 1 Battery characteristics
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possessing the ultimate level of energy efficiency.

This trend has been accelerated by lithium-ion
batteries (LiBs). Amid the fierce competition to develop
EVs, the competition to improve LiB performance has also
further intensified. This is because the battery system is
a decisive factor determining the driving range and
acceleration performance of EVs. In order to satisfy these
two major performance requirements of vehicles, batteries
must possess high energy density, a long lifetime and high
power output. Figure 1(a) shows the relationship between
battery energy density and the number of durability cycles,
and Fig. 1(b) shows the power output characteristics of
different types of batteries. Among the various battery
types compared here, it is seen that the LiB is notably
superior in each of these performance attributes. This is
the reason why LiBs have attracted so much interest.

2. Details of Joint Research

2.1 LiB reaction mechanism

The LiB is an electrochemical battery. Figure 2
illustrates how energy is obtained from a lead-acid storage
battery and an LiB. All types of electrochemical batteries
have a positive electrode and negative electrode which are
separated by an electrolyte. In an LiB, electrons transfer
the external charge of the battery and Li ions transport the
charge between the positive and negative electrodes,
resulting in the flow of electricity. A lithium-ion battery is
so named because Li ions transfer the charge by migrating
between the positive and negative electrodes.

The difference in energy between the positive and
negative electrodes at the time the charge is transferred
represents the energy of the battery that can be output.
This can be expressed by the formula in Eq. (1).

AG = nFAE )}

G: Gibbs free energy  n: number of electrons involved
F: Faraday constant AE': potential difference

The notation AG is the energy difference, n is the
number of electrons involved in the charge, F is the
Faraday constant applied to the energy conversion, and AE
is the potential difference between the cathode potential
(Ec) and the anode potential (Ea). The values of Ec and Ea
are intrinsic to the materials used. Therefore, larger
energy can be obtained from a battery with increasing n
and A E. Lithium has the lowest potential of any material
on earth at -3.054 V vs. SHE. This is one of the major
reasons why LiBs have such high energy density.

Looking at the battery life, it becomes clear that LiBs
have a unique property as electrochemical batteries. In
ordinary electrochemical batteries like a lead-acid storage
battery, chemical phase transformations occur at the
positive and negative electrode plates during charging and
discharging cycles, causing destruction. In contrast, in
LiBs, Li ions are inserted in the host structure of the
positive and negative electrodes. Fundamentally, because
large phase transformations do not occur, the electrode
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structure tends not to be destroyed, making a long service
life possible. In addition, this system that inserts Li ions
into the host structure also enables the output and input of
high levels of energy. As noted above, conventional
electrochemical batteries undergo chemical phase
transformations that induce changes in the entire system,
whereas the energy output of LiBs can be increased
because of their low internal resistance owing to the fact
that only Li ions migrate. Compared with other battery
systems, this outstanding reaction mechanism of LiBs has
made their application to vehicles possible.

2.2 Si anode active material and its issues

Graphite is currently the mainstream active material
for the anode of LiBs. Its theoretical capacity is 372 mAh/g
which is given by Eq. (2).

Q = 1000 nF/36000 M @)

Q: theoretical capacity (mAh/g)
n: number of electrons involved
F': Faraday constant (A-s/mol)
M: molecular weight (g/mol)

Energy density is dependent on the molecular weight
of the active material and the amount that reacts with Li.
To increase the energy density, it is necessary to reduce
the molecular weight and increase the amount that reacts
with Li. Based on the equation above, the active material
possessing the highest theoretical capacity is silicon (Si).
One atom of Si can react with as many as 3.75 atoms of Li,
giving Si a theoretical capacity of 3589 mAh/g, which is
approximately ten times greater than that of graphite.
Therefore, Si is a very promising new anode material in
terms of energy density. Although possessing high
capacity density, Si has two major issues with respect to
service life,? which are volumetric expansion and
reductive decomposition.

Volumetric expansion refers to the 400% increase in
volume due to the large quantity of Si that reacts with Li,
which causes particle fracture and electrode peeling that
degrade battery performance. This corresponds to cause 1
of the degradation mechanism illustrated in Fig. 3.
Measures now being examined for addressing this
problem include an atomic level design for alloying Si with
other elements, stress relief by reducing the particle size,
and improvement of the electrode structure.

The other issue of reductive decomposition

COOCOOVOOPOOOOOOPOOOOPOCGOOOOFOOOOCOCOO

Decomposed electrolyte layer

Si oxide layer, etc.
.ﬁ' ® O
A
Cause 1 Cause 2 Cause 3
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Fig.4 Cyclic performance of Li/Si half-cell using 1M LiPFs
EC/DEC with and without FEC

corresponds to causes 2 and 3 in Fig. 3 and stems from the
high activity of the LixSi alloy. It refers to a phenomenon
whereby the materials included in the electrolyte
reductively decomposes at the contact interface between
the electrolyte and LixSi owing to that high activity. The
decomposed material becomes resistive material that
builds up on the surface of Si, causing the performance of
the active material to deteriorate and thereby degrading
battery performance. Formation of a solid-electrolyte
interphase (SEI) film acts to inhibit the progress of the
reductive decomposition reaction.

2.3 Importance of SEI film characterization and
associated issues

The SEI film principally forms on the surface of the
anode active material in LiBs. The principal solvent,
supporting electrolyte salt and other additives included in
the electrolyte undergo electrochemical reduction to form
the SEI film. Because the SEI film forms on the active
material surface, it is assumed that the following four
functions are necessary.

(1) Tonic conduction: the function for transporting Li ions

(2) Cohesiveness: the function of binding to the active
material

(3) Electron conductivity: the function of transporting the
electrons needed for the electrochemical reactions

(4) Elasticity: the function of being able to follow active
material expansion/contraction

The first two functions are essential to the SEI film,
and the third and fourth functions are presumed to be
especially essential to the anode material such as Si, which
undergoes expansion and contraction that cause particle
fracture. Figure 4 shows the change in the service life
characteristic (i.e., capacity retention) of the anode
material depending on whether a good SEI film was
formed or not.

The figure shows an example for the addition of
fluoroethylene carbonate (FEC) to the electrolyte. Because
a decline in capacity with an increasing number of cycles
was markedly inhibited, presumably the SEI film
functioned to produce this dramatic difference in capacity
retention.” Accordingly, studies are proceeding on the
addition of various additives to the electrolyte that are
thought to be conducive to the formation of the SEI film.
However, because the SEI film is formed by the reactions
of various substances contained in the electrolyte, its
chemical composition and morphology are especially
complex. For that reason, even though improvement of the
SEI film properties would have a dramatic effect on
preventing performance degradation, it has been
extremely difficult to conduct analyses and simulations for
obtaining knowledge leading to further improvement of
the SEI film. Therefore, the aim of this study was to
elucidate the mechanism of SEI film formation and
improve the film properties through joint research with
Argonne National Laboratory (ANL), which possesses
advanced analytical techniques and has specialists in
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computational chemistry.

2.4 Overview of ANL

ANL is a U.S. national research laboratory that was
founded in 1946 for the purpose of conducting research on
peaceful uses of nuclear energy. The founding members
were researchers at the University of Chicago where the
world’s first controlled nuclear fission chain reaction was
successfully conducted in 1942 by a research team led by
Enrico Fermi, called the father of atomic energy, and some
researchers from the Manhattan Project. Today, this
research facility is the center of the battery research
sponsored by the U.S. Department of Energy (DOE). We
conducted research on improving the SEI film properties
jointly with the group headed by Dr. Khal Amine, who is a
principal figure in battery research at ANL, and with Dr.
Larry Curtiss’s group of specialists in computational
chemistry and analysis.

The scheme of the joint research with ANL is outlined
in Fig. 5. Nissan was responsible for preparing the samples
for analysis using its film fabrication technology and for
conducting electrochemical evaluations and diagnostics.
ANL was responsible for SEI film characterization by
combining its film simulation techniques with candidate
material simulations based on computational chemistry.

2.5 Results and discussion

As the first step, we selected additive candidates
believed to form the SEI film based on reaction simulations
using density functional theory (DFT) calculations. ANL
had previously conducted research based on simulations to
screen additives for use with graphite anodes.?® Using the
same method, we conducted simulations on the additive
candidates, focusing on the above-mentioned functions
required for the Si anode. Two selection criteria were
applied to evaluate the simulation results. The first
criterion was whether the additive decomposed at a higher
potential than ethylene carbonate (EC) and diethyl
carbonate (DEC) used as the solvent of the electrolyte
solution. In other words, did the additive decompose
before the solvent and form a protective film? The second
criterion was whether the decomposed product formed a
polymer? In other words, did it form a protective film?

As an example, Fig. 6 shows the results found for five
types of phosphite-based additives: tris(2,2,2-trifluoroethyl)
phosphite (TTFP), bis(2,2,2-trifluoroethyl) phosphite
(BTFEP), tris(1,1,1,3,3,3-hexafluoro-2-propyl) phosphite
(THFP), trimethyl phosphite (TMP), and triethyl
phosphite (TEP). The results of DFT calculations revealed
the following potentials at which these additives
decompose: TTFP at 1.6 V, BTFEP at 1.87 V and THFP at
1.92 V. The decomposition potentials calculated in the
same way for EC and DEC were 1.41 Vand 1.45V,
respectively. These results revealed that three types of
additives, TTFP, BTFEP and THFP, decompose at a higher
potential than either EC or DEC. In contrast, TMP and
TEP decompose at 1.14 V and 0.94 V, respectively,
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additives obtained experimentally and by DFT calculations

indicating that they break down at lower potentials than
the two solvents. This implies that a good SEI film would
probably not be formed before the decomposition of either
type of solvent.

A coin cell was then fabricated and evaluations were
made of the decomposition voltage with and without each
additive in order to confirm the validity of the calculated
results. Without the additives, it was observed that
the electric capacity attributable to the reductive
decomposition of EC and DEC was 0.51 vs. Li/Li* and 0.57
V vs. Li/Li*, respectively. In contrast, TTFP, BTFEP and
THFP showed reductive decomposition reactions at higher
potentials of 1.12 V vs. Li/Li*, 1.24 Vvs. Li/Li* and 1.45V
vs. Li/Li*, respectively. When TMP and TEP were used as
the additives, the reduction current peaks occurred at
0.557 Vvs. Li/Li* and 0.525 V vs. Li/Li*. Figure 7 shows a
comparison of the experimental and calculated results.
Because TMP and TEP displayed lower decomposition
potentials than EC and DEC, the two sets of results did not
agree owing to the decomposition reactions observed for
the solvents. However, for the three additives that
displayed higher decomposition voltages than the solvents,
the trend of their decomposition potentials agreed well
between the experimental and calculated results, which
validated the results of the DFT calculations for the
additives.

The SEI film that formed when TTFP was used as a
representative additive was then analyzed and a
comparison was made with the SEI film obtained on the Si
surface when no additive was used. The Si anode was
cycled in the electrolytes with and without the TTFP
additive to form the SEI film, and the difference in the
surface morphology was studied with use of scanning
electron microscopy (SEM) and atomic force microscopy
(AFM). The results obtained are presented in Fig. 8. In
order to observe the nanometer-scale morphology
accurately, stainless steel (SUS) substrates were used that
were specially machined to keep the surface unevenness
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below 1 nm.

First, the SEM results suggested that particle-like
material was scattered without the additive, whereas the
addition of TTFP resulted in the presence of film-like
material. A further observation of the difference in
the nanometer region was made by AFM. Without the
additive, globular particles of over 30 nm in diameter were
deposited with conspicuous undulations, but when TTFP
was added, the surface became smoother and the
deposited particles were around 10 nm in diameter on
average. The DFT calculations suggested that TTFP
polymerized, and the SEM observations showed that this
tendency coincided with the computational chemistry
results. The AFM images also revealed that the TTFP
additive served to inhibit the formation of undulations.

Alternating current impedance measurements were
then made to confirm the difference in electrochemical
characteristics due to the formation of the SEI film. Figure
9 presents Cole-Cole plots obtained with each additive and
without any additive. The smaller the semicircles, the
lower the resistance is. The size of the semicircles became
dramatically smaller when the three types of additives
having decomposition potentials higher than the solvents
were used. A calculation of the electrode resistance
showed a value of 152 Q without any additives, whereas
the values for the three types of additives were much lower
at 30.1 Q for TTFP, 41.8 Q for BTFEP and 83.3 Q for
THFP. A comprehensive consideration of the SEM, AFM
and impedance measurement results revealed that the film
formed by the decomposition of TTFP reduced the
resistance to charge transfer at the anode, indicating that it
had the effect of improving ionic conductivity or electron
mobility. Presumably, electrochemical reactions proceed
uniformly at the anode, as the higher current density in
protrusions is inhibited due to the smooth electrode
surface. It was inferred from the AFM images that the
TTFP additive inhibited the formation of undulations,
which was the result of high current density in the
protrusions and the progress of side reactions in the areas
of high resistance.

The next question was why the SEI film formed from
TTFP reduced reaction resistance. To clarify the reason for
that, a Fourier transform infrared spectroscopy (FTIR)
analysis was conducted along with performing DFT
calculations again. FTIR is an effective method for
characterizing the chemical structure of materials. Figure
10 shows the FTIR spectra measured for the Si anode
cycled in an electrolyte with and without the TTFP
additive. A comparison of the two sets of results revealed
that the most pronounced difference was the vibration
spectrum attributed to “functional group” CF3
(trifluoromethyl). While no CFs vibration spectrum was
observed without the additive, it was seen when TTFP was
added to the electrolyte. The results of the DFT
calculations indicated that when TTFP decomposed, the
CH:CFs radical reacted with Li*, resulting in
hyperconjugation. This implies that Li and CH2CFs ions
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reduced the reaction resistance, which contributed to
reducing the reaction resistance at the Si anode. The
calculation results indicated that the three types of
additives—TTFP, BTFEP and THFP—that reduced the
reaction resistance all formed the CH2CF3 or CH2(CF3)2
radical containing CFs. Accordingly, the calculated and
experimental results coincided well.

As the last step, cycling was performed with a Li/Si
half-cell using electrolytes containing the five types of
additives—TTFP, BTFEP, THFP, TMP and TEP—
individually and an electrolyte without any additive for
comparison. The results are shown in Fig. 11. The results
clearly show that the three electrolytes containing CFs
displayed approximately 30% better capacity retention after
50 cycles than the electrolyte without any additive. The
three additives clearly exhibited a marked improvement in
the capacity retention characteristic. As the SEI film
simulation results made clear, the reason for this
improvement is presumably that the SEI film formed from
TTFP, for example, reduces the reaction resistance at the
anode and also makes the electrode reactions uniform.

3. Conclusion

In this joint research conducted with ANL, the
morphology and chemical structure of the SEI film formed
on the Si anode were characterized and the results were
combined with computational chemistry in an effort to
obtain an optimum SEI film for Si. As one example of this
research, this article has described the characterization of
the SEI film formed from phosphite-based additives. The
results of DFT calculations suggested that three types of
additives—TTFP, BTFEP and THFP—containing CF3
polymerize and produce the CH2CFs radical that forms a
hyperconjugation with Li*. Results obtained by SEM, AFM,
FTIR and AC impedance measurements as well as
electrochemical measurements revealed the occurrence of
these phenomena and that the resultant SEI film reduced
the reaction resistance at the anode. The end result was an
improvement of charge/discharge cycling characteristics.
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However, further detailed studies are needed to better
understand better the formation mechanism of various
types of SEI films and to control the chemical structure in
order to enhance these performance characteristics.

Finally, I would like to cite an example of something
that I always kept in mind during this joint research project
at ANL, in addition to the technical aspects. In short,
that was to develop personal friendship with my ANL
co-researchers. I conveyed my ideas and showed my
technical abilities, demonstrating to them what I was
capable of doing. Owing to a language difference, I
endeavored to communicate clearly with others as much as
possible and to have them first of all take interest in me as
a person in order to proceed with our research. With that
as a starting point, in the course of conversations that
included talking about my technical skills and personal life,
I was also able to learn about their fields of technical
expertise and the techniques and knowledge they wanted
to acquire. As a result, I was able to have fruitful
exchanges with researchers of many different nationalities
during my stay at ANL. I feel that I gained much not only
regarding research, but also many invaluable intangible
culture assets as well. I want to make the most of the
valuable experience I acquired at ANL in a wide variety of
situations in the future.
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A Study on a Solid-state Quantum-dot-sensitized Solar Cell
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Summary

While a solar charging system is one promising way of extending the driving range of

electric vehicles, there are problems with the current solar cells on the market in terms of cost and low
efficiency. With the aim of achieving low cost and high efficiency, this joint study conducted with EPFL
focused on a solid-state quantum-dot-sensitized solar cell (ss-QDSSC), which is expected to be a next-
generation high-efficiency solar cell. An ss-QDSSC was prepared with a low-cost wet process and its
power generation capacity was confirmed. Furthermore, by controlling the particle diameter of
quantum dots and reducing the internal resistance with surrounding parts, the photoelectric conversion
efficiency was improved to 3.9%, which was one of the best figures at the time.

Key words : Research & Development, electric vehicle (EV), solar cells, ss-QDSSC
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Fig. 1 Driving range extended by solar cells

1. Introduction

The Nissan LEAF is the world’s best-selling electric
vehicle (EV) with a cumulative global sales volume of over
200,000 units as of January 2016. In order to popularize the
EV more in the future, the driving range obtainable on a
single battery charge must be extended. Toward that end,
vigorous R&D efforts are under way to increase the
energy density of the lithium-ion battery (LiB) that is the
EV’s power source. Another method of extending the
driving range would be to generate electrical energy with
vehicle-mounted solar cells and use it to charge the LiB.
For example, Fig. 1 shows a comparison of the driving
range extension that might be obtained with existing solar
cells (photoelectric conversion efficiency 7z = 16%) and
next-generation high-efficiency solar cells (7 =40%)
mounted on the roof, hood and body sides of the vehicle.
For the average amount of solar radiation during one day
in Tokyo, it is estimated that the former solar cells could
extend the driving range by up to 30 km and the latter
solar cells by up to 80 km. This estimation suggests the
possibility of charging-free EVs if high-efficiency solar cells
can be developed.

In this study, a high-efficiency solar cell for vehicle
application was investigated with the aim of extending the
EV driving range.

*Sevin R ZERT Advanced Materials Laboratory
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2. Details of Joint Research

2.1 Selection of type of solar cell and light-
absorbing material

Vehicle-mounted solar cells must have both high
conversion efficiency and low cost because of the need to
generate electrical energy for powering the vehicle within
the limited body area available. However, the cost of
raising the efficiency of solar cells rises substantially per
kilowatt of power output, making it difficult to apply solar
cells to vehicles (Fig. 2).

The factors determining solar cell cost are the cell
fabrication process and the light-absorbing material used.
Therefore, a wet fabrication process at an ordinary
pressure level is necessary rather than a dry process in a
vacuum chamber like that used for manufacturing
semiconductors. The material must be one that is highly
versatile and capable of mass production. A solid-state
quantum-dot-sensitized solar cell (ss-QDSSC) was selected
as a type of solar cell capable of satisfying these conditions.

A quantum dot is a tiny cluster of several hundred to
several thousand semiconductor atoms and having a
particle diameter of around 2-30 nm. The features of
quantum dots are summarized below.

* Because of the high light absorption coefficient and fast
charge separation, the quantity of material used can be
overwhelmingly reduced.

¢ Being inorganic compounds, they have high durability
and are inexpensive.

* Because their light absorption spectrum can be varied
according to the dot diameter, they can convert sunlight
with its wide range of wavelengths into electrical energy
efficiently without any waste.

Quantum dots can be fabricated of lead sulfide (PbS),
cadmium sulfide (CdS), cadmium selenide (CdSe),
cadmium telluride (CdTe) and antimony trisulfide (Sh2Ss),
among other materials. Among them, Sb2Ss was selected
because it has a relatively low level of toxicity as it is used
on the sides of match boxes, a wide band gap (at
approximately 1.7 eV, it can absorb visible light over a
wide wavelength range below A =730 nm) and a high

R g e e e e g
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Fig.2 Solar cell cost as a function of efficiency
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absorption coefficient (1.8 x 10° cm™ at A = 450 nm).

2.2 Joint research with EPFL

A ss-QDSSC substitutes quantum dots for the dye that
is the light-absorbing element of a dye-sensitized solar cell
(DSSC) and also has a solid electrolyte instead of a liquid
one. Because a ss-QDSSC employs the fundamental
technology of a DSSC, it was necessary to acquire much
know-how from the DSSC field, including the basic
operating principle and fabrication process. The DSSC was
invented by Professor Michael Gritzel at the Ecole
Polytechnique Fédérale de Lausanne (EPFL) in 1991.
Since then, DSSCs have been very widely researched as
inexpensive solar cells.

Today Professor Gratzel’s Laboratory of Photonics
and Interfaces is a cutting-edge research facility that
attracts leading researchers from around the world. It has
continued to constantly update the world’s highest level of
efficiency obtained with DSSCs. The key point of the
present study was to combine this world-leading
fundamental technology with an ss-QDSSC for which
higher efficiency is expected. The author went to Professor
Gritzel's laboratory as a visiting researcher and conducted
this joint study as outlined in Fig. 3.

2.3 Fundamental operating principle and issues for
higher efficiency

The fundamental operating principle of an ss-QDSSC
is illustrated in Fig. 4 and is the same as that of a DSSC.
Sunlight passes through a transparent fluorine-doped tin
oxide (FTO) electrode and is absorbed by the Sh2Ss
semiconductor to produce electrons and holes. Electrons
are injected into the N-type TiOz2 semiconductor, pass
through the FTO and an external circuit to reach the Au
counter electrode and electrons are transferred to the
P-type poly-3-hyxylthiophene (P3HT) semiconductor.

COCOCOOPOOOOOOPOOOOPOCOCOOCOCOOCOCOO
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Fig.4 Constituent materials of Sb-Ss ss-QDSSC
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Fig.5 Issues of Sb2Ss ss-QDSSC
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Meanwhile, holes migrate to the P3HT and a cycle of

collecting the electrons arriving at the Au counter

electrode is repeated, which converts optical energy into
electrical energy.

As described here, the fundamental operating
principle is the same as that of DSSCs, but because the
light-absorbing elements are quantum dots and a solid
electrolyte is used, an ss-QDSSC has the following intrinsic
issues (Fig. 5).

(1) Because of the thick Sb2Ss light-absorbing layer,
electrons separated in the cell interior recombine with
holes before being injected into TiO: and are lost as
thermal energy.

(2) Because the solid P3HT electrolyte is in direct contact
with the exposed TiOz2, electrons from TiO: flow into
P3HT (reverse electron transfer), recombine with
holes and are lost as thermal energy.

It was hypothesized that these two issues could be
resolved by coating a thin layer of Sb2Ss uniformly on the
TiO:z surface. For that purpose, it was necessary to adapt
the DSSC process to ss-QDSSCs and also to make
improvements.

2.4 Process improvements for obtaining higher
efficiency

The cell fabrication process is divided into the
following three steps as shown in Fig. 6.

e Preparation of TiO: substrate: In this step, a large
porous surface area is prepared in order to improve
adhesion between TiO: and the transparent FTO
electrode and also to capture a larger amount of light.

¢ Sh2Ss adsorption: In this step, the TiO: surface is
masked in order to inject electrons produced by Sbh2Ss
into TiOz.

* P3HT deposition: In this step, the internal resistance
with Sb2Ss is reduced so that holes produced by Sbh2Ss
can quickly transfer to P3HT.

2.4.1 Prevention of electron-hole recombination in

Sh2Ss

In the Sh2Ss adsorption step, it was necessary to
define a process for forming a homogeneous thin film that
has ample absorbance and also prevents electron-hole
recombination. In this study, a chemical bath deposition

COVOOVCOOOOOOOOOVOOOOGOOOOOOGOOOOGOCOOO
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Fig.7 Test items of SC performance and improvement
measures
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Table 1 Effect of adsorption time on SC performance

Adsorption time 1hr 2hr 3hr
After adsorption - .
(Before annealing) -
Jsc[mA/em?] 8.9 13.3 114
Efficiency 1 [%] 2.7 3.8 3.3

F-2 DPA ZRUVIcROXFZEMFE
Table 2 Comparison of ss-QDSSC performance
with/without DPA

n Voc Jsc FF

(%] mV]  [mA/em?]
Without DPA 3.1 472 13.8 0.48
With DPA 3.9 510 14.2 0.54

.‘.l..]_:3HT

>

-8 DPA [CKDREEERDRIFR
Fig. 8 Effect of surface modification by DPA
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(CBD) method was applied and the adsorption time was
adjusted. Sb2S; was adsorbed on TiO: in a low-temperature
liquid phase while carefully growing the nucleus of the
dots rather than adsorbing existing dots. A researcher
from Israel where vigorous research is being done on
quantum dots was working in Professor Gritzel’s
laboratory and extensive use was made of his know-how.

Photoelectric conversion efficiency n refers to the
maximum proportion of electrical energy generated by a
solar cell relative to the energy of the incident light. It is
expressed by the following relational equation and is
shown in Fig. 7.

_ Jee X Voo X FF

n X100 [%]

n : photoelectric conversion efficiency
Jse : short-circuit current density

P : irradiation light intensity density
Vee : open-circuit voltage

FF : fill factor

For the purpose of improving efficiency, it is
necessary to increase the blue area in Fig. 7, that is, to
increase the current, voltage and fill factor.

As indicated in Table 1, the amount of Sb2Ss adsorbed
increases in proportion to the adsorption time. Because
the amount of light absorbed increases accordingly, the
current increases. However, because the current
decreased after the adsorption time exceeded 2 hr, it is
presumed that electron-hole recombination was promoted
inside the Sbh2Ss particles, causing the loss of electrons as
thermal energy even though the amount of light absorbed
increased.

2.4.2 Prevention of recombination between TiOz/
P3HT

To prevent recombination, the TiO: surface was
pretreated with decylphosphonic acid (DPA). It was
recently discovered in Professor Gritzel’s laboratory that
the application of this DPA treatment to the dye/TiO:
interface in DSSCs has the same effect of inhibiting
recombination. Table 2 compares the measured current
and voltage with and without the DPA treatment.

The results show that the DPA treatment especially
improved both the voltage and fill factor, resulting in the
highest level of efficiency # = 3.9% for this material system.
The reason for this improvement was examined by
applying a technique called impedance analysis to
investigate the recombination resistance between TiOz/
P3HT. The analysis revealed that recombination tended not
to occur as a result of modifying the surface with DPA,
which implies that recombination was inhibited.

The following mechanism was inferred from these
results. As shown in Fig. 8, without the DPA treatment the
electrons produced by charge separation from Sh2Ss and
injected into the TiO:2 layer passed through the exposed
TiO: surface, recombined with holes in P3HT (reverse
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electron transfer) and were lost as thermal energy. In
contrast, the surface modification with DPA formed a
blocking layer that acted to prevent recombination. In
other words, inhibiting reverse electron transfer
presumably resulted in a Voc improvement that led to
greater efficiency.

3. Conclusions

Low-cost and high-efficiency solar cells are needed to
extend the EV driving range. It was hypothesized that
applying next-generation solid-state quantum-dot-sensitized
solar cells (ss-QDSSCs) would be a promising approach, so
a study was made of a Sh2S; ss-QDSSC.

One issue in achieving higher efficiency is to prevent
electron-hole recombination in the light-absorbing element
and between TiOz2/P3HT. The respective measures taken
to prevent recombination were to control the quantum dot
diameter and to modify the TiO:2 surface with a DPA
treatment, which were effective in achieving efficiency # =
3.9%.

The results of an impedance analysis suggested that
DPA acted as a blocking layer that presumably resulted in
improved voltage.
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Analysis of Effective Surface Area for Electrochemical Reaction
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Summary Nissan is aiming to be a leader in the field of zero-emission vehicles, putting primary
emphasis on electric vehicles (EVs). There are several possible candidates as power sources such as
lithium-ion batteries and polymer electrolyte fuel cells (PEFCs) that run on hydrogen, among others.
Their common denominator is that they are all electrochemical devices operating on electrochemical
reactions. The most important thing for optimizing such electrochemical devices is to maximize the
surface area of the electrocatalysts where the electrochemical reactions occur. However, the effective
surface area under real operation is still not sufficiently understood. Accordingly, Nissan collaborated
with Imperial College London in an attempt to develop a new method for measuring the effective
surface area of platinum (Pt), which is the electrocatalyst for PEFCs, for electrochemical reactions
under actual operation. Through this collaboration, we have successfully developed a new method that
enables us to measure not only the effective surface are but also the size of blocked area that causes
loss of the effective surface area.

Key words : Research & Development, fuel cell, effective surface area, RDE, HOR

1.1 U & [C 1. Introduction

Nissan has set the goal of being a leader in the field of
zero-emission mobility and one of the principal means of
accomplishing that is through zero-emission vehicles,
namely, electric vehicles (EVs). At present, various
possibilities can be considered as the power source of EVs,
including lithium-ion batteries and polymer electrolyte fuel
cells (PEFCs) using hydrogen as the fuel. Research and
development work is currently proceeding in parallel on
these different technologies. One of their common features
is that they all represent electrochemical devices, which

HEIZXO - I vy a yOfEBT) =52k b0
HiZx#EFCcB), ToEHIE, ¥o- 3 v a VH,
ThOLEBECTHL, TOHFEELT, VF T a4
YNy T ) RFRWEE T AEREEM (PEFC) 7 L,
T2 UTBEEATBIRE L TIEE Z S, IS OWFZER 5
PAATL THED SN TS, FTNARIBELTE RS
2L, WIS ERFEGE M 2 BRI T3
AL ZEThD, BRAFET A ZDIRBEIZB T

ROEELZLIE, TOESALERICY Th 2 iliiiof
WMEREZRARRFATEL I ICEKFATAZETH S,
L2 L. EBICRUSAHEST L T 2 B o il £ g 12>
WTOHMRIE, RLTHFFEIEE ARV OB L
TTFNA A% b L. I A NS ZMERT 52 133k
WIZWEETH B, L, ETORSILFET N ZZB
HIBEORETH B0 72 TAMIETIZ, BEXALYFSUS

make use of electrochemical reactions. In optimizing
electrochemical devices, the most critical factor is to
execute a device design that allows maximum use of the
effective surface area of the catalyst where the
electrochemical reactions take place. However, a sufficient
understanding is still lacking of the catalyst surface area
while the reactions are actually proceeding. Without such
an understanding, it would be next to impossible to
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Fig. 1 Schematic diagram of a rotating disk electrode

optimize the electrochemical device and ensure cost
competitiveness. This is an issue that is common to all
electrochemical devices. Therefore, in this study, we
developed a method of measuring the effective surface
area of the catalyst in a PEFC under the actual conditions
when the electrochemical reactions are taking place.

This study was conducted under the guidance of
Professor Anthony Kucernak at Imperial College London
(ICL) in the U.K. Professor Kucernak is a leading authority
in the discipline of electrochemistry and is thoroughly
familiar with various other electrochemical devices besides
fuel cells. He is especially skilled at developing unique
measurement methods not seen anywhere else. This
includes giving a modern arrangement to instruments and
methods that have been around for a long time or refining
ordinary measurement methods to give them originality.
Therefore, Professor Kucernak was regarded as the best-
suited collaborator for this formidable task of researching
and developing a new method of measuring the effective
surface area of the catalyst. This article describes the
results obtained during the author’s overseas stay at ICL
for approximately two years.

2. Details of Joint Research

2.1 Existing techniques

In evaluating the catalytic activity of electrochemical
catalysts, not only those of PEFCs, it is imperative to
eliminate the influence of the transport resistance of
reactants. For that purpose, the rotating disk electrode
(RDE) method is a commonly used technique for
evaluating catalytic activity. As shown in Fig. 1, this method
involves controlling the rotation rate of a disk-shaped
electrode. It is well known that the transport resistance of
reactants in the electrolyte relative to the electrode surface
is dependent on the rotation rate of the electrode and can
be expressed by the Levich equation. The use of the
Levich equation makes it possible to evaluate catalytic
activity without being influenced by material transport,
which is a distinct feature of the RDE method. This
method extrapolates the current at which the rotation rate
of the electrode becomes infinite (material transport
quickly becomes infinite).

The electrochemical reactions in a PEFC can be
expressed as:

Fuel electrode: 2H: — 4H* + 4e- (08
Oxygen electrode: Oz + 4H* + 4e- = H20  (2)

Equation (2) for the oxygen reduction reaction is
slower and requires more catalyst material than Eq. (1) for
the hydrogen oxidation reaction (HOR). That means
reactivity at the oxygen electrode must be improved in
order to reduce the PEFC cost. However, the potential at
the oxygen electrode is high and it is difficult to determine
the actual reaction area because an oxide layer forms on
the electrode surface. One possible method is to quantify
the amount of platinum (Pt) oxide and calculate backwards
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to find the reaction area. However, in addition to requiring
several hypotheses, this method leaves some doubt about
quantitativity because there are many results that cannot
be interpreted on the basis of the surface area calculated in
this way.

2.2 Reasoning behind development of new
measurement method

Measurement of HOR at the fuel electrode is usually
done at a low potential because the reaction proceeds
sufficiently fast even at low potentials. A rotating electrode
was used to investigate the current behavior when
sweeping from a low to a high potential in the HOR
measurement. The results showed that the current
reached the material transport limit determined by the
electrode rotation rate by a potential of 0.1 V and that the
current declined at higher potentials above 0.6 V, which is
the actual operating region of the PEFC oxygen electrode
(Fig. 2). These results were then arranged in Koutecky-
Levich plots showing the material transport property in
relation to the rotation rate. The resultant graph is shown
in Fig. 3. It is seen that the slope of the Koutecky-Levich
plots at high potentials changed corresponding to the
rotation rate. At lower rotation rates on the right side of the
figure, the slope was same as that at low potentials and
tended to increase as the rotation rate increased.

The same type of phenomenon has been reported
previously, but ambiguously interpreted as a decline in the
hydrogen oxidation capability of Pt at high potentials.
However, we reasoned that a detailed understanding of this
phenomenon might provide a hint for evaluating the
effective surface area of the catalyst. The slope of
Koutecky-Levich plots is determined by the geometrical
area of the electrodes (A), the bulk reactant concentration
(Co), diffusivity of the reactants in the electrolyte (D), and
the kinematic viscosity (v) of the electrolyte, which means
it should be constant by nature. However, as noted above,
the results showed that the slope tended to increase with
an increasing rotation rate at high potentials. It was
reasoned that this change was due to a change in the
effective surface area of the disk electrode, and thus it
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presumably changed a parameter that originally should not
change.

2.3 Theoretical interpretation of the slope change
using a model

Assuming that this hypothesis was correct, partial
blocking of the electrode surface would cause the slope to
change even at low potentials where no change in the
slope was observed. Therefore, an experiment was
designed for the purpose of validating this hypothesis.
Carbon monoxide (CO), which is known for specific
adsorption on Pt, was selected as the blocking material. In
addition, it was assumed that this specific adsorption of CO
on Pt would raise the potential of Pt, resulting in CO
oxidation and removal as carbon dioxide (COz2). At that
time, some CO could remain adsorbed on the catalyst by
controlling the rise in the potential, holding time or some
other conditions. Such an electrode was then fabricated
and the HOR current was observed in the same way. The
results confirmed that the slope of the Koutecky-Levich
plots increased at low potentials in the same way as was
observed at high potentials (Fig. 4).

The physical meaning of the change in the slope of
the Koutecky-Levich plots was thus confirmed by the
verification experiment and shown to correlate with the
effective surface area of the catalyst. However, a
theoretical explanation was needed to quantify the
relationship. Trying to obtain that explanation
experimentally would require controlling many parameters
such as the electrode geometry, morphology of the
partially blocked area, and the electrode rotation rate,
among others. Because it would not be easy to control all
these parameters, it was concluded that conducting
simulations with a model would be more suitable.

The transport of materials to the electrode surface is
represented by diffusion in the Koutecky-Levich equation.
Accordingly, a model was constructed that assumed the
electrode surface was rendered partially ineffective by CO
blocking and diffusion was the only transport phenomenon
considered. The model was used to calculate the
concentration distribution of the reactants at the electrode
surface. It was assumed that the change in concentration
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at the outermost surface of the electrode would
correspond to the current and that the diffusion layer
thickness would correspond to the rotation rate. Such a
simulation would yield the relationship between the
current (and also the current density) and the electrode
rotation rate. In other words, the simulation would make it
possible to trace the Koutecky-Levich plots.

Using the diffusion model, calculations were
conducted in which the blocking rate () and the size of
the blocked area (1) were varied as parameters. The
results are shown in Fig. 5. It is seen that the plots simply
moved upward in parallel regardless of how the
parameters were changed. Put differently, the intercept
simply increased and no change was observed in the slope.
In other words, the experimental results could not be
explained by diffusion alone.

The same calculations were then performed again
using a convection model that only considered convection
as the transport phenomenon. In the case of a rotating
electrode, the influence of diffusion can be ignored if the
distance between the effective sites (or the size of the
blocked area) is sufficiently larger than the thickness of
the diffusion layer. Accordingly, it was assumed that the
experimental results could be explained with this model.

The results obtained are shown in Fig. 6. It was
confirmed that the slope of the plots tended to change
depending on the parameters when the convection model
was used. However, the slope was constant and did not
depend on the electrode rotation rate. With the convection
model, the change in the slope signifies a change in the
effectiveness of the catalyst, i.e., a change in the current
per unit of area, y . The intercept was plotted in a straight
line toward the origin without showing any change. It
appeared that this model could explain the change in the
slope at high rotation rates, but it could not explain why
the slope did not change at low rotation rates. In other
words, although convection should be considered as a
transport phenomenon, it was found that convection alone
could not explain the experimental results.

The simulation results revealed that only the intercept
of the Koutecky-Levich plots changed with the diffusion
model and similarly only the slope changed with the
convection model. Based on the simulation results, a
convective-diffusion model was then constructed that
considered both diffusion and convection. The model was
used to conduct a parametric study and the results are
shown in Fig. 7. As can be seen in the figure, the
calculations performed with the convective-diffusion model
revealed that the slope of the Koutecky-Levich plots tended
to change according to the rotation rate, i.e., the slope
increased in the higher rotation rate region. As mentioned
earlier in connection with the convection model,
convection becomes dominant because the influence of
diffusion can be ignored if the size of the blocked area is
sufficiently larger than the diffusion layer thickness, for
example, in the region of high rotation rates where the
diffusion layer becomes extremely thin. Put differently, if
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the diffusion layer is sufficiently thick (i.e., the rotation
rate is low), diffusion becomes dominant and the influence
of convection decreases even if the electrode surface is
blocked.

Based on these results, it was inferred that the change
in the slope of the Koutecky-Levich plots was attributable
to the transition in the transport of the reactants to the
electrode surface; specifically, the dominance of diffusion
at low rotation rates and convection at high rotation rates
represented this transition in the transport phenomenon. It
is observed in Fig. 7 that the slope tended to change from
a low rotation rate with increasing size of the CO blocked
area. This indicates that the influence of convection was
seen at a relatively low rotation rate as the size of the
blocked area became bigger, which is consistent with the
theoretical explanation mentioned above. In other words,
the experimental results were reproduced by the
convective-diffusion model.

2.4 Quantification of actual effective surface area

Having obtained a theoretical explanation, a study was
then undertaken to quantify the actual effective surface area
of the catalyst. Because the change in the slope of the
Koutecky-Levich plots corresponded to y* with the
convection model, y¢f can be found by extrapolating the
slope at ultra-high rotation rates where convection is
dominant. However, what we wanted to find was not just y°f,
but the actual effective surface area (1- 8). It was assumed
that y°is dependent on two parameters, 6 and I. For
example, even at the same value of 6, if I is small and the
blocked area is highly diffused, it will promote the
transport of more reactants to the effective portion, so y ¢
will not decrease as far as 1- . Consequently, if these
relationships are correctly understood and can be
separated, it should be possible to obtain 1- 4.

A method of separating the relationships was then
investigated. It was assumed that the effective surface area
and the size of the blocked area were dependent only on
the electrode potential and that y*f was also dependent on
the electrode geometry. This investigation presumed the
use of a disk electrode. When blocking occurs, the
influence of convection differs between the vicinity near
the center of rotation and the area around the edges of the
electrode. The latter area benefits from the improved rate
of material transport due to convection, with the result that
catalyst effectiveness should be markedly manifested. This
means that with a smaller disk electrode the change in the
slope will appear at a lower rotation rate even at the same
potential (i.e., at the same values of # and I). In this way, if
results are available for different disk electrode diameters,
multiple relational equations can be formulated for y°f, 6
and I. By solving them simultaneously, the relationships
can be separated.

A Pt disk electrode of 2 mm in diameter, smaller than
the ordinary 5-mm-diameter disk, was actually fabricated
and the same types of tests as those explained above were
repeated. As expected, the results confirmed that the slope
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of the Koutecky-Levich plots tended to change from a low
rotation rate even at the same potential. This same
tendency was also confirmed by simulation. Based on the
experimental results obtained with the different disk
electrode diameters, 6 and I were separated and the
results are shown in Fig. 8 in relation to the potential. The
results revealed that 1- # had already declined markedly at
a potential of 0.4 V, which is a relatively low potential.

As mentioned earlier, the amount of Pt oxide was
quantified and the percentage of the blocking attributable
to the Pt oxide was found and is also shown in Fig. 8. It has
generally been considered that oxides on the Pt surface
are one cause of the decrease in the actual effective
surface area. However, the results of this investigation
differed noticeably from that way of thinking. An
examination of the relationship between the size of
the blocked area and the potential indicates good
correspondence with the formation of Pt oxides. This
implies that the increase in the size of the blocked area
represents the growing size of the Pt oxides. In that case,
what is @ attributable to at lower potentials than that for
the formation of Pt oxides? An attempt was made to answer
that question.

There are several examples of studies in which a
crystal oscillator was used to examine the adsorption of
electrolyte components on the Pt surface. All of the
experiments were conducted using a perchloric acid
aqueous solution (HCIOs4, 0.1 M), which is thought not to
adsorb specifically on Pt. However, recent studies have
reported that even when this electrolyte was used
perchlorate ions (ClO+") adsorbed on the Pt surface at low
potentials. The phenomenon observed at low potentials
with the method used in this study was presumably due to
that same effect. As explained here, using the change in
the material transport resistance as a probe made it
possible to establish a method capable of measuring the
effective surface area of the catalyst under actual
electrochemical reactions.

3. Conclusion

As a result of this study, a method was established for
evaluating the effective surface area of the catalyst under
the conditions where actual electrochemical reactions are
taking place, which has been difficult to accomplish
heretofore. In addition, this method also makes it possible
simultaneously to evaluate the size of the blocked area on
the catalyst surface, something that has been difficult to do
previously. Moreover, the results revealed that electrolyte
components also adsorb on the catalyst surface in addition
to oxides, which has been the general theory to date, and
that they already cause the effective surface area of the Pt
catalyst to decrease at low potentials. The method
developed in this study is applicable to the optimization of
the electrode structure of electrochemical devices,
especially fuel cells.
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Development of the New VR30DDTT Engine
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Summary The VR30DDTT engine was developed as the successor to the VQ37VHR engine. This
new engine provides good environmental performance, including high fuel efficiency and the latent
capacity for compliance with future exhaust emissions regulations all over the world. It also delivers
outstanding driving performance as the Infiniti brand’s flagship V6 engine, owing to the adoption of
many advanced technologies. This article describes the overwhelming performance achieved by the
VR30DDTT engine and the advanced technologies it incorporates.

Key words : Power Unit, gasoline engine, direct injection, turbocharger, inter cooler, downsizing,
engine performance, thermal efficiency
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1. Introduction

Fuel economy regulations are becoming increasingly
tighter every year from the standpoints of energy security
and measures to curb global warming, as typified by the
Corporate Average Fuel Economy (CAFE) and greenhouse
gas emissions standards adopted in the United States.
Efforts to reduce air pollutants from vehicles are also
indispensable and necessary if the automobile is to
continue to be a member of sustainable societies in the
years ahead. While the ultimate form of zero-emission
vehicles may be electric vehicles and fuel cell vehicles, it
will take some time yet before they become prevalent.
Numerous issues must be overcome to facilitate a
complete transition to zero-emission vehicles, not only
technological problems, but also the implementation of
the necessary infrastructure to support their use. There
is no doubt that internal combustion engines (ICEs) will
continue to be the mainstream power sources of vehicles
for the foreseeable future. Vehicle manufacturers
everywhere are taking various approaches to further
improve ICE efficiency such as through the downsizing of
engines.

At the same time, dynamic performance that leads to
the joys and pleasures of a powerful and nimble driving
experience is also a vitally important vehicle attribute,
especially in the luxury car category.

IS — ML A 7Yy B Powertrain Project Management Department  **/37 — + L 1 > #5585, Powertrain Control
Engineering Department ** L2 Y Y & b T Y A3 v ¥ a YAl %EEE Engine and Transmission Engineering Department
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Table 1 Engine specifications

Infiniti Q50 Infiniti Q50 Infiniti Q50
VQ37VHR VR30DDTT VR30DDTT
Standard output High output
Engine type DOHC 24-valve V6 DOHC 24-valve V6
Displacement (cm”) 3696 2997
Bore X stroke (mm) 95.5 X 86.0 86.0 X 86.0
Compression ratio 11.0:1 10.3:1
Variable valve timing INT.: Hydraulic INT.: Electric
control EXH.: Without EXH.: Hydraulic
Turbocharger Without Twin turbochargers
Intercooler Without Water cooled
Fuel supply system EGI DIG
Max. power (HP / rpm) 328/ 7000 300/ 6400 400/ 6400
Max. torque (N*m / rpm), 363 /5200 400/ 1600~ 5200 475/ 1600~ 5200

®-1 IVIVHEH
Fig. 1 External view of engine

The aim set for the development of the new
VR30DDTT engine was to achieve overwhelming
superiority over rival models by not allowing any
compromises with regard to driving performance, while
endowing the engine with fundamental qualities
supporting its global deployment by envisioning future
trends in emissions and fuel economy regulations.

2. Development Aim

The VR30DDTT engine was developed to succeed the
VQ37VHR engine as the flagship engine for supporting
next-generation Infiniti brand models. Since the VQ engine
was put on the market in 1994, it has been highly acclaimed
for its perky acceleration and excellent throttle response.
The VQ35DE engine that was mounted on the Infiniti G35
in 2002 enabled the car to boast overwhelming dynamic
performance in its segment. Subsequently, to compete
with a 3.0L 6-cylnder direct-injection turbocharged engine
that was fitted to a German premium sedan in 2005, Nissan
further evolved the VQ series by developing the VQ35HR
and VQ37VHR engines. However, considering the changes
in expanding market needs and compliance with future
emissions and fuel economy standards, it was concluded
that it was advisable to update the flagship engine to a
new 3.0L direct-injection turbocharged V6 in order to
secure higher potential for emissions and fuel economy
performance combined with overwhelming dynamic
performance.

The biggest challenge to be addressed in developing
the new VR30DDTT engine was to achieve in a
turbocharged engine the perky and sharp throttle
response that characterizes the DNA of the VQ engine
series.

3. Engine Overview and Specifications

The specifications of the VR30DDTT engine are listed
in Table 1 in comparison with those of the previous engine,
and Fig. 1 shows an external view of the engine.

The VR30DDTT engine embodies a host of cutting-
edge technologies to achieve substantial improvements in
power and fuel economy compared with the previous
VQ37VHR engine. These include the adoption of 3.0L
displacement, application of turbocharging, and the use of
a direct-injection gasoline (DIG) combustion system,
among others (Table 2).

Nearly all of the major component parts were newly
designed, but except for the bore diameter, the principal
dimensions were continued from the previous engine. That
held down new capital investment in equipment by
enabling effective use of the existing production facilities
at the Iwaki Plant where the engine is built.

4. Overwhelming Power Performance and Response

4.1 Development aim

The development aim was to achieve preeminent
performance in a mass-marketed 3.0L turbocharged
engine. Transient response usually requires a trade-off in
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Table 2 List of improvement measures

Power & Fuel | Exhaust | Weight
Response S :
torque economy | emissions | savings

Engine proper & | Thermally sprayed, mirror-finished

2 . . O O O
major moving cylinder bores

parts Piston top rings with high thermal
conductivity

Hydrogen-free DLC-coated piston
rings

Alumite-coated piston crown
underside

Optimized piston cooling channels
and increased oil jet flow rate

Hybrid piston skirt coating o)

Electroprecipitated alumite coating
treatment on piston ring grooves

High strength materials
(pistons, crankshaft)

Cylinder head with integrated O A

Cvlinderhead |, st manifold

End gas cooling

Thinner cylinder head

OO0

Valve train Electrically operated VTC system C

Sodium-filled exhaust valves

O |10

Optimized valve springs of beehive
type

Increased radius of cam chain
backsid

O

Discontinuation of rear chain case

Turbocharging  [Compact twin turbos and turbine
system |speed sensor

Electronically controlled wastegate

Water-cooled intercooler ©)

Lubrication Electronically controlled variable A

system displacement oil pump

Plastic oil pan

OW-20 low viscosity engine oil

Fueling DIG (20 MPa) o] O O O

Cooling Multi-way control valve (MCV) O

Intake system  |Plastic intake manifold
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the case of a high-power turbocharged engine, but the
VR30DDTT achieves an intercept speed of 1600 rpm, thus
allowing no compromises with regard to responsiveness
(Fig. 2).

The 2015 model year Infiniti Q50 is fitted with the
VQ37VHR engine, a large-displacement naturally aspirated
engine that incorporates Nissan’s Variable Valve Event and
Lift (VVEL) system. This engine substantially reduces the
pressure response lag in the intake manifold when the
driver depresses the accelerator pedal to provide
acceleration with a feeling of an immediate, direct
response. However, the subsequent sensation of a
sustained increase in acceleration (G) was still an issue.
Therefore, the aim set for the new VR30DDTT engine was
to achieve a much more pleasing acceleration feel by
continuing the immediate, direct throttle response and
markedly improving the sensation of a sustained increase
in acceleration. The VR30DDTT engine continues to
deliver high acceleration (G) without any hesitation until
the transmission upshifts to second gear, after which it still
sustains high acceleration (G). As a result, the VR30DDTT
engine shortens the 0-60 mph acceleration time by 0.7 s
compared with the previous VQ37VHR engine (Fig 3).
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4.2 Technologies adopted
4.2.1 DIG combustion system

The formation of the air-fuel mixture is an especially
important factor in a DIG combustion system. It is
necessary to mix the fuel spray homogenously into the
air in order to produce high levels of torque and power.
Moreover, to reduce engine-out emissions, the fuel
concentration in the air-fuel mixture right after engine start
must be stratified and a stable, rich air-fuel mixture must
be formed around the spark plug. To accomplish that, full
use was made of computational fluid dynamics (CFD) from
the design stage onward to optimize the intake air flow
(intake port geometry, valve timing and piston crown
configuration), injector spray pattern, fuel pressure,
injection timing, split injection ratio and other parameters.
A fuel injection pattern with a maximum of three injections
was adopted for the VR30DDTT engine (Figs. 4 and 5).
4.2.2 Valve timing control system

Adopting the Miller cycle with a late intake valve
closing timing for the low-load region in which the engine
frequently operates during ordinary driving makes it
possible to improve fuel economy by reducing pumping
losses. On the other hand, in acceleration situations when
it is necessary to produce high torque, large valve overlap
must be provided by applying an early intake valve opening
timing. The required valve timing thus differs depending
on the fuel economy region. For that reason, a valve timing
control (VI'C) system capable of changing the valve timing
quickly is needed to obtain both good fuel economy and
sharp acceleration response.

On the intake side of the VR30DDTT engine, an
electrically operated VT C system was adopted in place of
the previous hydraulically activated VI'C. The VTC system
is constructed so that it can trace the optimum valve timing
without any delay, thereby providing both the desired fuel
economy and response (Fig. 6).

4.2.3 Turbocharging system

High power output and response usually involve a
trade-off in a turbocharged engine. A large-diameter
turbine and compressor are advantageous for high power
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Fig. 7 Turbocharging system
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output, but a small diameter is desirable for quick
response. A small-diameter turbine and compressor were
adopted for the VR30DDTT engine to obtain sharp
acceleration response. Overspeed prevention control using
an electronically controlled wastegate and a turbocharger
speed sensor was added to the boost pressure control
system, enabling the twin turbochargers to be used fully to
their speed limit, which provides quick response combined
with high power output.

In addition, a water-cooled intercooler system was
adopted to reduce the capacity of the intake system. The
intake volume downstream of the compressor was
optimized (air-cooled ratio: 60%) to improve torque
response (Fig. 7).

4.2.4 Friction reduction and weight savings
e Friction reduction

From the outset of the development of the VQ engine,
efforts were made to reduce friction, and further measures
have been continuously applied over the years to lower
friction levels. In 2006, Nissan developed a hydrogen-free
diamond-like carbon (DLC) coating for application to valve
lifters and has continued to expand the application of DLC-
coated lifters. In addition to applying this low-friction
technology to the VR30DDTT engine, other measures
adopted to reduce friction further include mirror bore
coating for cylinder block, an electronically controlled
variable displacement oil pump, a OW-20 low viscosity
engine oil and a hybrid piston skirt coating. As a result,
friction was reduced by 30% compared with the previous
VQ37VHR engine, even though a high-pressure fuel pump
was added for the DIG fueling system, a vacuum pump was
adopted for the braking system, and both torque and
power levels of the new engine were markedly increased.

o Weight savings

The engine weight was reduced by 16 kg from that of
the previous engine owing to the adoption of the weight
reduction measures listed in Table 2 and the optimization
of part shapes. (This excludes the weight increase due to
the twin turbochargers.)

4.2.5 Technical measures for coping with higher
power output (higher Pmax)

The strength, wear resistance and sealing properties

R R e e =

at 2000 rpm and 2 bar brake mean effective pressure (BMEP)

BWater pump
Acc belt

Valvetrain =Vaccum pump

® Fuel pump
®Oil pump

¥ Cranktrain

Mechanica friction torque

VQ37VHR

VR30DDTT

-8 JUovav
Fig. 8 Breakdown of engine friction
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of the engine proper and major moving parts were
improved to cope with the higher maximum in-cylinder
pressure (Pmax) needed to obtain increased power output.
Thanks to the adoption of the measures noted below, the
engine proper and major moving parts can withstand 50%
higher cylinder pressure than the previous VQ37VHR
engine, despite the limitations on the major dimensions as
noted earlier.
 Application of high-strength materials to the pistons and
crankshaft to increase their strength
e Application of an electroprecipitated metal reinforced
anodizing to the piston ring grooves and improvement of
contact pressure resistance of the connecting rod
bearings for improved wear resistance
¢ Increased axial force of the cylinder head bolts and
optimization of the cylinder head gasket layout for
improved sealing properties

5. High Efficiency and Clean Environmental
Performance

5.1 Development aims

From the outset of the development work, the aim was
to incorporate in the VR30DDTT engine the potential for
meeting even tighter exhaust emissions and fuel economy
regulations in the future through minimal changes. The
specific exhaust emissions regulations targeted were the
Super Ultra-low Emission Vehicle (SULEV) standard in the
U.S. and the EURO6c standard in Europe. The concept was
to incorporate the principal engine specifications and main
key technologies for complying with these standards from
the beginning and to meet subsequent changes in the
regulations basically through retrofitting measures such as
by varying the precious metal loading of the emission
control catalysts. With regard to fuel economy regulations,
the highest fuel economy in the 3.0L high-powered engine
sedan class was envisioned for 2016 and the aim was to
exceed that level.

5.2 Technologies adopted
5.2.1 Higher combustion efficiency

In addition to increasing the compression ratio and
adopting various friction reduction measures, valve timing
was also optimized to secure a wider region of low brake
specific fuel consumption as shown in Fig. 9.
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Cylinder head of Cylinder head of
new VR30DDTT VQ37VHR
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Fig. 10 Cylinder head with integrated exhaust manifold
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5.2.2 Mirror bore coating technology for cylinder
block

The VR30DDTT engine also adopts mirror bore
coating for cylinder block, which Nissan engines have
featured since the MR16DDT engine released in 2014.
This technology reduces friction, improves knocking
resistance and also contributes to weight savings.
5.2.3 Cylinder head with integrated exhaust
manifold

Looking ahead to future exhaust emissions
regulations, a cylinder head with an integrated exhaust
manifold was adopted that is highly effective in raising the
catalyst temperature (Fig. 10). In addition to integrating
the exhaust manifold into the cylinder head, the DIG
combustion system was optimized and the electrically
operated VTC system that was adopted can change the
valve timings instantaneously. The effective use of these
measures gives the VR30DDTT engine the potential for
higher environmental performance than the previous
engine, enabling the new engine to comply with tighter
exhaust emissions regulations, despite being fitted with
twin turbochargers the thermal mass of which greatly
lowers the exhaust temperature (Fig. 11).

6. Conclusion

The overriding priority set for the new VR30DDTT
engine was to create a flagship engine for the Infiniti brand
in the luxury car segment where there are many
formidable rivals. As such, the engine had to be capable of
displaying overwhelming performance and presence and
allow global deployment over many years to come. Toward
that end, power, torque and response were naturally
improved, while simultaneously securing excellent
environmental performance typified by cleaner exhaust
emissions and higher fuel economy. Meticulous attention
was paid to the smallest details such as engine smoothness
and no compromises were allowed. As the successor of the
VQ engine that enjoys an excellent reputation in global
markets, the VR30DDTT engine has been adopted first on
the Infiniti Q50 and Q60 models. The engine has been
further evolved through the adoption of a host of advanced
technologies, and it is hoped that many customers will
favor it for a long time to come.

7. Acknowledgments

The authors would like to thank everyone inside and
outside the company for their many helpful contributions
and invaluable cooperation with the development and
commercialization of this new engine.

References

1) Y. Matsui et al., Development of a New Highly Efficient
4-cylinder 1.6L Direct Injection Gasoline Turbocharged
Engine, Nissan Technical Review, No. 76, pp. 42-47 (2015).

2) S. Ikeda et al., Development of the New VQ37VHR
Engine, Nissan Technical Review, No. 62, pp. 4-7 (2008).



#FEIVRIODDTT IV IV DREF

WEZE  Author(s) H

\ & \ \ ‘ \ )
a It 1= 7O B B®OF OB % B ) N /N [
Hitoshi Ishi Shosaku Ando Akihiro Shikata Tsutomu Tanaka Akihiro Hayashi ~ Kazuaki Takashima

H 2 # #R No78 (2016-3) 92



HHARWMERE

1. HilE

(2014411 A ~20154E 10 H)

—BR

REZ P, o, B D7 H 2 RIZBRL T ) £9,

MR ITZHIFOFTE, () 30F7ER S LI OHE,

ZHER B %

% B Ol

Wi
i3

2014.11 | FR% 26 FEMHR) | | REEESFRE
CEINEY!

HERE

BEFHREH

FAEEFHTRE

55 51 [ RE Tl 2 R Sl B F5 1 g

L R 7 NS (T
E I (¢
BoE LY
Ok Bl OE
woE LW
(B E T ¥)
g R -
F OB R R
Ez B R E R
L N NI S (T
BoE LY
B oE L ¥
EE R A s —
%2 OB R
et R 5 -
OB R E R
et R 5 -
T C S X
e O
R AR £ s —
(R i f Bt v 5 -)
E ¢
(T CS X)
AVRINZ 231 ket
(BT ¥l 56
BV HEVavA-Ry MRS
L N 7 NS (T
LN NI S O
B B
LN NI S (T
(£ B R 1E &)
D A [
PrEE R A s —
EV-HEVZV/R-4v MRS
BV HEVavA-Ry MRS
LN NI S (T
(T CS X)

L O 3
Ik H T
LR T

— O

= JeHl
Kt 2
g se
TAH Hhik
A E—
T 7711
Yk A

HER ot
AN VNS
i Ek

L YN

ik BR

KH AEHE

FER<F K
VAL igEe 7
il VN
NI TN
LR P

EN RV
B BER
P
AR TR
A FhER

201411 R 26 EEHASMEE BB | 73 oA T B WEE LA
(B
201411 | TR 26 FEMASRSEAL BRI | St | 7 Hikk yo—r U MERS i H—
L2ERY (AT H)
UBAY) | s s 2 WOk T % fam EmE
93 NISSAN TECHNICAL REVIEW No.78 (2016—3)




(2014411 A ~20154E 10 H)

ZHEAEH H % % B OO %z B %=
2014.11 | Fri 26 FEEMSRHERE B HoeEHEBEAMN WBE &
(e i U
2014.11 | PR 26 FEEMIE SN ESANTERES iR CIRE CEBRER L H L, YEie | H BE B B BN FIE 5
G| B - REE A /T 2 b CEBT 5720,
FERE O 1) b S BLE BB 3 5 B 1S TG A T Lo
%o G RA I O e B E LT
Wk,
20153 |*FH 26 FBEFSEFRINARFY (| FEBETHL L WA E — 5 O | EVYAT AR Il &
RSB PIES RN FERE AR T A — & B IRAT
(—BAL BN B FSERIGHEM)
20153 |‘FR 26 FETFRERINARF | EBHWIC BT 2 AR E— 5 OGS |[F)T - F-EANER fRE FE
- BERMEREAE (BFIAR) (EV ¥ 27 L5201
- BRPEmE (BIE SfeEE)
(— A BN EREES)
20153 |2014 EMFARFMTEES BT L A28 E 7 V2365 Driving | AA5Y—/871 =<y [l 5EHl
ERBERRE Pleasure |~ B2 5t ERERET
(AL B BhBLR AR 23 )
20154 |ER 27 FEDRBE JE SR 5% DIV | I R =R X
EREE
(PRI #5055 S B HE I )
20154 |27 FERERMDEOIERR |2 > ¥ I BRI 1 HEOEE Wb 2 LM A
FRERE WNBEEORMEROBIFEOSE W A T S EED
BB TXISEE N ) , \
(R4 A EOREER OB kot W K LT ¥ H O FEH
TV IGEHGRT ZREHANXY FOEF K B Wk H O HP /A
71 SATHI B AR A — LV DER 9 B W 1E O JE Sl
LB )VEEMESROU R & 2 Mgkl oot Bk v y—  HiE &
YA aVIckpu-2A MERBIEEOER 0 BB N 6 B
eI ESE DT HogE B By 8L P Rk
20154 TR 27 EEDEES 47T A ABMTE LCECMBIHL | B 5 i 5% m #
BREE mzk
(AT TS A= 57 BB HE T 55)
20155 |*ERY 26 E£E/N\FHE YUy Tay ZIBIT A HEHMHEE (K T Bl & KL ORI
(—HeALRIEN HRS A 7 A M) W oy o IR kR
O B O O mEEW
o o i FEE R
H ZE & #] No7s (2016-3) 94



(2014411 A ~20154E 10 H)

ZHER =4 % % H OBl % B &
20155 |55 65 CIBENERITRE —BHE I EEICBIT D R A ND YY) [FE) 7, - H-VAER T BT
mE Ny b ) A7 EEALTFEOWIE EEYTA - F-VARER  STH RE]
b O S NI <V N i TvE -
) U S NI~ J2:
WX E HEJHERENIC B 2B M EEEIC R B K 2 Bt B
D LR R S NI S = P Ol W
Korea Research Institute & ¥i%t
of Standards and Science
NAZ =T+ —v A FEIE JH=
SEBFAME
HAZT=INT =2V A HE FEE
SRR
ittFAzxE BHER AR TELEZY &V — 24 I |NYNEFRISSHE G #hi—
T —RM SR ON— 137 —F|7T H i ER 2
(AL ENE N BBV S| = 2 OF% AN=-Yay&7reF B B
1) — T 56
H #E 3 /& B [ &Lf0
20159 |IEEE IAS Indutrial Power Permanent magnet temperature estimation|University of Oviedo David Reigosa
Conversion Systems in PMSMs using pulsating high frequency|University of Oviedo  Daniel Fernandez
Electric Machines Prize Paper |current injection EV AT LWSEHT g 4%
Awards EVI AT Am9eE & 58
2015 Second Prize University of Oviedo  Fernando Briz
(IEEE)
20159 |SAE/JSAE International Mechanism Analysis on LSPI Occurrence |/37-MAVEHIRER 2578 FHH
Powertrains, Fuels & in Boosted S. I. Engines
Lubricants 2015
Best Paper Award
(SAE/JSAE]
95 NISSAN TECHNICAL REVIEW No.78 (2016-3)




2. ¥mEH=E

(2014411 A ~20154E 10 H)

METELBME 2 RIIBRL TBY £7.

ZHEH ZHE (B, Zofb - S +* i

201411 (A VI RTPEI TFT4 TAT T UG |20154EKR]JCT 7 / a Y —F 7H A ¥ — |[NPOEAHARHEBHEIIEE -
TVx—F) X MEik

2014.11 |SEEHTASE FERESEZEFT SR 26 4R IR A S KR R JEAE S B A e RE T B 5 R

2014.11

2014.11

2014.11

2014.11

2014.12

2014.12

2014.12

2014.12

2014.12

2014.12

2014.12

2015.1

2015.1

2015.1

X-Trail

Juke

Teana

HEBH®E

X-Trail

Juke

March

Teana

Evalia

Elgrand

(REBE TJXAKLAIL)

HEB®®E

HEB$=E

ATSEER (FHEITIRE. CCO
(Chief Creative Officer))

(WeSERET) Br FE BE FREE LT SERT)
PREIRELBY 1R [ F3ERT ]

Indonesia Car of the Year (ICOTY) 2014
- Best Medium SUV

Indonesia Car of the Year (ICOTY) 2014
- Best Small SUV

Indonesia Car of the Year (ICOTY) 2014
- Best Sedan
- Best Acoustics

Thomson Reuters 2014 Top 100 Global
Innovator Award

Auto Bild Award 2014
- Car of the Year
- Best Medium SUV

Auto Bild Award 2014
- Best Compact SUV

Auto Bild Award 2014
- Best Small Hatchback

Auto Bild Award 2014
- Best Big Seda

Auto Bild Award 2014
- Best Low MVP

Auto Bild Award 2014
- Best Luxury MVP

FE 2014 4F AR
(hEH— - F7 - f7—)

PR 26 A FECPEDSHE < ek e R
W R a2 RE (BRI EZ ) &

B15MAT LT — 7 HEAEE
CEHE

30th Edition of the International
Automobile Festival
LE GRAND PRIX DU DESIGN

(f >~ F+3+7) [Mobil Motor

=
(5

(4> K4 7) [Mohil Motor ]

=
A

(4>~ FA4¥7) [Mobil Motor)

=%
Ak

(k) Thomson Reuters

(£~ F4>7) [Auto Bild
Indonesia| &

(4>~ F227) [Auto Bild
Indonesia| &

(£~ F4>7) [Auto Bild
Indonesia| #&

(£ > F%3¥7) [Auto Bild

Indonesia| &

(41> FAx3T7) ['Auto Bild
Indonesia| &%

(£ ¥ Fa4>7) [Auto Bild
Indonesia| #&

H ] T AR s B

PRSI T3 o3k [l 2 1 )

—ALEEAI AR T LT =2

[ES

International Automobile
Festival in Paris

H ZE # #’ No7s (2016-3)

96




(2014411 A ~20154E 10 H)

STHFH ZHE (i), 2ot % B % * 1
20152 |Nissan Sustainability Yearbook 2015 (A4 A) RobecoSAM AG
- Silver Class
- Industry Mover
2015.3 |Pulsar 2015 Car of the Year for the Canary Canary Islands
Islands
2015.3 |Datsun Go Zee Zgnition Auto Awards 2015 (1 > F) Zee Business
- Entry Level Hatchback of the Year
20154 |EEE Best New Model To Come Award 160 EHEEEE—F -3 3 —
(LANNIA)
20155 T4 7P F INCAP7 7 A T A% —H FRZAT BN B B O
Pt (NASVA)
20156 EEBz EIsR) o 27 SRR A B0 < 0 ISy | NS L RS
AN EoSIpNEE S
20157 \HEELF WIS 1 RR7] FoMF v A7 A UE ¥ v AT7TWA UihES
T ESHEORERLTY A v —EM
20157 |[SNN TOOLS & DIES CO., LTD. 20154 GOOD FACTORY & — A H ARREEE &
(Thailand) 777 M)AV AV ME
97 NISSAN TECHNICAL REVIEW No.78 (2016-3)




ZEFiIZE  Technical Award News '

4650 HEJ T 2 E

i

o

The 65th JSAE Awards : Outstanding Technical Paper Award

—RFELERERICHIFTS RSAINDEFUN\Y ;- URTEELFEOHA

A Study of a Method for Quantifying Drivers’ Near-miss Risk at Stop Sign Intersection

ToB T

Machiko Hiramatsu

ol o\
Takashi Sunda

1.1 U & I

FERE T by EETER SN AT N
H—DERIZLY . FHEEPSINESNLKHEE Yy 7T —
S aRFH LY - CAORBRFEN T D, 2T
DAL E ST A — CADRSIE. ABESHE L
TR HMEREREO—DOTH L, AWfFEIL, Gl v 7
T = &IEH LT KT A A0z % W L&t
T5 L) A e RS 2 oA 2 Hig 3.
COFEMIZBWTHE L 2200, LeEiEnB T3
H5o

PERDE N T A NO R 7 LA L) 2y
DEMTE D o 7=, DAL L =) 27 OGRS 2
L7257z,

R Cld, e Xy M2 oRBEEE L. HEE
EABE YNy MDA EOBBREHSICL, E
BIGTHOZUNEDD 5 LB lmB I T2 IR L 72,

2. #f =

HARICBW TR EEBHREO RS LV ISV IS
HHL, SEORT v 7 CReEIRZBI TR L /.
9. HEVHEHFROL V—RefF 1507 H o R
WCEHL. FiFEO»S [EI1E] & [HEA] OERITE)
TEoEMTER L (M1, K2),

KIS, IRBUED HEEEATE 7 — ¥ N— AT, —fit
FIAMDeX )Ny MNEAEZER (M) v TH72) O

D0 0 0 0 0 0 0 0 1 0 0 0 0 0 A 0 0 O A R R TR TR SR Ca Ca e e e e o

Velocity
[km/h]

Distance

M-1 (ELEOEEITENER

Fig. 1 Driver behavior index for stopping

N STV -
Motoki Shino

£2 S| E3

Minoru Kamata

1. Introduction

With the spread of “connected car” technologies,
which connect on-board devices with data centers via
wireless communication, it is anticipated that new services
utilizing “traffic big data”—collected from each vehicle on
the road—will be developed. Among those developments,
development of services that contribute to road safety
is one challenge that we should overcome as car
manufacturers. In the present study, we aimed to create a
technology for enhancing safe driving by examining the
driving of individual drivers (by utilizing traffic big data)
and providing that information as a service. At the core of
this technology is a method for diagnosing safe driving.

Although technology for diagnosing a driver’s driving
on the basis of speed and acceleration has been available
for a while, the relationship between a diagnostic criterion
and accident risk has not been clarified.

In this study, taking a “near-miss” as an alternative
characteristic concerning an accident, we clarified the
relationship between everyday driving and near-miss risk,
and we devised a method for diagnosing safe driving
(hereafter, “safe driving diagnostic method”) in a
quantitative and reasonable manner.

2. Summary

Focusing on collisions at crossing (which are the
most-common accidents involving death or serious injury
in Japan), we formulated the safe driving diagnostic
method in the following three steps. First, focusing on the
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Fig.2 Driver behavior index for entering intersection
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process by which vehicles pass stop-sign intersections
(where collisions are most common) in the cases of
example accidents, we derived candidates for “driving
behavior indexes” for “stopping” at an intersection and
“entering” an intersection (Figs. 1 and 2).

Second, we specified two driving behavior indexes—
namely, a “velocity integral value for a low-minimum-speed
intersection” (Iv in Fig. 1) and a “starting-acceleration
integral value” (I. in Fig. 2). These indexes (i) have
a strong correlation with near-miss incidence rates of
normal drivers (i.e., incidence rates of hard braking at
intersections) stored in an everyday driving behavior
database (which is the biggest scale presently available in
Japan) and (ii) are measureable on-board a vehicle.

In the case of an actual road, although variability of
these indexes poses a problem, it was solved by using
statistical values of the indexes over a certain period of
time and diagnosing driving behavior where visibility
(which is notably expressed in individual differences in
driving behavior) is poor. The relationship between L. and
occurrence rate of near-miss incidents is shown in Fig. 3.

Third, in a test-course experiment, we reproduced a
typical near-miss scene at a stop-sign intersection,
ascertained the causal relationship between the two
specified indexes and approaching danger, and verified the
appropriateness of the indexes. With the experiment, we
also clarified that the two indices are reflected in the
different danger-approaching mechanisms.

3. Conclusion

In this study, aiming to create a new service for
enhancing road safety by utilizing “traffic big data,” we
devised a “safe driving diagnostic method” for clarifying
the relationship between everyday driving and a driver’s
near-miss risk. From now onwards, if we can add traffic big
data to accident data, we will be able to quantify the
relationship between driving behavior and accident rate by
using the devised method. Then the quantification results
can be loaded onto a “safe driving diagnosis” application
and an appropriate insurance in terms of promoting safe
driving can be provided.
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Editorial Postscript

From this issue onward, the Nissan Technical Review will be published in both Japanese and English.
As a medium for promoting “Technology Nissan” globally, we hope it will be a chance to reach even more
people. While there is no denying that the timing of English articles addition is slightly late in this age of
globalization, I am thankful to our organizer for overcoming many constraints as well as those who worked
hard and cooperated to make this possible.

With globalization in mind, in this special feature, we focus on “overseas research activity.” Nissan
Technical Review has focused the technology in products, but it takes many of more advanced issues
surrounding ourselves needs to be addressed in technological solutions. Nissan has been promoting
“electrification” and “vehicle intelligence” in research and development, which, in a multitude of ways,
have been advancing as well as diversifying year after year. The aim of this special feature is to promote
opportunity of open innovation, and we hope it will help stimulate an interest in automobile technology in a
wide range of readers, from students to professionals. As this feature deals with technology in the research
field, we made a point to not get too technical at the time of writing, but please forgive us should there be
parts that are difficult to understand.

We would be happy to hear your opinions or questions on our editorial direction or individual articles. The
editorial committee members and authors would be greatly encouraged.

Kiyoshi Takagi
Member of the Nissan Technical Review editorial committee
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The cover design of this issue represents various activities
involved in research on variable magnetic flux machines. Positioned
in the center is an image symbolizing simulations and manufacturing,
while experimental data for evaluating motor performance are
presented in the background. The cover expresses a message of
heartfelt appreciation to everyone, both in Japan and at Nissan's
global R&D centers as well as at universities and other locations
worldwide, who is engaged in simulation, design, manufacturing and
testing activities, aimed at promoting the electrification and
automation (intelligent functionality) of all vehicles.
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