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Executive Officer, EVP  Kunio Nakaguro

Efforts of Nissan Toward Advanced 
Technology Development

Preface

1. Introduction

The competitiveness of Nissan has always originated 
from advanced technologies. Since the establishment of 
this company, new technologies that competitors cannot 
achieve have consistently been developed and 
commercialized. Over the last two decades, research and 
development activities based on two pillars of advanced 
technologies̶electrification and vehicle intelligence̶
have been promoted because these pillars are the key to 
solving social issues such as resource depletion, 
environmental problems, traffic accidents, and traffic 
congestion.

During research and development, the provision of 
these advanced technologies, which become valuable only 
when they are widespread as features in vehicles, to as 
many customers as possible is considered. These efforts 
have led to the commercialization of electric vehicles 
(EVs) and e-POWER from the perspective of electrification, 
and also diverse advanced safety technologies, ProPILOT, 
and connected technologies with cloud services from the 
perspective of vehicle intelligence. These advanced 
technologies have been adopted for different segments 
and are widely used by customers.

However, the decade leading up to 2030 represents an 
age of uncertainty in which the social environment and 
technology are changing significantly. In the following 
sections, recent environmental changes and the 
technology development strategies utilized by Nissan to 
cope with them are detailed.

2. Challenges surrounding mobility

The social environment has changed significantly over 
recent years. CO2 emissions, which are known to be the 
primary factor causing global warming, have been 

increasing annually. Consequently, CO2 regulations and 
selling restrictions on gasoline-powered vehicles have 
become increasingly stringent in major countries.

As the Japanese Government declared in October 2020 
that “the Japanese Government aims to reduce greenhouse 
gas to net-zero by 2050,” leaders in many countries have 
begun to refer to carbon neutrality. To respond to these 
social demands, it has become necessary to proliferate 
electrification and renewable energy on a global scale.

Meanwhile, the mobility efficiency in urban areas has 
deteriorated owing to the overconcentration of population, 
while the mobility disadvantage has become more severe 
in rural areas owing to the reduction in public 
transportation services and infrastructure, resulting 
from the decrease in population. In developed countries, 
the societies of which are aging, the number of traffic 
accidents caused by elderly people is increasing; thus, 
driving assist technologies are necessary to help everyone 
move with more confidence and in a safer manner.

To respond to such environmental changes, 
technological evolution is promoted by swiftly adopting 
diverse and advanced technologies, such as new 
surrounding environment recognition technologies, data 
science, and artificial intelligence.

3. Advanced technology strategy of Nissan

3-1. Electrification technologies
Around the 1990s, Nissan pioneered the research and 

development of batteries and motors for EVs and launched 
the industry-first mass-produced EV, Nissan LEAF, in 
2010. In addition to vehicles, diverse technologies have 
been introduced in the market with the objective of making 
EVs usable with more confidence, such as by considering 
the usage environment and eco-cycle. For instance, 
charging infrastructure standards have been established, 
such infrastructure has been deployed, a vehicle-to-home 
system has been developed, and the battery reuse business 
4R Energy has been established. This abundance of real-
world accomplishments and the accumulated data of 
vehicles and customers at Nissan significantly promote 
electrification. 

Nissan has two major goals regarding the expansion of 
electrification. One is the realization of its mission to 
achieve a zero-emission society, and the other is to 
provide customers with secure, safe, and comfortable 
means of mobility by utilizing the significant potential of 
the motor drive.

Owing to its excellent controllability, the motor drive 
affords ideal acceleration, deceleration, ride comfort, and 

日産自動車の先進技術開発の歴史 ’

History of advanced technology development by Nissan
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quietness in accordance with the driving environment 
and the intention of the driver. In addition, motor drives 
are highly compatible with advanced safety technologies, 
such as ADAS (Advanced Driver-Assistance Systems) 
and autonomous driving technologies. Thus, the unique 
appeal of motor drives will be increased further.

Nissan will continue to offer motor drives to customers 
worldwide, including regions where the charging 
infrastructure has not been deployed adequately, by 
supplying not only EVs but also motor-driven e-POWER, 
which does not require external battery chargers.

According to its business transformation plan, Nissan 
plans to sell more than 1 million EVs per year by the end 
of FY 2023, expand the lineup of EV models by more than 
8 models, and broaden the segment coverage of e-POWER 
in the global market.

3-1-1. EVs
Safety is one of the requirements that Nissan 

emphasizes when developing and offering EVs. When 
increasing the battery energy density for higher 
performance, safety and reliability are ensured by 
conducting tests under severe conditions, prior to 
launching the vehicles in the market.

This emphasis on safety is demonstrated by the fact 
that, as of the end of December 2020, 510000 units of 
LEAF have been sold, and thus far, there have been no 
cases of serious battery-induced accidents. Based on 
market driving data, severe usage environments continue 
to be forecasted, and these environments are considered 
for the high-level reliability designs, test standards, and 
development.

Furthermore, technology development is promoted to 
enhance the attractiveness of EVs. One of the essential 
technologies for this purpose is the unique vibration-
damping control technology, realized through the 

development of a motor for LEAF. The highly responsive 
electric powertrain has a higher potential in terms of 
controllability than an internal combustion engine; 
however, there are issues such as the jerk experienced by 
occupants due to a sudden torque increase, and the 
vibrations caused by torque fluctuations. Vibration-
damping control technology plays an important role in 
precisely controlling these vibrations and generating 
smooth acceleration. Combining this technology with the 
knowledge of all-wheel drive and chassis control 
accumulated over the years has yielded the integrated 
vehicle control technology e-4ORCE, which will be 
installed in the Nissan Ariya unveiled this year. Each 
motor at the front and rear is controlled during both 
braking and driving and combined with the chassis 
control in order to achieve a stable and comfortable ride, 
while also preventing the occupants from recognizing 
slipping or changes in vehicle posture. Such technologies 
enable everyone to drive with confidence and comfort.

For the proliferation of electrification, it will be 
necessary to reduce the cost of electric powertrains and to 
particularly address the challenge of innovation in 
battery technology. Specifically, the development of 
battery materials in cooperation with suppliers to 
accelerate the research and development of cobalt-free 
batteries will be promoted, thereby reducing the use of 
expensive cobalt. For the battery pack, a structure 
referred to as Cell-to-Pack is also being developed in 
cooperation with suppliers; in this structure, the cells are 
directly installed in the pack without modules and the 
manufacturing process is streamlined. Through these 
technological innovations, the return rate of these 
vehicles will be brought to a level equivalent to that of 
internal combustion engine vehicles before 2030.

The research and development of all-solid-state 
batteries that will drastically improve safety and cost 
competitiveness even further are also being promoted, in 
cooperation with organizations such as Tokyo Institute of 
Technology. The most significant challenges associated 
with this development are the enlargement of batteries 
applicable to vehicles and their production processes. 
Material selection and technology development in the 
manufacturing process will be expedited to achieve early 
mass production.

Owing to the increased proliferation of EVs, the market 
for used batteries is expected to expand in the future; 
therefore, it is necessary to implement measures for their 
appropriate utilization. Nissan has pioneered the 
establishment of a company to develop technologies for 
reused batteries, known as 4R Energy, which was 
launched in Namie-machi in Fukushima Prefecture. A 
suitable business model is also being developed; this 
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model entails sorting the used batteries collected from 
the market according to their conditions and performances 
in order to supply them to various secondary users, such 
that the value of reused batteries can be returned to 
customers. This model will be expanded as a business to 
reduce the burden on EV owners, aiming at the further 
proliferation of EVs.

3-1-2. e-POWER
The most notable characteristics of e-POWER, which 

utilizes the same core technology as EVs, are quietness 
and smooth EV-like driving achieved using a 100% motor 
drive that yields the maximum torque from the start.

The launch of the new KICKS designed for the Asian 
market this year represents the first deployment in 
overseas markets, and local media and journalists have 
responded positively. For the new NOTE in the Japanese 
market, a novel powertrain integrated with an inverter 
and a motor has been implemented in order to further 
improve the efficiency, acceleration, and quietness.

In addition, a system is being developed for the 
premium segment by utilizing the characteristics of 
e-POWER to achieve exceptional quietness by ultimately 
reducing the vibration transmission from the power-
generating engine.

Another challenge in the proliferation of e-POWER is 
the cost of the powertrain. In addition to developing the 
battery technology, as in the case of EVs, a simplified 
system is desired, in which the engine is dedicated to 
power generation and operation under limited conditions 
in order to achieve a return rate equivalent to that of 
internal combustion engines by 2025.

3-2. Vehicle intelligence technology
Nissan designs and engineers cars that prioritize a 

high level of safety. The goal is to reduce the number of 
deaths due to accidents involving Nissan vehicles to 
virtually zero. To this end, the safety of Nissan vehicles is 

continually being enhanced, partly through the 
development and adoption of autonomous driving.

Nissan has led the industry by launching various 
world-first technologies based on its concept of reducing 
the various risks surrounding vehicles; these technologies 
include Lane-Keeping Assist, Around-View Monitor, and 
Emergency Assist for Pedal Misapplication. The 
competitiveness of Nissan originates from such 
accomplishments and the high reliability of the systems, 
similar to the case of electrification technologies.

The objective is to provide all customers with less 
stressful and more secure, safe, and comfortable driving 
through autonomous driving technologies, as typified by 
ProPILOT, as well as connected technologies that deliver 
diverse information and services to the vehicle occupants. 
By the end of 2023, it is expected that at least 1.5 million 
vehicles equipped with autonomous driving technologies 
will be launched per year.

3-2-1. ProPILOT
ProPILOT, which was launched in 2016, evolved into 

ProPILOT 2.0 in 2019. This system offers navigated 
single-lane highway driving with hands-off capability, the 
first of its kind in the world. When designing the 
autonomous driving technologies of ProPILOT, consumer 
usage on highways was analyzed and examined. This 
system provides appropriate driving assistance for a wide 
range of scenarios on highways, from the mainline through 
the exit, to ensure that customers experience less stress.

This performance and marketability are supplemented 
by the long-time advantages of Nissan technologies, such 
as surrounding environmental recognition and control as 
well as the accumulated technological capabilities for 
advanced driving, such as redundancy design to ensure 
safety in the case of a system failure.

3-2-2. Evolution of autonomous driving technologies
For fully autonomous driving in the future, the 

scenarios under which driving assist is applicable and 
the level of autonomy must be increased, and systems 
that everyone can confidently use must also be provided 
continually.

As a part of this technology development, Nissan has 
been conducting a field test on Easy Ride, in collaboration 
with DeNA in Yokohama Minato Mirai. In the test, 
customers are asked to use the vehicle such that the use 
cases can be determined, the issues associated with 
practical use can be identified, and continued development 
for future commercialization can be achieved.

In the real world, fully autonomous driving must 
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ensure safety in the presence of any obstacles on the 
road. Consequently, significant efforts are still required 
to achieve recognition technologies that account for a 
wide range of customer driving scenes and road 
environments. Thus, vehicle control technologies as well 
as the research and development of base components, 
such as sensors and cameras, will be prioritized.

Commercializing these technologies in the global 
market requires a greater understanding of the market 
environment. For this purpose, road environments have 
been modeled. Development can be streamlined by 
reproducing different driving scenes worldwide based on 
the large amounts of data pertaining to market 
environments and the high-definition map data obtained 
through the development of ProPILOT. Nissan uses a 
driving simulator that can reproduce both market 
environments and actual vehicle behaviors for the 
development of autonomous driving technologies.

3-2-3. Connected technologies
For years, Nissan has also been realizing technical 

innovations in connected technologies that offer various 
services to the vehicle occupants by connecting the 
vehicle with cloud services. In 1998, a system known as 
“Com-Pass Link” was pioneered, which combines vehicles 
with information technology through services such as a 
new information service via a car navigation system and 
mobile phones and also Japan’s first operator service. 
Subsequently, this system has evolved into Carwings and 
NissanConnect to commercialize diverse functions and 
services in the global market, such as the provision of 
information regarding the deterioration of the vehicle 
and batteries, location information, optimal route 
searching, and remote door locking.

In the future, additional services will be provided 
through exponentially faster communication between 
cloud services and the servers.

For example, the achievement of the following services 
is being attempted: remote control and automatic setup 
of various functions by using smartphone applications to 
enable the driver to easily perform a series of actions 
before entering the vehicle and the foresight of driver 
intentions according to the preferences and behaviors of 
the driver analyzed using big data in order to incorporate 
the results with an advanced human–machine interface, 
such that the driver can intuitively perform different 
functions during driving.

These functions are supported by alliance cloud 
services and on-board platforms and will be deployed and 
promoted globally alongside other carriers and service 
providers.

The architecture of the system software and hardware 

has become increasingly complex with the functional 
extensions. To address this issue, innovations for 
development efficiency are being realized by considerably 
streamlining the system through module design and by 
adopting automatic function evaluation methods using 
digital analysis tools.

4. Future mobility society

The advanced technologies discussed above help enrich 
social life, in addition to serving customers who purchase 
Nissan vehicles.

For example, EVs, also known as energy-stored cars, 
play an active role in supplying power during disasters. 
Through the “Blue Switch” project in Japan, Nissan 
contributes extensively to the society through 
arrangements with many local municipalities. The 
vehicle-to-grid system is also being studied for power 
supply and demand control. This system is enabled by 
connecting reused battery-based energy storage with 
existing power grids.

Further, for the mobility-disadvantaged in rural areas, 
an environment that helps everyone move with confidence 
and safety is being sought after by fully utilizing the 
accumulated advanced safety technologies, autonomous 
driving technologies, electrification technologies, and 
connected technologies in collaboration with the local 
municipalities. Simultaneously, the business models 
generated through these activities are being verified.

5. Conclusion

Nissan is working on diverse advanced technologies, in 
addition to the themes discussed thus far. New ideas are 
being embedded into different technologies, such as those 
for further vehicle weight reduction using different types 
of materials, optimizing interior environments by 
determining the physical conditions of the occupants 
based on biosignal recognition, further widening the 
vision of occupants by developing the Around-View 
Monitor, evolved autonomous parking, and low-volume 
multi-part manufacturing using metal 3D printers and 
die-less forming. The vision of Nissan is to enrich the 
daily lives of customers worldwide by expanding the 
appeal of its unique advanced technologies and to enable 
customers to enjoy these technologies. We are convinced 
that this vision will shape the future mobility of society. 
We at the Research and Development Division will work 
together to continue to embody the “Technology of 
Nissan.”

日産テクニカルセンターのドライビングシミュレーター

Driving simulator at Nissan Technical Center

demand with vehicle’s AI

技術のエネルギー社会への貢献

Contribution of EV technologies to the energy-based society
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1. A trustworthy partner

Special Feature 1：Future-oriented ProPILOT 2.0

Special Feature 1

1. Development of ProPILOT 2.0

After ProPILOT 2.0 (hereinafter referred to as “PP2.0”) 
was introduced to the market, journalists described it as 
“safe” and “comfortable” and also used terms such as 
“buddy” or “partner,” thus suggesting a new person-to-
vehicle relationship. With the help of a researcher in 
psycho-informatics, the reasons for these responses were 
re-evaluated and three key points were identified:

1. Release from vigilance.
2. Control initiative and understanding others.
3. Skilled driving.
These key aspects indicate that the following 

development targets (as stated for the development of 
PP2.0) have been realized:
  The system is capable of automatic driving on 

highways in a “safe,” “secure,” “convenient,” and 
“comfortable” manner under certain speed 
conditions.

  The vehicle motion provides an “in-control” and 
“relaxed” driving experience to both the driver and 
the passengers.

  The vehicle exhibits natural traffic behaviors.
Our vision of “autonomous driving” is a “door-to-door” 

function. The ultimate objective is to transport individuals 
to nearly any destination that they have set. PP2.0 has 
now achieved this objective with the current technology.

The function realized by PP2.0 is “point-to-point” 
(hereinafter, “P2P”), a function that provides diverse 
assistance to drivers on highways, ranging from route 
planning to driving operation, when the destination is set 
in the navigation system. The technical aspects are lane 
keeping, lane changing, and following distance and 
vehicle speed control in traffic. In addition to the 
developments in each of these aspects, navigated route 
driving has been investigated, which involves route 
planning at the lane level considering junctions and 
exits.

First, the crucial technology for realizing a P2P system 
is a 3D high-definition map (hereinafter, “3D HD map”), 
which contains more road surface data (such as the 
number of lanes, slope angles, and cants) than a standard 
map. These information data points are used in the 
driving system, and the P2P function is realized.

Second, the development factors of PP2.0 include the key 
terms “reassurance” and “comfort.” Reassurance is 
fundamentally supported by dynamic performance 
(hereinafter, “DP”) technology, which is represented as 
fluent vehicle control, and it has been developed by Nissan 
Motors over many years. Expressed otherwise, in most road 
environments, the driver can control the vehicle at any time.

It is also important to clearly inform the driver about 
the current system conditions. A human–machine 
interface (HMI) enables the driver to understand how the 
system is recognizing and judging the surroundings, thus 
enhancing the trust of the driver. Therefore, a new 
interactive HMI was developed.

Fig. 1 ProPILOT 2.0 (P2P)

Fig. 2 3D HD map
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The other key term, comfort, is established based on 
the aforementioned reassurance. Vehicle behaviors that 
enable the driver to feel ease were identified through 
extensive DP/human research. Furthermore, comfort 
was improved by combining the P2P function with a 
“hands-off” (hereinafter, “H/O”) function to reduce 
driving operation; consequently, the system reduces 
fatigue.

2. PP2.0 development target

The development concepts of PP2.0 were to “pursue 
values that customers can use” and to avoid “hard-selling 
the technology.” The objective was to “provide new value 
with safe, reassured, convenient, and comfortable driving 
on the highway.”

Based on DP/human research, which involves 
fundamental technologies, and the three key technological 
items of vehicle control, HMI, and safety design, 
reassurance and comfort were achieved by using the two 
characteristic functions of PP2.0 (i.e., P2P and H/O) in 
order to create new objective values. For the measurement 
of these values, the index of fatigue reduction (fatigue 
degree) was set, and the corresponding system was 
developed (Fig. 4).

To organize the relationships between physiological 
factors and the vehicle functions, the categories of 

physical and nervous fatigue reduction were defined as 
follows:
  Physical fatigue reduction: reduction of driving 

operations through the functions of H/O driving 
and automated lane changing.

  Nervous fatigue reduction: fluent behaviors 
(vehicle control) and timely provision of information 
regarding the surrounding conditions (HMI).

Even with the H/O driving and automated lane-change 
functions, fatigue can occur due to unsmooth vehicle 
motion or interference with the moving vehicle. Physical 
fatigue can be decreased by reducing nervous fatigue. By 
solving these issues, weariless driving can be provided, 
thereby ensuring reassurance and comfort.

3. Psychology of fatigue reduction

PP2.0, which was developed as described above, was 
assessed by test drivers from Nissan and also journalists. 
Moreover, as stated initially, to understand the impressions 
formed by individuals without automobile-related 
occupations, Prof. Takatsune Kumada (Laboratory of 
Psycho-informatics, Department of Intelligence Science 
and Technology, Graduate School of Informatics, Kyoto 
University) performed two test drives of PP2.0 on a 
suburban highway in Kyoto City (in November 2019 and 
October 2020). He provided feedback from the perspective 
of psycho-informatics. His opinions were as follows:
◆  It was a short test drive, and the stress and fatigue 

induced by driving were low.
◆  Little anxiousness and irritation were experienced 

when following a slower vehicle.
◆  A new person-to-vehicle relationship was 

anticipated.
These opinions and the corresponding hypotheses are 

discussed below.

State of vigilance
In a vehicle not equipped with PP2.0, deceleration in 

accordance with the surrounding traffic induces fatigue. 
Advanced research*1) explains this phenomenon as a 
state of vigilance, in which a continuous anticipatory 
attitude is retained toward infrequent, uncertain, and 
low-likelihood phenomena, such as collisions. In a 1956 
U.K. symposium, vigilance was defined as “a state in 
which certain small changes generated at random 
intervals in an external environment can be detected and 
handled at all times”*2). Notable research on vigilance 
includes the famous studies conducted by Mackworth on 
radar monitoring. The PP2.0 test-drive response suggests 
that the partial release from vigilance leads to a more 
appropriate state for monitoring the surroundings, as 
compared to that when PP2.0 is not operating, which 
reduces the fatigue experienced. 

 
Control initiative and understanding of others

It is generally considered that the loss of control 
initiative impressions can cause stress; however, PP2.0 
achieves a suitable balance between control initiative 
and role assignment. Control initiative refers to the 

Fig. 3 Intelligent interface

Alliance Internal

Point-to-Point Hands off

Fig. 4 System target and function hierarchy
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perception of driving a car by oneself. In other words, the 
objective of the driver (i.e., reaching the destination 
safely) is shared by the car, and the driver assists the car 
in achieving this objective. During this assignment, the 
car informs the driver (via the HMI) about what it 
recognizes and its control operations. In addition, the 
overall operational control belongs to the human because 
the car requests control permission from the driver. 
Consequently, the car acts as a partner to achieve the 
objective through joint efforts. By releasing the steering 
wheel when assigning the car to drive, the driver 
recognizes the role transfer clearly and independently.

This new human-to-car relationship can be interpreted 
as a development from the stage in which the human and 
the car recognize the same entities to a stage in which the 
controls assigned to the car are shared through 
communication (of shared intentions and targets) to 
generate a sense of security. A mechanism similar to the 
psychological concept of “understanding others”*3) may 
explain this phenomenon.

Skilled driving
Furthermore, after being commissioned to help reach 

the destination safely, the car also realizes comfortable 
driving. Car behaviors such as lateral movements and 
acceleration timing for overtaking are within the 
expectations of the driver and cause no unnecessary 
stress. Furthermore, during route-following, which is the 
lane-keeping driving mode, the driver feels as though the 
vehicle follows an endless stable line at the center of the 
lane, which creates a secure feeling and comfort. Such 
stability increases the trust of the driver in the car and 
appears to be one of the reasons for fatigue reduction. 

It is assumed that these factors invoke moderate levels 
of trust in the car, creating a secure feeling and comfort 
during driving and also reducing stress and fatigue. 
However, the short test drive (~10 min in this case) did 
not lead to a human-to-car trust relationship. The 
psychological responses in the market may become 
apparent only after PP2.0-equipped vehicles are 
commercially available for use on public roads. 
Nevertheless, this is an interesting psychological 
research theme.

As described above, the development targets appear to 
have been achieved from a psychological perspective. In 
the future, continued research into “new human-to-car 
relationships” will be performed.

4. Summary

The current PP2.0 offers confident and feasible P2P 
and H/O functions. These have been designed through 
the multilateral combination of numerous world-first 
vehicle-control technologies, such as HMIs and safety 
design technologies. This was achieved through numerous 
foundational elements, such as DP/human research and 
experimental/measurement techniques, that required an 
extensive period for accumulation. We are proud of our 
ability to deliver the vision and consistent technological 
developments required for this endeavor.

Consequently, secure, comfortable, and fatigue-
reducing performance could be achieved. This new 
human-to-car relationship has also been suggested from 
a psychological perspective, albeit further research is 
required.

This paper describes in detail the technologies required 
to realize PP2.0.
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1. Introduction

ProPILOT 2.0 (hereinafter referred to as “PP2.0”) has 
substantially evolved from the first-generation ProPILOT 
to create the world’s first driving-assistance system that 
can guide a vehicle through a multi-lane highway, 
working in tandem with the navigation-system-planned 
route. PP2.0 can operate in hands off mode, provided the 
driver consistently monitors the objects and events and 
responds immediately to operate the steering wheel in 
response to the road, traffic and vehicle conditions. This 
chapter describes the new functions of ProPILOT 2.0.

2. New functions of ProPILOT 2.0

2.1 ProPILOT 2.0 summary
PP2.0 offers a point-to-point function allowing 

navigation linked driving such as merging on to a 
highway when destination is set in the navigation system. 
When the navigation linked driving is initiated, system 
supports driving through interchanges and assists 
overtaking another vehicle until reaching the relevant 
exit. Provided that the driver always attends to the road 
ahead and can operate the steering wheel with certainty 
and immediately in response to the road, traffic, and 
vehicle conditions, the system operates with hands off 
with in the same lane and provides wide range driving 
maneuver support to the driver. In addition, using the 
navigation data and information of the  surroundings 
from a 360° degrees sensing, the system determines an 
appropriate lane-change starting point for branching or 
overtaking whilst following the planned route, and 
proposes the relevant actions to the driver. Lane-change 
assistance is initiated by the driver when both hands are 
placed on the steering wheel and the switch to approve 
the proposal is operated. Fig.1 illustrates the PP2.0’s 
operation.

PP2.0 integrates and uses seven cameras, five radars, 
12 vehicle-mounted sonars, a global navigation satellite 
system, and 3D High-Definition map (hereinafter, “3D 
HD map”) data to collect information from the 
surroundings (i.e., not only from the front but also the 
right, left, and rear of the vehicle) and determines the 
correct position on the road. The 3D HD map data include 
information detailing the road structure, the number of 
lanes, and the positions of merging points, branching 
points, and intersections. These information allow system 
control that foresee the road structure ahead and realize 
smooth driving as that of an experienced driver. In 
addition, the vehicle is equipped with a driver-monitoring 
camera that continuously monitors the driver’s forward 
gaze.

The PP2.0 sensor-mounting configuration, a 360° 
sensing image diagram, and a 3D HD map data are 
illustrated in Fig.2, Fig.3, and Fig.4, respectively.

*AD/ADAS Advanced Technology Engineering Department
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2.2 Vehicle-speed/inter-vehicle-distance control 
functions

The system controls the vehicle speed to maintain the 
speed preset by the driver. Upon detecting a preceding 
vehicle, the system controls the headway distance so as 
to maintain a suitable distance to the vehicle ahead 
according to the host vehicle speed set by the driver as 
the upper limit. If the vehicle ahead stops, the PP2.0 
vehicle is able to stop as well behind it. After the stop, 
stop/following driving can resume with respect to the 
vehicle ahead within 30 s.

If a curve is detected on the road ahead, deceleration 
control is performed to adjust vehicle’s speed according to 

the magnitude of the curvature.
If the traffic sign recognition system detects a speed 

sign, the vehicle’s speed is limited to the value detected.

2.3 Lane-keeping function
The system assists the driver with steering operations 

by controlling the steering so that the vehicle travels 
near the center of its lane. Drivers should remove their 
hands from the steering wheel as long as they are always 
attentive to the road ahead and are prepared to operate 
the steering wheel with certainty and immediately in 
response to road, traffic, and vehicle conditions.

2.4 Route-following assistance function
If a destination has been set in the navigation system, 

lane changing is proposed to the driver when such 
maneuvers become necessary to continue to follow the 
route (e.g., exiting/branching) or when lane-reduction 
point is reached. When the driver places both hands on to 
the steering wheel and presses the lane-change assistance 
switch (located on the steering wheel), the turn signal of 
the lane change direction begins to flash, and  the steering 
wheel is controlled to assist the lane-change operation. If 
multiple lane changes are necessary to reach the target 
lane, sequential lane-change assistance is possible. 

2.4.1 Lane-change assistance function
When the driver has both hands on the steering wheel 

and operates the appropriate turn signal device, the 
system controls the steering to assist the driver in 
executing the steering wheel operations required for a 
lane change.

2.4.2 Overtaking-assistance function
If a vehicle slower than the driver-set speed is detected 

ahead, overtaking is proposed to the driver. When the 
driver has both hands of the steering wheel and presses 
the lane-change-assistance switch located thereupon, the 
turn signal towards the overtaking lane is illuminated; 
then, the steering wheel is controlled to assist the lane-
change operation. After passing the vehicle, the system 
proposes returning to the initial lane to the driver. If the 
driver presses the lane-change-assistance switch, the 
turn signal is illuminated towards the initial lane and 
the system controls the  steering to assist  the driver in 
executing the lane-change operation.

The next chapter describes the application of the 3D 
HD map data required for the lane-change-, overtaking-, 
and route-following-assistance functions.

3. Application of 3D High-Definition map 
data to lane-change assistance

This chapter explains the judgment process used to 
determine the feasibility of lane changes and the lane-
level driving plan; for this, an example of the 3D HD map 
data used for the lane-change assistance function is 
given.

Fig.2 ProPILOT 2.0 sensor configuration

Fig.3 ProPILOT 2.0 360° sensing diagram

Fig.4 3D High-Definition map
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3.1 Judgment of lane-change feasibility 
Acquiring information pertaining to the lanes ahead is 

one challenge in realizing lane-change assistance. At the 
start of the lane change, the camera may not be able to 
collect comprehensive lane information for the point 
where the lane change ends. Accordingly, if information 
is only received from the camera, the appearance of a 
dividing line forbidding lane changes during the lane 
change (or other operations) may prevent the lane 
change. Meanwhile, because the 3D HD map data include 
lane-level data (e.g., curvatures and dividing lines), the 
acquisition of road shapes beyond the camera’s detection 
range allows lane-change opportunities to be judged by 
considering the section of any lane between the start and 
end points.

3.2 Lane-level driving plan
The lane-change-assistance function proposes lane 

changes at an appropriate timing (as determined by the 
system), to allow the vehicle to follow the route 
recommended by the overtaking-assistance function or 
navigation system. This judgment is realized through the 
use of a route plan generated by the system from the 
lane-level information included in the 3D HD map data. 
This route plan refers to the indication of the lanes in 
which the vehicle should remain for certain sections, as 
well as proposal for guiding the vehicle in to the proper 
lane.  

Fig.5 illustrates the process of generating a lane-level 
route plan. First, for exit branching on an expressway, 
the system calculates the number of lane changes 
required to follow the route recommended by the 
navigation-system, as well as the distance along the 
route to the branching point; the results are used to select 
a lane.

Next section explains the process of lane-level route 
planning through an example. Fig.6 schematically shows 
the road configuration near a highway branching point.  
Consider that the route recommended by the navigation 
system extends to the exit (Point P). If the vehicles in the 
rightmost lane of the through traffic lanes as the exit 
approaches, the system recommends changing lanes 
toward the left until the vehicle is in the lane A, The 
system does not recommend moving to lane B because 
doing so will would increase the number of lane changes 
needed to exit from point P. If the vehicle is initially 
traveling in lane B, the system recommends changing 
lanes to the right and guides the vehicle into lane A. 
Regardless of the vehicle’s starting lane, system 

recommends changing lanes so that the vehicle is 
ultimately guided in to lane A.  

Furthermore, having a lane-level route plan allows 
proposals such as overtaking another vehicle ahead to be 
made at an appropriate time. For example, if the route to 
be followed specifies taking a branch road to the left and 
also that the distance to the branching point is close. In 
this case, the system judges that a proposal to pass the 
preceding vehicle is not given.  

As described above, the lane-level route plan (based on 
3D HD map data) enables the system to know in which 
lane the vehicle should travel and lane-changes to be 
proposed at appropriate timing.

4. Off-board linkage function

The PP2.0 system offers an off-board linkage function 
via a constant telematics communication channel to the 
server, to perform functions such as 3D HD map-data 
updating.

The off-board linkage function consists of a vehicle-
side storage for the 3D HD map, a 3D HD map electronic 
control unit (ECU) for outputting the map data, a 
telematics control unit for communication, and a server 
for storing and distributing the most recent map data.

The 3D HD map data are updated several times a year 
in order to timely capture the latest map data 
corresponding to the actual road shapes which can alter 
through the course of the year due to construction or 
other processes.

The 3D HD map ECU compares the latest server-held 
map data and the data in the ECU for each operation. If 
it detects any map data update, the most recent map data 
is downloaded from the server to update the ECU’s map 
data, starting with locations nearest to the vehicle as 
higher priority. This ensures the latest available 3D HD 
map data to be always used for the driving assistance.

Fig.5 Process of generating lane-level route plan

Fig.6 Schematic road layout near expressway branching point

Fig.7 Off-board linkage-system arrangement.
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5. Summary

The development of this system has led to the 
commercialization of the world’s first driving-assistance 
system that can guide a vehicle through a multi-lane 
highway working in tandem with the navigation system-
planned route and provided the driver consistently 
attends to the road ahead and can operate the steering 
wheel with certainty and immediately in response to the 
road, traffic and vehicle conditions, the system can 
operate in hands off mode. As a result, more secure, 
comfortable, and stress-free driving experiences are 
available to customers.

In future, we hope to deploy this technology in regions 
outside Japan, to apply it to greater number of vehicles, 
and to pursue technological advancements to support  
driving operations across a wider range of scenarios 
thereby realizing a safer traffic society and offering new 
values to automobiles. 

Yohei Taniguchi Daigo Atsumura Seiji Tokunaga Katsuhiko Degawa
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1. Introduction

Nissan has taken the lead in technological innovations  
for driver assistance technology as a pioneer in driver 
assistance technology this field for more than 20 years, 
developing many world’s first technologies1)-8). In 2016, 
put into practical use the ProPILOT (hereinafter referred 
to as “PP1.0”), which is an integrated driver-assistance 
technology in single-lane highway driving.9)Then, in 
2019, Developed ProPILOT 2.0 (hereinafter, “PP2.0”) 
which was substantially evolved PP1.0 technology.; it 
operates in tandem with the navigation system and can 
follow a predefined route (hereinafter, “navigated route-
driving”) on multiple-lane highways.

The vehicle-control technologies that realize ProPILOT 
have been based on the control technologies thus far 
accumulated through the development of various driver 
assistance systems.

Vehicle speed/vehicle distance control technologies are 
based on intelligent cruise control (ICC), which was 
released in 1999. Steering control and lane-keeping 
control technologies have developed from the lane keep 
support (LKS) system released in 2001.

This chapter describes the primary controls of vehicle-
control technologies, which are essential to realizing the 
“reassurance” and “comfort” of PP2.0.

 
1.1 History of control development in driver 

assistance systems
Nissan’s first driver assistance system was the ICC, 

applied to the CIMA in 1999. Fig.1 shows the driver 
assistance systems that Nissan has introduced to the 
market.

The ICC system is based on the vehicle speed control 
with a traction control, which controls the vehicle speed 
to a set speed; and constructed the vehicle distance 
control on top, which is controlled same as driver 
operation.

These control technologies (traction control/vehicle 
speed control/vehicle distance control) have also been 
applied to realize Distance-Control Assist and Forward 

Emergency Braking.
Furthermore, LKS has realized the steering controls 

based on vehicle motion characteristics, and the line 
trace control to the center of lane which was recognized 
by camera.

These control technologies have been evolution with 
the times and applied as base control technologies in 
PP1.0 and PP2.0.

2. Features of control systems

2.1 Vehicle speed control
In Nissan, the vehicle speed control development has a 

long history, started from early 1990s’, when a control 
law (which combined robust and model-matching 
controls) was designed for the cruise control. (Fig.2)

Robust compensator is compensate a control 
performance to the ever-changing the plant, estimating 
changes in running conditions (e.g., vehicle characteristics 
and road gradients) and adjust the control inputs. Model-
matching compensator sets the reference model of desired 
response characteristics, controls the plant which was 
compensated by the robust compensator. At this time, 
calculates control inputs as same behavior of reference 
model.  (Model-matching control). 

Constructing the control system in this way, realized 
vehicle-speed controller of high robustness for changes in 
running conditions (e.g., vehicle weight variations and 
road gradients). 10)

*AD/ADAS Advanced Technology Engineering Department　　**Chassis Engineering Department

Yohei Taniguchi*     Yasuhisa Taira*     Naoto Sugawara**

3. Supported by vehicle-control technologies

Special Feature 1：Future-oriented ProPILOT 2.0

Special Feature 1

Fig.1 History of driver assistance system development



14 No.87 (2021)   NISSAN TECHNICAL REVIEW

Special Feature 1：Future-oriented ProPILOT 2.0 - 3. Supported by vehicle-control technologies

2.2.Vehicle distance control
The vehicle distance controller used in ICC and PP1.0/

PP2.0 was designed setting two design indexes, identified 
from analysis of human driving operations:

1)  Should be able to set the trajectory after started of 
vehicle distance control

2)  Should be stable control performance during vehicle 
distance control

To meet these requirements, a “two-degrees-of-
freedom control based on a reference model” was used; in 
this, response characteristics and following stabilities 
can be designed independently. (Fig.3)

The plant should be written by the transfer function 
for easy to use.  Therefore, the vehicle distance controller 
was built at class structure; using the compensated 
vehicle speed controller, not control vehicle distance 
directly.  Herewith response characteristic of vehicle 
distance control is compensated the feed-forward 
compensator which was designed at the reverse 
characteristic of the vehicle speed controller. And the 
tracking performance which is keeping vehicle distance 
was designed the feed-back control by using pole 
assignment method. 11)

Farther, natural behaviors not perceived by the driver 
to be strange, behaviors for controlling traffic congestion 
were required by the spread of ICC. An important aspect 
to achieve this is ensuring that the inter-vehicle-distance 
control characteristics do not cause changes in the speed 
of the forward vehicle to be amplified and transmitted to 
the behind vehicles, this prevents traffic-flow disturbances 
/ unevenness and improves road transport efficiency. 
Expressed otherwise, vehicle group stability should be 
stabled. In general, to achieve vehicle group stability, the 
response of vehicle speed must be faster than the change 
of speed in the forward vehicle; however, it becomes a 
high gain control, and get worse in the ride quality during 
follow to the forward vehicle. Therefore, it was improved 
the vehicle distance controller to balance of vehicle group 
stability and ride quality in high level, and control 
response will be felt natural to the driver. 12) (Fig.4). 

 

2.3 Lane-keeping control
The lane-keeping controls of PP1.0/PP2.0 are based on 

the LKS system first commercialized in 2001. The control 
performances required for LKS is improve and maintain 
line trace performance and disturbance stability. For 
control to the vehicle lateral motion, the controller was 
designed with a state feedback control based on the 
vehicle model; This controller has the observer which was 
designed Kalman filter, and using LQ control to meet the 
required control performance.

In addition, to improve the control performance on 
curve, controller was added the feedforward compensator 
which was used a curvature. 13)14) (Fig.5). 

3. Steering control of ProPILOT 2.0

The steering control of PP2.0 is based on the 
aforementioned lane-keeping control; using information 
from camera and 3D High-Definition map (hereinafter, 
“3D HD map”), calculate a target steering angle for lane-
keeping and assistance of lane-change. 

3.1 Control-system configuration
Fig.6 is a block diagram of the steering control function 

incorporated in PP2.0. With this control configuration, 
real-time lane configuration information detected with 
the cameras is compared with 3D HD map data to 
enhance the reliability of the information. When it is 
difficult to secure 3D lane configuration information with 
the cameras, it is obtained from a 3D HD map to enable 
accurate calculation of the steering angle needed for the 
vehicle to travel in the center of its lane.

Fig.2 Vehicle speed control block diagram

Fig.3 Vehicle distance control block diagram

Fig.4 Vehicle distance control block diagram considering 
vehicle group stability

Fig.5 Lane-keeping-control block diagram
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To verify the steering control capability of PP2.0, tests 
were conducted on a Nissan proving ground test course to 
compare the performance of the system with that of a 
skilled test driver.

3.2 Test overview, and test results
Lane centering tests were conducted on a test course 

with a series of consecutive curves having a radius of 500 
to 1000 m (500-1000 R). Data were measured and 
compared for a case with PP2.0’s lane centering control 
and a case where the skilled test driver drove the vehicle 
without any lane centering control. The test driver was 
instructed to drive in the center of the lane as much as 
possible.

Fig.7 shows the lateral position from the lane center 
obtained with PP2.0’s lane centering control and for the 
skilled test driver. Fig.8 shows the steering angle results. 
Fig.7 shows that the results indicate that the lateral 
position from the lane center was smaller with the control 
than for the skilled test driver, thereby confirming the 
high lane centering capability of PP2.0. Fig.8 shows that  
at the entrance and exit of curves where the steering 
angle changes, the data show that lane centering control 
smoothly controlled the steering angle without any 
overshoot just like the skilled test driver. In addition, on 
curves where the steering angle was nearly steady for 
approximately 50-150 s, lane centering control kept the 
steering angle change smaller than that seen for the 

skilled test driver.
From the results, it can be confirmed to enable PP2.0 

to provide smooth steering angle control equal to or better 
than that of a skilled test driver.

 
4. Steer-by-wire technology to support 

steering control

The Nissan SKYLINE is adopt the direct adaptive 
steering (DAS) as a steering system. DAS is a by-wire 
system in which the mechanical connections between the 
steering wheel and tires are replaced with electric 
signals; both components can thus be independently 
controlled by disengaging the clutch in the steering shaft. 
The contribution of DAS to PP2.0 is presented here.

4.1 Compatibility of smooth steering-wheel motion 
and accurate line tracing

The steering control in PP2.0 precisely controls the tire 
angles, to thereby control the vehicle’s lateral motion to a 
high degree of accuracy. However, the steering wheel 
motion is also an important factor. Smooth steering-
wheel motion increases the system’s sense of security. 
DAS adopts a disconnected steering wheel and tires to 
execute the control, as described below in terms of the 
compatibility of these two performance items.

The PP2.0 steering control is summarized in Fig.9. 
First, a tire-angle command (to perform line tracing) is 
generated by PP2.0; this command includes a component 
to determine the vehicle’s rough motion and trajectory 
and a component to fine-tune trajectory shifts generated 
by road conditions and/or external forces from the road 
surface. From the PP2.0’s tire-angle command, the DAS 
extracts components that determine the vehicle’s rough 
motion and trajectory, to generate a steering-wheel-angle 
command for the steering wheel to follow. The steering-
wheel motion is converted into a tire-angle command via 
an operation similar to that used for the driver’s steering; 
this controls the vehicle’s motion.

The structure of the DAS means that the vehicle can 
move exclusively via tire-angle control, without the 
steering wheel being turned at all; however, steering-
wheel motion is effective in informing the driver of the 
vehicle’s motion. By removing the inching motion that 

Fig.6 Block diagram of lane-centering control

Fig.7 Lane-centering comparison results

Fig.8 Steering-angle comparison results

Fig.9 Summary of steering control during ProPILOT 2.0 operation
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accompanies fine-tuning and considering only the rough-
motion component of the steering-wheel-angle command, 
the steering wheel can be made to move stably and 
smoothly; thus, the vehicle’s motion can be displayed 
more clearly to the driver. Several residual components 
of the tire-angle command are not included in the 
steering-wheel one; however, these are still directly 
adopted in the tire-angle control. This allows the tire 
angle to be controlled according to the full tire-angle 
command of PP2.0, to achieve accurate line tracing.

Fig.10 depicts an example of the steering-wheel (green) 
and tire (blue) angles during PP2.0 operation. The 
steering-wheel angle exhibits a stable, smooth motion, in 
which only the vehicle’s rough motion is expressed. 
Meanwhile, the tire angles exhibit a continual inching 
motion, owing to the combination of rough motions and 
fine-tuning.

Thus, the mutual independence of the steering-wheel 
and tire controls renders compatible the smooth steering-
wheel-angle motions and accurate line-tracing function.

4.2 Contributions to ease of steering override
Steering override, in which the driver corrects the 

vehicle’s motion, can be executed during PP2.0 operation; 
for example, the override can be used to avoid fallen 
objects or to keep distance from vehicles traveling 
alongside by moving away from the lane center. The line-
tracing control force continually acts upon the steering 
wheel during PP2.0 operation, and the driver must apply 
steering to override it. Therefore, steering input features 
allowing the driver to easily override the operating PP2.0 
are important.

To this end, existing steering systems generally adopt 
an electric motor or hydraulic system to generate control 
forces and overcome external forces from the road surface 
or system friction. However, in DAS, the steering wheel 
and tires are disconnected; hence, the external force from 
the road surface is not transmitted to the steering wheel. 
Therefore, the flexibility of steering force design and ease 
of establishing target characteristics represent 
advantages of PP2.0.

Here, the steering inputs during PP2.0 operation are 
explained according to the schematic in Fig.12, where we 

take right-hand turning as an example. The dotted-blue 
line and red line indicate the steering input characteristics 
of a human driver (PP2.0 functions inactive) and PP2.0, 
respectively. To maintain the turning motion, the 
steering wheel must follow a steering-wheel-angle 
command. In DAS, the driver’s steering input 
characteristics are offset, to make the steering force 
produced by a steering-wheel command as zero. This 
allows the driver to override the system with their own 
steering input when steering from a straight-line into a 
turn; this reduces the driver’s burden.

Furthermore, when switching the PP2.0’s operations 
off (i.e., when the driver’s steering replaces it completely), 
the offset for a steering input of zero is gradually 
decreased, to ensure a smooth transition and a natural 
steering operation for the driver.

Thus, the DAS system’s feature (i.e., the independent 
controllability of the steering wheel and tires) is utilized 
to improve PP2.0’s performance.

5. Conclusion

Nissan has taken the lead in technological innovation, 
retaining its place as a pioneer in driver assistance 
technology for more than 20 years; in this time, it has 
developed numerous global technological “firsts.”

First, control technology was established to control 
vehicle speed and vehicle distance at ICC system, and to 
control lateral motion and steering at LKS system. The 
combination of these technologies resulted in the 
development of PP2.0. Furthermore, the advantages of 
DAS (steer-by-wire systems) has facilitated line-tracing 
capabilities and smooth steering motions, contributing to 
driver reassurance.
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1. Introduction

This chapter outlines the newly adopted intelligent 
interface as the human–machine interface (HMI) 
technology that is key to realizing the “safety ” and 
“comfort” in ProPILOT 2.0 (hereinafter referred to as 
“PP2.0”). The main functions as interactive HMI, 360° 
real-time surrounding display, and driver-monitoring 
system are explained in detail followed by the description 
on HMI verification methodology.

2. ProPILOT 2.0-specific intelligent HMI

The intelligent interface is a HMI uniquely designed to 
enable the driver to use the advanced driving assistance 
functions of PP2.0 both easily and appropriately. In other 
words, it is an intelligent interface for an intelligent 
driver assistance system, and consists of a HUD (Head 
up Display), a display on the meter display, operations on 
the steering wheel switches, and warnings by the driver 
monitoring system. (Fig.1)

PP2.0 is a driving-assistance system in which the 
vehicle speed, inter-vehicle-distance, and steering control 
functions of the first-generation ProPILOT (hereinafter, 
“PP1.0”) have been enhanced by the addition of a hands-
off function (for driving within a single lane) and a 
navigated route driving function that supports lane 
change at branches and exits and for overtaking.

PP2.0 has three activation states, up from two in 
PP1.0, due to the addition of hands-off function in the 
same lane. These modes are as follows: the Intelligent 
Cruise Control mode(hereinafter referred to as “ICC 
mode”), in which only the vehicle speed/vehicle to vehicle 
distance control are activated; the hands-on mode, in 
which both the vehicle speed/vehicle to vehicle distance 
control and steering control are activated, but the driver 
must be able to keep the steering control at all times; and 
the hands-off mode, in which both the vehicle speed/
vehicle to vehicle distance control and steering control 
are activated and  allows the driver to take his hands off 
the steering wheel under certain situations, assuming 
that the driver’s attention is on the road ahead and the 
driver is ready to take over when required. The challenge 
for an HMI is to design a display system that allows the 
driver to identify these three states. When two modes are 
to be identified, an ON/OFF display element can generally 
be used; however, it is difficult for three or more conditions 
to be identified with this method. We have widely applied 
color-coding scheme, which encourages identification by 
differences in color, to both the functional (e.g., icons, 
indicators, etc.) and formative  (e.g., dividing lines, 
backgrounds, etc.) display elements on the HUD and 
meter displays, and to render the three driving modes 
readily identifiable, we assign them the following colors: 
white for the ICC mode, green for the hands-on mode, 
and blue for the hands-off mode (Fig.2). Because color 
vision differs between individuals, the color-coding 
system here adopted uses colors selected through color-
vision simulations, to incorporate such differences 
between individuals.

The navigated route driving function (a further 
function of PP2.0) assists in lane-changing maneuvers 
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when branching is required by the route or overtaking a 
slower vehicle ahead. The system assesses the conditions 
and proposes lane-change assistance at an appropriate 
time; the lane-change assistance starts after the driver 
confirms the safety and approves the proposal. Here, one 
issue in HMIs that of constructing display systems that 
allow the driver to clearly and quickly understand the 
system’s proposal and operation systems that allow the 
driver to enter their approval easily and without mis-
operation. When solving this issue, it is extremely 
important to ensure that the proposal and approval 
processes do not prevent the driver from monitoring the 
surrounding traffic conditions, because PP2.0 is only a 
driving-assistance system and the driver remains obliged 
to monitor the surrounding traffic conditions and drive 
appropriately at all times. Therefore, the system’s 
proposal is displayed in simple text and graphics on the 
HUD, and the driver approved input were assigned to the 
switch with the best visibility and operability  among the 
steering switches. (Fig.3)

Thus, the driver is able to grasp the system’s proposal 
without deviating their gaze too far from the surrounding 
traffic conditions, to continually check the vehicle’s 
safety, and to approve the proposal while holding the 
steering wheel. If the system proposal and driver approval 
are completed in a short time  and without stress, the 
driver’s impressions of the HMI naturally change, from 
the current display/operation impression (i.e., as the 
driver’s input (operation) vs. the system’s output 
(display)) to a sense of enhanced interaction with the 
system. Thus, the HMI items used during lane-change 
assistance are referred to as “interactive HMI” and 
mediate communications with the user.

Driving with an interactive HMI is an unprecedented 
new driving experience, and we believe that it is a 
revolutionary HMI not only usability improvement but 
also in perspective of UX (User Experience). 

Technological advances allow PP2.0 to a  refined 

control performance (e.g., smooth acceleration/
deceleration and lane-keeping stability), resulting in a 
highly advanced driving-assistance system. For the HMI 
of such systems, the driver’s excessive trust, distrust, 
and-in particular-excessive trust prevention must be 
considered to the greatest possible extent. One method 
for achieving this is to ensure that the driver accurately 
understands the system’s abilities and can use the 
system appropriately within the range of these abilities. 
Accordingly, the surrounding traffic conditions are 
detected by the system and displayed in 360° and real 
time on the meter display, to help the driver to understand 
the system’s detection range and identification abilities 
at a glance. (Fig.4)

Furthermore, a driver-monitoring system is installed 
to detect whether the driver is monitoring the road ahead; 
if they are not, the system warns them to attend more 
closely. This help prevents the driver from neglecting to 
monitor the surrounding traffic conditions when driving 
in the hands-off mode. (Fig.5)

 

Fig.3 System’s proposal and driver’s approval of lane-change 
assistance operation

Fig.4 360° real-time surrounding display

Fig.5 Driver-monitoring system and its warning for the driver to 
attend to the road ahead
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3. HMI Details

The details of the interactive HMI, 360° real-time 
surrounding-conditions display, and driver-monitoring 
device are here described.

3.1 Interactive HMI
To provide lane-change assistance during the 

branching or overtaking stages of the navigated route 
driving operation, the system considers the planned 
route, the speed of the vehicle ahead, and the surrounding 
traffic conditions; from these data, it proposes lane-
change assistance via the HUD and meter display at 
appropriate timing. (Fig.6)

 

In the HUD, the arrow-shaped graphics indicate the 
proposal for lane change assistance and the text at the 
top prompts the driver for approval. The number of 
display elements is minimized, and these elements are 
arranged such that the driver’s forward vision is not 
obstructed, to allow the driver to recognize the system’s 
proposal safely. The reason for the lane change is 
simultaneously displayed on the meter display, to allow 
the driver can check it if necessary.

Once the driver checks the safety of the surroundings 
and presses the steering switch (Fig.3), lane-change 
assistance is started. Because this switch is often 
operated relatively quickly after the driver receives the 
system’s proposal, it is placed in the upper region of the 
display, near the periphery of the steering wheel, in 
consideration of both visibility and operability. Once the 
driver is familiar with the switch operation, it can be 
pressed without looking. 

During lane-change assistance, driver must place both 
hands on the steering wheel in preparation for overriding. 

Therefore, after lane-change assistance is started, the 
HUD and meter display switch from the hands-off mode 
(blue) to the hands-on one (green), to prompt the driver to 
grasp the steering wheel. It is here that color coding is 
most effective.

The animated display (i.e., the HUD’s graphic arrow 
pointing from the near to far sides) is displayed from the 
moment of approval until the lane change commences, 
and text prompting the driver to check the safety of 
surrounding is displayed. When the system initiates the 
vehicle’s turn signals to start the lane change, the HUD’s 
graphical arrow becomes green and flashes at the same 
frequency as the turn signals, to inform the driver that 
the lane change is in progress. (Fig.7)

3.2 360° real-time surrounding display
To help drivers properly grasp the capabilities of the 

system, the system displays the road environment and 
traffic conditions that the system is detecting in 360° in 
real time. 

As the road environment, the traveling lane, the 
adjacent lanes and the type of road boundary lines (e.g., 
solid white, broken white, solid-yellow, and double lines 
can also be displayed) (Fig.8). In this way, the ability of 
the 3D High-Definition map data and front camera to 
detect the surrounding road environment can be 
expressed in the display. 

As traffic conditions, other vehicles detected in 
traveling lane and the   adjacent lanes are displayed for 
each vehicle type (e.g., passenger cars, large-sized 
vehicles, motorcycles, and unknown) (Fig.4); In addition, 

Fig.6 System’s proposal for lane-change assistance

Fig.7 Lane-change assistance display scenes

Fig.8 360° real-time display 
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the distance of other vehicles in the display was 
repeatedly tuned to match the actual scenery, resulting 
in a non-linear scaling of the display position. This allows 
detected vehicles to be displayed by fusion-processing the 
outputs from the front camera, front radar, side radars, 
and other sensors. The driver can grasp the system’s 
detection range and identification capabikity by 
comparing the actual space with the displayed one.

Through experiencing various scenes, the driver 
gradually learns the system’s capability via the 360° real-
time display, and will be able to to use the system 
appropriately within its capabilities. At the same time, 
the driver’s trust in the system is also enhanced.

3.3 Driver-monitoring system
The driver-monitoring system checks the driver for 

any failure to monitor the road ahead, using the driver’s 
face  direction and eye-opening/-closing conditions. It can 
prompt the driver to attend more closely to the road 
ahead, to help prevent them from neglecting to monitor 
surrounding traffic conditions when driving in the hands-
off mode. (Fig.5)

The driver-monitoring device is located at the center of 
the dashboard with its imaging field directed toward the 
driver’s side. It features the following integrated 
components: a camera lens, infrared light source (LED), 
optical filter, infrared-light imaging device, image-
processing circuit, universal operation circuit, and more. 
(Fig.9)

The infrared LED periodically emits infrared light 
with a wavelength of 940 nm (i.e., the invisible range), 
and the infrared-light-imaging device synchronizes 
therewith to capture an image; thus, a clear depiction of 
the driver’s face can be obtained in all light conditions.

The facial organs (i.e., the eyes, nose, and mouth) are 
extracted from the driver’s facial image via pattern-
matching processing, and the driver’s face direction is 
calculated from the size and positional relationships of 
these organs. In addition, the eye-opening/-closing 
condition is assessed by detailed analysis of the regions 
surrounding the eyes. When the calculated face direction 
is oriented beyond a certain angle from the vehicle’s 
direction of motion for a specified period, a monitoring 

failure is registered and a warning given (Note: when the 
turn signals are active, this warning is blocked). When 
the eyes remain closed for a specified time period or face 
direction or eye-opening/-closing conditions remain 
likewise unchanged, a failure to monitor the road ahead 
is registered, and a warning is given.

4. Verification of HMI

The verification process for the driving-assistance 
HMI is here introduced.

4.1 Examination of verification items
Using the verification items specified for each system-

judgment-generated (i.e., automatically provided by the 
system, regardless of the driver’s operation) and driver-
operation-generated (i.e., provided by the driver’s operation) 
information presentation (Table 1), we determined 
detailed verification items for each evaluation task.

4.2 Verification method
For each verification items, scene which lead to workload 

during recognition / judgement / operation processes were 
extracted Examples of the evaluation scenes used to 
identify tasks in the three operation conditions (ICC, 
hands-on, and hands-off modes) are shown in Fig.10.

Simulators were constructed in which the recognition/
judgment/operation processes of an extracted evaluation 
scene could be assessed; then, these were evaluated by 
experts and experimental participants (representing 
general customers).

For the simulators, the following two scenarios were 
prepared: a use case scenario, representing the control 
and HMI logic in writing; and a driving simulator 
(hereinafter, “DS”), reproducing the cockpit and vehicle’s 
motion.

First, the use case scenario was used by the experts to 
verify the compatibility between the combined control 

Fig.9 Driver-monitoring device position

Table 1. Verification items (major items)

Fig.10 Evaluation scene extraction: identifying the three 
operating conditions
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and HMI logic and the recognition model for expected 
users. (Fig.11)

Next, the HMI specifications of the aforementioned use 
case scenario were reproduced as an actual driving 
experience in the DS, to allow the experts and experiment 
participants to conduct evaluations.

The DS reproduced the traffic flow around the vehicle as 
well as the surrounding environment (e.g., road structures); 
thus, the users were naturally motivated to attend closely 
to the road ahead. An actual road simulation was applied to 
convey the experience of driving-load reduction, security, 
excessive trust, and distrust under PP2.0. Specifically, after 
driving for tens of minutes, the vehicle’s behavior and 
meter/HUD information provisions (according to the 
PP2.0’s control conditions) were reproduced. (Fig.12)

The applied DS consisted a motion system which 
provided the vehicle’s acceleration, an image-projection 
system which provided visual information, a cockpit 
system which provided sonic/reactive responses to 
controls, and a driver’s seat. The dome and the projector 
system rested on the six-axis oscillation unit (referred to 
as a hexa-pot) which was  mounted on the x–y translation 
unit allowing  movement in the longitudinal and lateral 
directions, Built in the dome was a turntable that rotated 
independently of the translation unit and  a mock vehicle-
cockpit.. Screen surface covered the  dome interior  with 
seven projectors combined to project a 360° image. Fig.13 
and Fig.14 depict the DS structure and control-system 
composition, respectively.

The various control signals (e.g., from the steering 

wheel, brake, and accelerator) and road-surface conditions 
were inputted to a vehicle-motion analysis model. The 
steering/braking responses to the controls were calculated 
and delivered to the driver. By minimizing the deviation to 
actual driving experience, the DS allowed long enduring 
tests without the subjects having motion sickness, and 
reproduced at high consistency driving experience which 
affect capabilities of driver recognition such as workload, 
sense of security, excessive trust, and distrust. To this end, 
the following design aspects were realized: 1)

(1)  The translation unit moved and responded rapidly 
whilst generating wide strokes in the x- and 
y-directions; thus, the drivers felt acceleration as high 
as that of an actual vehicle, with no delay.

(2)  The large-scale dome displayed a 360° surrounding 
image with a high response rate, to enhance the 
realism and to reduce the unnaturalness caused by 
delayed imagery.

An example evaluation using the DS is here described.
For the scene in which repeated lane changes (to reach 

the exit of an expressway) were assisted, the following 
items were evaluated: batch approval, in which the driver 
approved all of the system’s lane-change proposals at 
once and immediately; and separate approval, in which 
an approval operation was performed for each lane 
change. Driver experiences were used to evaluate these 
two approval types and their problem areas (Fig.15), and 
the scenarios were reproduced in the DS (Fig.16) to 

Fig.11 Example of desktop scenario

Fig.12 Driving simulator elements

Fig.13 Driving simulator structure

Fig.14 Driving simulator control-system composition
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observe driving results and perform subjective 
evaluations. For both approval types, correct operations 
and satisfactory operability/convenience were confirmed. 
(Fig.17)

These evaluation experiments were repeated with 
several hundreds of participants before finalizing the 
HMI specifications.

4.3 Verification stages
Through the desktop-scenario and DS evaluations, the 

HMI specifications were verified in the design phase, to 
enhance the accuracy of the design. In the evaluation 
phase, prototype vehicles were used to optimize the 
specification details (e.g., display timing). (Fig.18)

5. Conclusion

The intelligent interface described in this chapter 
provided comprehensive means for the driver to readily 
understand the system’s condition/abilities bthrough 
interaction and helped realize PP2.0, an advanced 
driving-assistance function  , to be easily and appropriately 
used by the customers.
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1. Introduction

The evolution of autonomous driving technologies has 
extended the range of driving-assistance functions they 
offer and increased the scope and importance of their 
functional safety designs.

The ProPILOT 2.0 (hereinafter referred to as “PP2.0”) 
system allows users to drive without holding the steering 
wheel in certain road environments, though they still 
monitor the road. The designs required to help support 
the safety of this operation differ from those of existing 
driving-assistance systems. For example, in the event of 
system technical issue, the first-generation ProPILOT 
(hereinafter, “PP1.0”) requires the driver to keep their 
hands on the steering wheel, to immediately override the 
automatic driving operation. In contrast, PP2.0 allows 
the driver to continue with “hands off” driving under the 
specific condition; thus, until the driver overrides the 
driving operation, the system shall handle the technical 
issue safely.

This chapter describes the safety/reliability designs 
essential to realizing “security” and “comfort” in PP2.0.

2. Concept of functional safety design

In existing driving-assistance systems (in which the 
driver always drives with their hands on the steering 
wheel), the functional safety design addresses safety by 
working to detect technical issues before they result in 
critically hazardous events, informing the driver, and 
terminating the mis-operating function (Fail silent).

Meanwhile, the functional safety design of PP2.0 not 
only works to detect  technical issues and inform the 
driver; furthermore, it is designed to maintain operations 
until the driver takes over (Fail operational). (Fig.1)

To maintain safety after a technical issue, the steering 
and braking functions (which are continuously controlled 
by the system) and the “informing function” (i.e., that 
informs the driver of a technical issue) shall be retained; 
hence, safety is addressed by making each function 
redundant. If any of these functions fail, a switchover to 
an unaffected backup system is applied as a safety 
measure.

To make a function redundant, its components (e.g., its 
electronic control unit (ECU) and actuators) and electric/
electronic infrastructures (e.g., its power sources and 
communication networks) must also be made redundant.

Furthermore, an important design requirement for 
maintaining functions with redundant composition is 
“independence” for the main and backup function 
systems. Accordingly, this feature is designed to meet the 
following functional safety requirements:
1)  A single technical issue must not cause both systems to 

fail simultaneously.
2)  A technical issue that incapacitates one system must 

not produce a technical issue in another system.

3. Communication network architecture

For the ECU (as described above), if a technical issue 
occurs, the steering and braking functions are addressed 
through a redundancy system comprising multiple ECUs. 
To support the vehicle’s safe behavior, its communication 
network must also be redundant. Expressed otherwise, 
the communication network is constructed such that the 
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series of signal flows is uninterrupted in the event of 
abnormalities occurring in the body, harnesses, or other 
parts of the ECU. The requirements for achieving this 
can be roughly classified into two items:
1)  Multiple communication routes (groups) must be 

ensured for “obstacle/white-line detection” → 
“command-value operation” → “actuator control.”

2)  These communication routes must be mutually 
independent.

In communication-network designs, these two 
requirements can be more precisely broken down into the 
following four items:
a)  Each group must contain detection-, command-, and 

steering/braking-system ECUs. 
b)  Each group must be composed of mutually independent 

ECUs (Fig.3).
c)  Communication within each group must be conducted 

through mutually independent buses (Fig.4). 
d)  The ECUs contained in each group must be connected to 

mutually independent upstream power sources (Fig.5).

A summary of the network topology satisfying these 
requirements is shown in Fig.6. Under normal conditions, 
driving assistance is performed by all ECUs depicted in 
the figure. The communication network is organized such 
that Group B and/or Group A continues to operate when 
an abnormality occurs in Group A and/or Group B. 
Moreover, a communication bus between the groups is 
provided, to allow each group to monitor and immediately 
detect abnormalities in its counterpart.

 

4. Power-source system for ProPILOT 2.0

4.1 New requirements for power-source systems
Because the all systems are operated by the vehicle’s 

12 V power source, power-source maintenance is crucial 
in helping prevent the system from losing functionality.

If driving operations are controlled by vehicle, the 
following requirements are placed on the power-source 
system: (1) abnormally high/low voltages must not be 
allowed, even over short periods, because the ECU 
continuously maintains the necessary operation processes 
for driving assistance; (2) because the driver’s input is 
absent, the actuator consumes more power than existing 
assistance functions and 12Vpower-source is required 
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Fig.3 Requirements for ECUs composing each group
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Fig.4 Requirements for buses composing each group
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Fig.5 Requirements for upstream power sources composing 
each group
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Fig.6 Communication network composition for ProPILOT 2.0
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higher voltage than the motor’s electromotive force.

4.2 Summary of power-source system
The power-source system is composed of a main 

battery; a DC–DC converter, along with its relay and 
current sensor; a backup battery, along with its relay and 
sensor; and connecting harnesses. (Fig.7)

During driving operations, the backup battery is 
connected to the vehicle’s 12 V power system, and the 
vehicle’s electrical components are operated by using 
power from three power sources: the DC–DC converter, 
main battery, and backup battery. Even if the DC-DC 
converter fails with a deterioration of the main battery, 
the backup battery can maintain the voltage and support 
the driving-assistance which of system’s continued 
operation.

Lead-acid batteries have achieved sufficient performance 
results on the market (as adopted in the SERENA 
S-HYBRID and other vehicles); hence, it was selected as 
the backup battery.

4.3 Power-source system problems
The backup battery, an important component in 

managing power-source redundancy, must continue to 
operate when the main power source fails; however, an 
increase in customer burdens (e.g., frequent parts 
replacement and checks) must be avoided. Therefore, the 
system itself must maintain its performance over a long 
period. As described above, actuators require a high 
power-source voltage, which cannot be maintained under 
deteriorated backup-battery; thus, to measures to 
safeguard against backup-battery deterioration and to 
ensure accurate battery status diagnoses are essential.

Meanwhile, the DC-DC converter have failure modes 
of high-voltage  and internal short circuiting. These 
failure modes make it impossible to maintain the power-
source voltage by using the backup battery, Therefore 
some safeguard were also examined against DC–DC 
converter technical issues.

The technical issues for power-source-system 
redundancy are as follows:

1. Suppressing deterioration for backup-battery.
2. Correctly diagnosing backup-battery conditions.
3.  Handling DC–DC converter short-circuiting/high-

voltage technical issues.

4.4 Measures for controlling backup-battery 
deterioration

To apply same size/type lead-acid battery for the main 
and backup will result in a similar deterioration process 
in both. Thus, when the main battery reaches its life-
span, the sub-battery will do likewise, and its backup 
function will be lost. Therefore, the backup battery must 
have a longer life-span than the main one.

The stress applied to a lead-acid battery cannot often 
be eliminated, because of the battery’s functions. 
However, the backup battery is different from the main 
battery; for example, no dark-current supply is required 
during parking, which reduces the battery stress. As 
described above, the backup battery’s long life-span was 
addressed by thoroughly investigating the deterioration 
factors of lead-acid batteries and implementing measures 
to reduce stress. Here, we describe the process of 
eliminating the main factor: stress-induced capacity 
reduction of the lead-acid battery.

First, the backup-battery relay was placed upstream of 
the backup-battery circuit, to disengage the circuit during 
parking and prevent its discharge through the vehicle’s 
standby current. (Fig.8)

Moreover, because excessively high or low charging 
voltages shorten lead-acid-battery life-spans, the backup 
battery was placed in parallel with the main battery, 
such that the applied voltage from the DC–DC converter 
(including the voltage drop due to the harness) was 
equalized between both batteries.

These measures ensure that the backup battery can 
retain a high charging capacity, to control deteriorations 
produced by a low-capacity state. In consideration of the 
vehicle’s quietness, a semiconductor relay (which makes 
no operation noise) was adopted as the backup battery 
relay.

4.5 Backup-battery condition diagnosis
Lead-acid batteries are prone to multiple deterioration/

failure modes, owing to their chemical/structural 
characteristics. As described above, the backup battery is 
managed such that most deterioration modes are 
controlled, which makes condition diagnosis relatively 
easy. Meanwhile, the externally observable parameters 
are limited to voltage, charging/discharging current, and 
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temperature. To diagnose backup-battery conditions 
with high precision, a circuit configuration designed for 
more accurate measurement was adopted.

In particular, the battery voltage suffered from larger 
measurement errors, attributable to the effects of the 
generator/other-battery voltage, voltage drops through 
discharge from the measured battery, and other factors. 
These factors arise because the battery must be connected 
to a 12 V power grid during measurement.

As a countermeasure, the error factors were eliminated 
by switching off the backup relay and measuring the 
voltage with the battery disconnected from the vehicle’s 
circuit.

4.6 Handling DC–DC converter short-circuiting/
high-voltage technical issues

In the event of a short-circuiting/high-voltage technical 
issue in the DC–DC converter, the battery must be 
disconnected from the vehicle’s 12 V power grid; to this 
end, a DC–DC converter relay was placed between the 
DC–DC converter and battery. (Fig.9)

This circuit configuration was designed such that its 
fundamental power-source function was unobstructed. 
To minimize the relay induced voltage drop, we chose a 
semiconductor relay, because it can realize a lower ON 
resistance, large current-carrying capacity, superior 
durability, and lack of operation noise.

In addition, the backup-battery and DC–DC converter 
relays are controlled by mutually independent ECUs; 
this enhances system reliability, because the ECUs 
cannot be simultaneously switched off by microcomputer 
runaway during PP2.0 operation.

5. Human-error-secure safety design

As the driving-control functions of systems have 
become more advanced, the potential for increased risk 
associated with driver errors, such as overreliance on the 
system and misunderstanding of system function, has 
increased. A system such as PP2.0, which allows for 
switching between the driver’s driving mode and system-
assisted modes, requires measures to address errors in 
recognizing the system’s operational status (mode 
confusion) or conflicts between the driver’s and system’s 
intentions.

Here, methods of analyzing predictable human errors 
are explained. Previously, when human-error-derived 
hazardous event scenarios were analyzed, experts applied 
brainstorming methods. However, demonstrating the 
results of such methods is difficult in terms of logicality 
or comprehensiveness.

In this research, a new analysis method was developed 
for PP2.0, to objectively and comprehensively deduce 
hazardous scenarios produced by human errors. The risk 
analysis was conducted via four steps:

1. Specify an object person (who).
2. Specify a phenomenon (how).
3. Specify an object (what).
4. Specify an environment (where).
This concept was visualized with a description method 

that imitated goal-structuring notation (GSN), to increase 
the objectivity of the demonstration. (Fig.10)

5.1 Specify an object person (who)
First, we specified the object causing the human error; 

this could include the driver, a passenger in the passenger 
seat, or passengers in the rear seats.

5.2 Specify a phenomenon (how)
Next, we specified a phenomenon for the object person’s 

human error. Human activities were categorized into 
“recognition,” “judgment,” and “action.” Possible human 
errors were comprehensively defined. Among them, 
highly probably phenomena were specified. (Fig.11)
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5.3 Specify an object (what)
Next, we specified the object of the human error; this 

represented the relationship between the driver and 
environment/system/vehicle in the systems-theoretic 
process-analysis control structure. As a result, objects 
exerting identical effects on the driver were 
comprehensively extracted; through this, we restricted 
the number of objects. (Fig.12)

5.4 Specify environment (where)
Lastly, we specified the environment that produced 

the human error, to derive the final hazardous scenario. 
(Fig.13)

This analysis method was applied to the PP2.0 system, 
to extract human-error-related scenarios and break down 
safety measures into functional requirements.

Moreover, this method was proposed to ISO TC22 
SC32 WG8 and adopted in ISO PAS 21448 “Road vehicles 
– Safety of the Intended Functionality,” issued in January 
2019.

6. Summary

The method described in this chapter allows PP2.0 to 
be designed with advanced safety standards. From the 
developed safety-design method, PP2.0-specific 
requirements were derived, and the functional safety 
design was realized by adding new features. This allowed 

complicated designs to be avoided and high reliability to 
be achieved.
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1. Customer values and their verification

Compared to the first-generation ProPILOT 
(hereinafter referred to as “PP1.0”), ProPILOT 2.0 
(hereinafter, “PP2.0”) adds two new intelligent items: 
Navigation-route-following function, including lane-
change assistance (point-to-point); and a hands-off 
function when remaining in the same lane.

To realize the navigation-route-following and lane-
change-assistance functions, more complicated controls 
are required to handle multiple lanes instead of single 
ones. Because lane-change and overtaking scenarios are 
more complicated, simulation techniques have been used 
to verify that the relevant systems function appropriately 
under numerous traffic-flow conditions.

Meanwhile, a crucial aspect of the lane-maintaining 
hands-off function is the feeling of safety of the vehicle’s 
motion. For a long time, Nissan Motor has developed 
technologies to provide customers with a dynamic driving 
performance over all road conditions and at all times; the 
results have received customer approval. Numerous 
research results regarding customer’s perceptions of 
vehicle behavior and the human mechanism which 
explains their intention for these behaviors have been 
incorporated into PP2.0. Here, we discuss this in detail.

This development has been undertaken to facilitate 
cooperative human–vehicle driving relationships that 
provide not only convenience but also a sense of mutual 
interaction towards a destination. The development paths 
were as follows: knowledge of “how to move a vehicle,” 
obtained through dynamic performance research, was 
maximized and utilized; simulation techniques were 
actively applied; and techniques accumulated through the 
development of numerous driver-assistance/safety systems, 
the evolution of intelligent technologies, and human 
research were combined. The following items represent the 
PP2.0’s performance-target settings considered in realizing 
the above, as well as their verification:
・  Verification of lane-change actions in complicated 

traffic environments.
・  Vehicle-behavior target settings for controlling 

discrepancies perceived by the passenger, as well as 
their verification.

2. Verification of lane-change action in 
complicated traffic environments

To evaluate a lane-change-assistance function 
(including its relationship to adjacent vehicles), 
comprehensive verification procedures are required. 
Accordingly, a coupled simulation environment combining 
multiple tools was constructed to reproduce traffic flows, 
the PP2.0 system (sensors and control logic), and vehicle 
behavior interactions (Fig.1). To ensure the reproducibility 
of the yaw response to steering (an important feature of 
lane-changing motions), a highly accurate vehicle model 
(also used for stability performance evaluations) was 
adopted, to accurately reproduce the mutual relationships 
between sensors, control logic, and vehicle behavior 
(Fig.2). 
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Next, a simulated branching scene was considered, to 
examine lane-change motions for a complicated traffic 
environment. Here, to reproduce multi-vehicle traffic 
flows (for which practical reproductions are difficult), the 
PP2.0 vehicle’s surroundings were divided into nine 
blocks. Large-sized vehicles (e.g., buses and trucks) were 
placed at random in the adjacent divisions, using one 
vehicle per division (Items 2, 3, 6, 7, and 8 in Fig.3); 
furthermore, standard-sized passenger cars were placed 
at random in the forward/backward positions, with one 
vehicle per division (Items 1, 4, 5, and 9 in Fig.3). Here, 
the standard-sized passenger cars were described by 
dynamic traffic parameters (e.g., vehicle speed and 
acceleration/deceleration), and the lane-change times 
were set to different levels.

For the simulation evaluations, 1376 test-case patterns 
were automatically generated using the aforementioned 
preconditions. Numerous scenes (for which the handling 
appeared challenging for PP2.0) were included amongst 
these cases (e.g., a standard-sized passenger car suddenly 
cutting in from the blind spot of a large-sized vehicle 
when performing a lane change).

Furthermore, to process the simulation results, the 
following list of fully determined results were outputted 
for several minutes: the relative positions of the PP2.0 
and other vehicles; the time-to-collision considering 
relative speeds; and the successful operation of the 
control logic (Fig.4).

As described above, performing verification with not 
only actual vehicle but also simulation environments, 
which reproduce vehicle behaviors when the lane-change-
function is activated under any road-shape/traffic-flow 
conditions, enables more accurate analyses and measures 
for whether the PP2.0 system exhibit any problems, and 
if so, what caused them. 

3. Vehicle-behavior target settings for 
controlling passenger-perceived 

discrepancies, and their verification

PP2.0 features a hands-off function for driving within 
the same lane. Because the driver does not perform 
driving operations in this mode, conditions of involuntary 
(passive) motion can be assumed. As shown in the lower 
part of Fig.5, under involuntary motion conditions, 
motion compensation (based on motion-estimation 
results from the brain model (internal) model) is not 
performed. Therefore, a discrepancy often arises between 
the amount of perceptions a person receives from the 
sensory system (i.e., actual perceptions) and the amount 
subconsciously estimated (i.e., not perceived), which may 
cause sensory confusion. For the driver to maintain 
safety during the hands-off mode, generating vehicle 
behaviors that do not cause sensory discrepancies seems 
necessary.

Nissan Motor has been accumulating research 
regarding vehicle-motion controls for enhancing 
passenger comfort. By treating the amount of vehicle 
operations and the passenger’s visual and bodily 
behavior-related movement perceptions as parameters, 
optimal vehicle-behavior identifying methods have been 
constructed. Comfort-enhancing parameters include the 
in-lane lateral traveling speed (perceived visually), 
steering speed, bodily received acceleration, and time 
change thereof (jerk). Next, the vehicle-behavior 
performance targets were set by assuming that 
minimizing these perceptions reduces the prevalence of 
human-perceived discrepancies, leading to feelings of 
safety.

For example, Fig.6 depicts the time change in the 
vehicle’s lateral acceleration and the angular acceleration 
of the passenger’s body under changes in vehicle-motion 
parameters[1]. V0 specifies the extent to which steering 
operation was minimized, assuming an improvement in 
the comfort of a driver performing driving operations 
(voluntary motion). R1 specifies the direction in which 
the body roll angular acceleration (a type of movement 
perception) is minimized, assuming an improvement in 

Fig.3 Layout of PP2.0 and other vehicles in branch scene
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Fig.5 Passenger perception model for voluntary motion/
involuntary motion
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passenger comfort (involuntary motion). This vehicle 
behavior can be reproduced with a steering robot (as 
shown in Fig.7) or with a driving simulator. From the 
results of the subjective vehicle-behavior evaluations 
performed with in-house participants, the following 
results were obtained: V0 provided a smooth motion, but 
a larger perceived posture change, and R1 provided a 
smaller posture change and a greater perception of 
parallel motion.

Here, we explain our evaluation of the perceptions 
received from the sensory system by passengers. The 
developed vehicle’s success in achieving the desired 
vehicle behavior was evaluated via driving experiments 
on a proving ground. In these experiments, to check 
whether the new performance targets were met, we 
considered the results of two evaluations: subjective 
(performed by evaluators who actually drove the vehicle) 
and quantitative (from the measurement data for the 
actual perceptions). These were regarded as passenger 
inputs in the passenger perception model (Fig.5). Nissan 
Motor owns the Rikubetsu Proving Ground (Fig.8), which 
facilitates evaluations in expressway type environment; 
the ground includes various road conditions, such as 
multiple lanes, large-radius turning, complex turning, 

and undulating road surfaces. Moreover, a high-definition 
map (essential for realizing PP2.0 functions) of the 
grounds is available. These evaluations were performed 
by comparing PP2.0’s driving with that of an experienced 
driver familiar with the proving ground.

First, a subjective evaluation of PP2.0’s hands-off 
operation (within the same lane) was performed. The 
following evaluation results were obtained. When driving 
through a curve, the steering function was initiated early 
and the amount of corrective steering was small; this 
realizes a very high level of stability and maximizes the 
duration of smooth driving operations.

Measurement data to quantitatively support the 
subjective evaluation results included the in-lane 
traveling speed (related to the degree of visual perception), 
steering speed, and distance from the lane center. The 
comparison results are shown in Fig.10 to Fig.12. 

Fig.6 Passenger body angular acceleration vs. time and lateral 
G vs. time in vehicle, assuming comfort improvement in 

voluntary motion/involuntary motion

Fig.7 Vehicle behavior evaluation with steering robot/driving 
simulator

Fig.8 Nissan Motor’s Rikubetsu Proving Ground

Fig.9 ProPILOT 2.0 evaluation conditions on proving ground
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Compared to the experienced driver, PP2.0 maintained 
smaller variability in these values. Therefore, PP2.0 
remained at the lane center, controlled the corrective 
steering, and realized stable behavior.

Meanwhile, as physical quantities related to movement 
perceptions, longitudinal/lateral accelerations during 
driving on the S-shaped section were measured. The 
results are shown in Fig.13, where the vertical and 
horizontal axes represent the longitudinal acceleration 
(acceleration G/deceleration G) and lateral acceleration 
(lateral G), respectively. The two types of G–G diagrams 
(one for PP1.0 (hands-on) and one for PP2.0 (hands-off)) 
are shown in different colors. The comparison revealed 
that the PP2.0 hands-off function maintained the lateral 
G value for longer, regardless of variation in longitudinal 
G; furthermore, the right/left lateral G levels were 
similar, resulting in gentle driving through the S-shaped 
section. This shows that PP2.0 processes the shapes of 
upcoming corners beforehand, using the high-definition 
map; hence, it gently decelerates before entering a corner, 
requiring only a slight lateral vehicle control when 
passing through.

As described above, it was confirmed that PP2.0 
generated vehicle behaviors that controlled and reduced 

the amount of visual and movement perceptions, thereby 
reducing the risk of sensory confusion.

4. Verification of ProPILOT 2.0 fatigue-
reduction effect

Finally, to verify whether the target output was 
achieved in the passenger-perception model (Fig.5) (i.e., 
whether the passenger experiencing no discrepancies felt 
safety), the fatigue-reduction effect of PP2.0 over long-
distance operations was evaluated in a practical 
environment (public road), in which customers use the 
car. User impressions of “ease” were confirmed from the 
data.

The large quantities of active oxygen generated 
through excessive physical/mental activities can damage 
cells; this can produce fatigue factors (FF) [2]. FFs cause 
fatigue in the brain, resulting in symptoms such as 
abnormal autonomic nerve functions[2]. The condition of 
the autonomic nerves can be evaluated using the low-
frequency-to-high-frequency ratio (LF/HF) (which 
indicates the balance between the sympathetic and 
parasympathetic nerves) and the coefficient of component 
variance total power (ccvTP) (which indicates the 
amplitude of activity for the entire autonomic nervous 
system)[3]. Therefore, we evaluated the fatigue-reduction 
effects of PP2.0 by measuring heartbeat fluctuations, 
from which the aforementioned parameters can be 
derived.

Measurement of heartbeat fluctuation
In the experiments, a portable heart-rate meter 

(MF100, Murata Manufacturing Co., Ltd./Fatigue 
Science Laboratory Inc.; Fig.14) was used to measure 
heartbeat fluctuation; the data were converted into the 
R–R interval with a sampling rate of 100 Hz, and a power 
spectral density function was found. Then, the LF 
component (0.04–0.15 Hz), which reflects the acceleration 
of the sympathetic nervous system, and the HF component 
(0.15–0.4 Hz), which reflects the acceleration of the 
sympathetic and parasympathetic nervous systems, were 
calculated; next, the LF/HF was found by dividing the 
former by the latter. In addition, the square root of the 
sum of the LF and HF components was divided by the 
mean value of the R–R interval, to calculate the ccvTP. 
To remove the influence of age/sex[4], the ccvTP was 
converted into a deviation value using the ccvTP data for 
10000 people or more (grouped according to generation/
sex) and the population ratios of each group[5].
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Driving conditions
The experiments were performed on the 167-km road 

section shown in Fig.15. Experimental participants were 
grouped into down- and up-route drivers prior to the 
experiment. Both driver groups were stopped at 
Nihonzaka PA. The experiment participants drove 
unassisted on one day and used PP2.0 on the other. The 
driving modes on the first day were counterbalanced 
between the experiment participants. Under PP2.0 ON, 
the PP2.0 mode was applied for as long as possible (except 
for emergencies). Instructions were left that if the mode 
temporarily switched to OFF (e.g., due to traffic 
congestion or construction work), it should be returned to 
ON immediately after passing the section. The upper 
limit of the vehicle’s speed was set to 100 km/h. Changing 
the vehicle’s speed setting and overtaking were allowed 
within a safe range. For driving with PP2.0 OFF, 
participants were instructed to drive as usual at a 
guideline speed of 100 km/h.

Experiment participants
The experiments were inspected and approved 

beforehand by the Experimental Ethics Committee of 
Nissan Motor Corporation. The experiment participants 
consisted of 13 people ranging from their thirties to 
sixties (11 males and two females). Two of them had 
routinely used autonomous driving functions of Level 1 
or higher, as defined by the Society of Automotive 
Engineers (SAE).

Moreover, the experiment participants were instructed 
to refrain from the following: drinking alcohol or staying 
up late on the day before driving, skipping breakfast on 
the day, and smoking, drinking anything besides water, 
or eating in the hour before driving.

Procedure
Once the experiments were prepared, the down-route 

drivers drove to Ashigara SA (the starting point of the 
down-route experiments); for this, no driving modes 
(PP2.0 ON/OFF) were applied. Upon arrival, they took a 
15-minute rest before the experiment. First, their 
heartbeat fluctuations (at rest with eyes closed) were 
recorded for 2 min. The participants were instructed to 
mute any audio and to refrain from speech, excessive 
movement, deep breathing, and so on whilst heartbeat 

fluctuation was measured. Next, they drove to Nihonzaka 
PA according to the driving conditions of the day. 
Immediately after arrival, they measured their heartbeat 
fluctuation again. After completion, they drove to 
Hamanako SA. After arrival at Hamanako SA, they 
measured their heartbeat fluctuation in the same way, to 
complete the down-route driver experiments. After a 
30-minute lunch break, they took a 1-hour rest in 
Hamanako SA. The up-route drivers were instructed to 
refrain from smoking, drinking anything besides water, 
or eating during the rest. Next, a similar procedure to 
that applied for the down-route drivers was performed, 
using Hamanako SA as a starting point. We decided to 
divide the data into first-half and second-half sections 
(with Nihonzaka PA as the mid-point) for analysis.

Results
The LF/HF and ccvTP results are shown in Figs. 16 

and 17, respectively. The LF/HF was converted into 
common-logarithm decibel units. We conducted repeated 
measurement variance analyses for each of the two 
factors (i.e., PP2.0 ON and PP2.0 OFF × the driving 
section (first, second, and entire sections)). The interaction 
(F = 8.96, p < 0.01) was found significant for LF/HF, and 
the main effect of the driving condition (F = 9.21, p < 
0.05) was found significant for ccvTP.

In the sub-effect test results for LF/HF interaction, the 
driving condition was identified as having a simple main 
effect in the first-half section (F = 7.84, p < 0.01), and the 
driving section was likewise found to have a simple main 
effect for both PP2.0 ON (F = 4.02, p < 0.05) and PP2.0 
OFF (F = 3.55, p < 0.05). Meanwhile, in the ccvTP results, 
a simple main effect of the driving condition was only 
found to be significant across the entire route (F = 7.05, p 
< 0.05). Based on the above results, it was shown that, 
compared to PP2.0 OFF, PP2.0 ON had a significant 
calming influence on the autonomic nerve balance in the 
first section, whereas the ccvTP only indicated a 
significant difference in autonomic nerve activity over 
the entire route.

In the ccvTP results (Fig.17), the use of PP2.0 functions 
can be seen to reduce fatigue. In addition, the ccvTP 
results for PP2.0 ON tended to be high in both sections 
and similarly high over the entire route; thus, it can be 
assumed that fatigue was continuously accumulated 
from the first section, such that a significant difference 

Fig.15 Driving route
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appeared only after driving the entire route. Meanwhile, 
in terms of LF/HF, PP2.0 OFF and PP2.0 ON produced 
high excitation trends in the first and second sections, 
respectively (Fig.16). It is thought that LF/HF increases 
according to the acceleration of the sympathetic nervous 
system or the control of the parasympathetic one, and the 
long continuous acceleration of the sympathetic nervous 
system produces fatigue[3]. Thus, it seems that with PP2.0 
OFF, the sympathetic nervous system was accelerated in 
the first section, leading to fatigue accumulation, and the 
parasympathetic nervous system was accelerated in the 
second section, which controlled the degree of fatigue 
accumulation. Meanwhile, with PP2.0 ON, the fatigue 
accumulation in the first section was small, so that the 
LF/HF for the second section showed a relative increase.

From these results, we confirmed that in long-distance 
driving using PP2.0 functions, fatigue accumulation was 
controlled to be smaller than that measured under 
normal driving. This suggest that under all traffic 
environments, PP2.0 can perform lane-change maneuvers 
with a feeling of safety and produce comforting vehicle 
behaviors, presenting no discrepancies to passengers.

5. Summary

As described above, Nissan Motor’s experimental 
techniques were applied to set targets and evaluate the 
success of PP2.0 from the perspectives of dynamic 
performance, control technology, and human science. As 
a result, PP2.0 has been described by many customers 

and journalists as not only a convenient function but also 
as a “buddy”[6] [7] [8].

These results are primarily possible because of Nissan 
Motor’s long-term accumulation of experimental 
techniques, which could not have been achieved in a 
short time. Finally, we would like to add that these 
results were achieved through considerable effort, 
involving the construction of the world’s largest driving 
simulator (introduced above), a bench-test system of 
model-/hardware-in-loop simulations, integrated driving-
vehicle measurement techniques, and large-scale 
data-analysis procedures.
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1. Introduction

In 2016, Nissan introduced the NOTE, which features 
an electric power system called e-POWER, to the 
Japanese market. e-POWER is 100% motor-driven, with 
all the power being generated by the engine. Since then, 
Nissan has continued to increase the number of e-POWER 
vehicle models. As part of the electrification strategy of 
Nissan, e-POWER has become an integral component of 
its electric vehicles as a sustainable technology that 
achieves sufficient environmental and driving 
performance simultaneously. This paper covers the 
history and values of e-POWER, including the technical 
challenges and future developments.

2. Belief in the proliferation of electric drive

Electrification and intelligence strategy of Nissan 
ahead of CASE

Nissan commenced its electrification and intelligence 
study as a technical development strategy in 
approximately 2005. The strategy was publicized outside 
the company prior to launching the Nissan LEAF in 
2010. Although CASE is a common technology that is 
currently used by all automotive companies, in 2005, the 
strategy of Nissan was challenging because it involved 
the battery electric vehicle (hereinafter referred to as 
BEV*2) and autonomous driving as the core technologies 
of electrification and intelligence, as shown in Fig. 1. For 
electrification, Nissan intended to achieve a 100% electric 

drive in the long run, while gradually increasing the ratio 
of electric drive vehicles.

Shared motor drive regardless of energy source
The birth of e-POWER was supported by the research 

and development of power-generating electric vehicles 
(hereafter referred to as EVs*1,) which have been 
promoted as catalysts for the proliferation of BEVs. To 
achieve an ultimate low-carbon society through 
electrification, Nissan has researched and developed 
technologies based on various energy sources, as shown 
in Fig. 2. These include direct hydrogen fuel cell 
technology (H2 FCEV), which uses hydrogen as the fuel; 
reforming fuel cell technology (e-Bio Fuel-Cell) using 
reformed biofuel for power generation; and internal 
combustion engine-based power-generating systems with 
gasoline as the fuel. All these technologies have been 
intended to expand the options for energy sources based 
on technologies for improving BEVs and have aimed at 
achieving a 100% motor drive.

Among these options, H2 FCEV and e-Bio Fuel-Cell 
show significant potential for the future. However, 
enhancing their proliferation requires further cost 
reduction and improvements in convenience, including 
infrastructure.

By contrast, engine-based power-generating systems 
can extend the driving ranges of range-extender EVs. 
These use high-capacity EV-dedicated batteries and 
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engines as supplementary power-generating systems. 
Indeed, Nissan initiated the advanced development of 
range-extender EVs alongside the product development 
of the LEAF launched in 2010, as shown in Fig. 3.

For the practical use of e-POWER, Nissan employed 
the control technology developed for LEAF and the 
energy management and noise and vibration technologies 
developed for the range-extender EV. In addition, Nissan 
needed new breakthroughs such as high-power-density 
batteries, which will be discussed later in this article.

Improved response and smoothness of Nissan EVs 
through the development of LEAF

Essential factors for the proliferation of BEVs include 
a sufficient driving range, charging convenience, and 
realistic retail prices. In addition, our predecessors at 
Nissan strived to provide drivers of motor-driven vehicles 
with a powerful response and comfortable, smooth 
driving at the highest level, to ensure that the drivers 
were enthralled once they drove the vehicles. They were 
capable of satisfying drivers by expressing the excellence 
of the systems and control in the form of vehicles.

LEAF was launched globally in 2010 and gained an 
excellent reputation owing to its driving comfort and 
high level of quietness, which distinguished it from other 
motor-driven vehicles. The general BEV models vibrated 
noisily during acceleration, similar to carts; by contrast, 
LEAF provided a smooth driving experience even during 
rapid acceleration and deceleration. Thus, the superiority 
of LEAF was evident. Furthermore, after a trial ride, all 
the drivers were smiling; internally, this smile was called 
the “LEAF smile.”

3. Practical use of e-POWER with the main 
model in Japan

Start of development aiming at EV-ness*3

When Nissan decided to launch the NOTE e-POWER 
in 2014, the hybrid vehicle of a competitor had a 
significant market share in the compact vehicle segment 
in Japan. To launch electrification technology as a 
follower, Nissan needed to improve the fuel economy and 
also express the uniqueness of this vehicle. Thus, 
e-POWER, the main driver behind the electrification 
strategy of Nissan, was developed to define the 

characteristic of “EV-ness,” which represents the good 
driving performance of the Nissan LEAF.

Challenges different from those of range-extenders
Fig. 4 depicts the e-POWER system. The system is 

simple and consists of a BEV with an additional engine 
for power generation. The system configuration is similar 
to that of the range-extender EV described above; 
however, some parts are significantly different. Range-
extender EVs supply power to the motor from the battery, 
similar to BEVs. Likewise, e-POWER vehicles also supply 
power from the battery under normal usage conditions; 
however, under high-load usage cases in which a high 
motor output is required, they supplement power by 
generating it from the engine. Because a smaller battery 
capacity, as compared to that in a range-extender, is 
required, the batteries can be downsized, which is 
advantageous for vehicle installation.

Conversely, achieving a BEV-equivalent “response” 
necessitated supplying the necessary power as quickly as 
possible; therefore, the battery output was increased by 
reducing its internal resistance. Hence, Nissan needed to 
devise a breakthrough solution to achieve a higher 
battery power density and create batteries that leveraged 
the characteristics of e-POWER.

Because the system required 100% power generation, 
the efficiency of the power-generating engine was crucial, 
and Nissan improved it exclusively for e-POWER. It was 
also a new challenge to establish noise, vibration, and 
emission performances under the unique fixed-point 
operation at the maximum efficiency point, which will be 
detailed in a later article.

In the system configuration of e-POWER, the motor 
that drives and the engine that generates power are 
mechanically separated from each other. Accordingly, 
Nissan assumed that LEAF-equivalent EV-ness could be 
achieved easily. However, as the system supplies the 
maximum power when combining the two types of power 
from the battery and engine, as discussed earlier, if the 
power generation of the engine is delayed, the response of 
the motor is also delayed. By contrast, if the engine is 
continuously operated to be ready for the power output, 
the EV-ness will be impaired, leading to poor fuel 
economy. Solving such trade-offs proved to be a 
considerable challenge for Nissan, which the 

図3 BEVとe-POWERの開発の歴史Fig. 3 Development histories of BEVs and e-POWER

Fig. 4 e-POWER system
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range-extender EVs had not posed. The pertinent details 
will be discussed in a later article.

Driving SERENA with a 1.2L engine
The next challenge was to achieve EV-ness with 

SERENA, which was a larger vehicle than the NOTE. 
Hence, higher torque and output are required. The motor 
output and torque were optimized according to the vehicle 
model, as per the basic specifications shown in Table 1. 
To optimize the specifications using an engine and motor 
of the same type, Nissan implemented a modular design 
by varying the number of cells combined in the battery 
and the current capacity of the inverter.

The battery ratio of the SERENA is higher than that of 
the NOTE. However, the challenge was to achieve 
EV-ness by managing energy and power, as discussed 
above. Therefore, it was essential to conduct a simulation 
and also perform a feeling evaluation using an actual 
vehicle, in order to confirm practicality. As Nissan could 
not evaluate the SERENA under development on a public 
road, the vehicle was tested late at night at the reserved 
Hakone Turnpike several times to evaluate feelings and 
practicality. Although the concept of driving a SERENA 
with a 1.2L engine, as described in the presentation 
materials, was difficult to understand, Nissan improved 
the EV-ness of the mini-van to the optimal level through 
repeated driving tests. Nissan performed the final 
evaluation after the relevant executives experienced the 
ride comfort during the late-night trial rides at the 
Hakone Turnpike.

Ride comfort of e-POWER that stimulates purchase 
intention once experienced

During the development of clear EV-ness while 
working on the breakthroughs mentioned above, the key 
for the successful launch of e-POWER was its simplicity. 
This characteristic enabled the engineers involved in the 
development and the concerned internal parties to 
quickly discover the superiority and difference of 
e-POWER, as compared to competitors’ HEV systems, 
during the trial rides. They were satisfied with the 
technology, as evidenced by the LEAF smile described 
above, and showed the intention to purchase. Although 
fuel economy is an important factor when purchasing a 
vehicle, Nissan shifted the point of the discussion to a 
more important factor, that is, how the ride comfort of 

the vehicle could be conveyed to the customers to 
stimulate their intention to purchase. Nissan needed to 
convey the following three benefits to customers: 

-  Linear and smooth acceleration, with the feel of an 
EV.

- High level of quietness
- Top-level fuel economy in the class
In fact, Nissan held almost 20 test ride events with the 

concerned internal parties before finalizing the launch of 
the NOTE and SERENA. Thus, they developed confidence 
in the vehicles as intended through exceptional 
performance during the physical demonstrations.

As discussed above, the promotion of EV-ness and the 
provision of appropriate energy and power management 
were challenging but exciting aspects of the development 
of e-POWER. During its development, every step was 
challenging, including the study of the trade-offs and the 
judgment criteria that were completely new to Nissan. 
The details of these challenges will be discussed in future 
reports.

4. Contribution to building of the Nissan 
brand

Brand strategy of Nissan evolved from electrification 
and intelligence

The brand strategy of Nissan, “innovation for 
excitement,” is not only the value that is intended to be 
offered to customers but also the brand promise.

To deploy this strategy in a more competitive manner, 
Nissan adopted a differentiator, Nissan Intelligent 
Mobility (NIM), as a slogan. NIM is a generic name for 
innovations conveying futuristic visions and is composed 
of the three elements shown in Fig. 5. The three elements 
are shown in parallel; however, the concept is that the 
electrification (intelligent power) and intelligence 
(intelligent driving) described earlier evolved first to 
create an integrated value (intelligent integration). To 
summarize, NIM is built on the developed electrification 
and intelligence strategies.

Strengthening of the Nissan brand using technology
With the intelligent power of NIM, the objective is to 

accelerate the enjoyment of clean, quiet, and powerful 
driving that is unique to Nissan by offering dynamic 
driving experiences through electrification technology. 

表１第1世代e-POWERの基本仕様

Table 1 Basic specifications of 1st-generation e-POWER

図5 日産インテリジェントモビリティ

Fig. 5 Nissan Intelligent Mobility
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As shown in Fig. 6, Nissan embodied clean, quiet, and 
powerful driving in e-POWER technology to offer 
customers. In addition, e-4ORCE, which offers a new 
driving experience by driving with motors on both the 
front and rear wheels, and e-POWER Drive and e-Pedal, 
which enable deceleration with the accelerator pedal, are 
particularly compatible with the electrification technology 
of 100% motor drive. In this way, they deliver a unique 
driving experience together with the EV and e-POWER.

As discussed above, e-POWER has been a key 
technology for supporting the brand building of Nissan. 
This is expected to contribute to the strengthening of the 
brand in the future and to offering new value to customers 
through technical innovations.

5. Delivering to customers worldwide 

Achieving the No. 1 sales position in the segment 
with first-generation e-POWER

The first-generation e-POWER vehicles, as shown in 
Fig. 7, quickly impressed customers with the same 
driving feeling as BEVs, which stimulated their purchase 
intention and ensured their satisfaction after purchase. 
The following four points were highly evaluated, which 
exceeded the expectations of Nissan during development:

-  Linear and smooth acceleration, providing the feel of 
an EV

- High level of quietness
- Top-level fuel economy in the class
-  New driving feeling created by the acceleration and 

deceleration using accelerator pedals
Regarding the sales results, the NOTE achieved the 

No. 1 sales position in Japan in November 2016 for the 
first time in 30 years, after which the NOTE and SERENA 
achieved the highest sales volumes in their respective 
market segments. As of January 2021, the cumulative 
sales volumes of the NOTE and e-POWER are 440,000 
units, and the sales volume of a subsequent model, 
KICKS, also shows a favorable trend.

Pursuing further EV-ness in second-generation 
e-POWER vehicles

The new NOTE, to be fully remodeled in 2021, is an 
e-POWER-dedicated model equipped with an improved 
second-generation e-POWER system. With this model, 
e-POWER has evolved in an ideal direction by providing 
improved power performance, smoothness, and quietness 
and creating a more EV-like feeling. To achieve these 
features, Nissan has improved the motor, inverter, 
battery, and engine constituting the system to enhance 
not only the output and torque but also the fuel economy. 
Quietness has been further improved by reducing the 
engine operation frequency, optimizing the engine 
operation timing, and adopting a new control that 
operates the engine according to road noise. An electric 
AWD model has also been added to harness the benefits 
afforded by precise control.

Power train strategy based on inseparable 
technologies BEV and e-POWER

As discussed above, e-POWER is inseparable from BEV 
in the power train strategy of Nissan. These technologies 
show potential for further improvement and are promising 
in terms of covering wide segments and regions. This 
promise is attributed to their practicality, which enables 
the sharing of parts and control technologies, and also 
their flexibility, which allows for a modular configuration. 
Nissan will continue to focus on the driving feeling, 
quietness, and excellent environmental performance 
provided by these 100% motor-driven systems.

図6 インテリジェントパワーのコア技術
Fig. 6 Core technologies of intelligent power
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“SERENA”

“KICKS”

図7 e-POWER第1世代のラインアップFig. 7 Lineup of first-generation e-POWER vehicles

Fig. 8 Inseparable technologies in power train electrification 
strategy
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6. Conclusion

Amid the growing global interest in environmental 
issues, it is said that the automotive industry faces a 
major once-in-a-century change. Even under these 
circumstances, Nissan will continuously strive to deliver 
the pleasure and comfort of a seamless driving experience 
to customers, while also achieving environmentally 
friendly fuel economy and emission performance. To 
attain these goals, Nissan has been expanding the range 
of e-POWER-equipped vehicle models from the NOTE to 
the SERENA, the KICKS, and the new NOTE that was 
launched recently. Nissan will continue to spread the 
appeal of the electric drive to ensure that customers 
worldwide can experience the LEAF smile.

Explanation of terms
*1 EV: Vehicle driven by an electric motor alone.
*2 BEV: EV driven by battery power alone.
*3 EV-ness:  The quiet, powerful, and smooth driving 

feeling unique to electric motor drives
*4 EV driving:  Driving with e-POWER operated by the 

battery power alone, with the engine 
stopped.
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1. Introduction

This article introduces the electric powertrain, 
e-POWER, which has been newly developed to enable 
good driving performance of the Nissan LEAF. e-POWER 
is 100% motor-driven with 100% power generated by the 
engine. The following topics are covered in this article: 
Overview of the system, characteristics unique to BEV*1-
like and new features that have been developed by solving 
various trade-offs at a high level, system design to achieve 
them, and future expansion.

2. 100% motor-driven e-POWER system 

The BEV system comprises a drive motor, inverter, 
lithium-ion battery, and battery charger. For the 
e-POWER system, while the drivetrain is the same as the 
BEV, the following alterations have been made: 
significant reduction of the battery capacity as a power 
source, elimination of the energy charging function, and 
the addition of a power-generating gasoline engine and a 
generator as an alternative power source. It is a simple 
system that is 100% motor-driven with 100% power 
generated by the engine. As a 100% motor-driven vehicle, 
e-POWER can be defined as an EV*2 similar to the BEV.  
The good driving performance of the BEV is inherited, 
and the fuel economy can be improved by intensively 
using the optimum fuel consumption range because the 
power-generating engine is separated from the tires. 

Thus, e-POWER is an electric powertrain with great 
flexibility and various possibilities.

Fig.2 shows the appearance of the NOTE e-POWER  
powertrain. As the engine is used for power generation 
only, it does not need to be positioned near the drive 
motor. However, we have integrated all the parts as 
much as possible to fit them compactly in the existing 
engine compartment.

The engine is coupled to the generator via the speed 
increaser and the drive motor to the drive shaft via the 
speed reducer. Nissan put these two gear sets in a gear 
box to integrate the drivetrain- and generator-related 
components. The inverters for the drive motor and 
generator were placed in a single casing and installed 
inside the vehicle. A compact battery was installed under 
the front seat. By adopting this layout, Nissan not only 
fitted the e-POWER system in the platform of the compact 
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vehicle, NOTE, but also achieved the comfort and ease of 
loading equivalent to those of gasoline-powered vehicles.

The e-POWER system is controlled by the main 
controller, the vehicle control module (VCM). The VCM 
works in conjunction with the MC (Motor Controller), GC 
(Generator Controller), BMS (Battery Management 
System), and ECM (Engine Control Module) to perform 
energy management and traction control by optimum 
power generation at all times.

3. Achievement of BEV-ness and pursuing 
new values

EV-ness*3 - Smooth, High Response, Quiet
Fuel economy satisfying driving performance 
- Top level fuel economy
e-POWER Drive - Easy driving

Challenge of achieving responsive BEV driving
e-POWER achieves responsive, powerful, linear, and 

smooth acceleration when the accelerator pedal is 
depressed. By utilizing the characteristics unique to 
100% motor drive, a maximum torque can be generated 
at low revolutions and no transmission mechanism is 
necessary. This is based on Nissan’s motor controlling 
technology (motor damping control corresponding to the 
torsional resonance of the drivetrain) achieved through 
the development of the LEAF. This is a tremendous 
benefit that conventional hybrid vehicles have never had 
and is the primary feature of e-POWER.

The keys to achieving such an excellent performance 
are the sharing of the power output from the energy-
supplying battery and engine and the control of power 
generation. We have achieved them by optimizing the 
use of battery energy, engine start timing, and traction 
characteristics for various acceleration scenes. The 
details are described in Article 2.

Achievement of BEV-like quietness and fixed-point 
operation

The power generation by the engine that supplies and 
stores energy can be controlled separately from the 
drivetrain. Using this mechanism, we achieved BEV-like 
quietness. In practice, we have achieved it by adopting 
the following main concepts: active stopping of the engine 
in the low vehicle speed range and power generation with 
engine speed at which the driving noise masks the engine 
noise in the relatively high vehicle speed range. If a 

vehicle is driven at a low vehicle speed constantly, the 
battery energy decreases and the engine must be started 
to generate power. To address this, power is also instantly 
generated at an optimum fuel consumption rate with a 
relatively higher power of 2400 rpm × 76 Nm, 19 kW, 
which is equivalent to a NOTE’s driving load at 120 km/h 
and is the operation point with a constant engine speed 
and load (fixed-point operation). In this way, the engine 
operation time is reduced to extend its stop time. Thus, 
we were able to stop the engine by approximately 90% at 
a vehicle speed of 25 km/h or less. However, in this fixed-
point operation, we found two issues. One was the 
discomfort when vehicle speed and engine speed were not 
synchronized, which did not occur in conventional 
gasoline-powered vehicles. The other was the gap 
between EV driving*4 and driving during the engine’s 
fixed-point operation at a relatively high engine speed. 
The former is a characteristic of e-POWER, accepted in 
the market. We have evolved and improved the latter to 
apply it to the SERENA and KICKS based on the data 
and knowledge obtained from the NOTE. This is also 
described in Article 3. Other technologies for quietness 
are introduced in Article 5.

Enhancement of fuel economy by fixed-point 
operation

With the power generation control based on fixed-point 
operation, Nissan has achieved the top-level fuel economy 
in its class by generating power for the energy required 
for driving at the point of best fuel consumption ratio, as 
much as possible. We have designed power generation 
control in such a way that the most fuel-efficient operation 
point is selected within the permissible ranges of various 
requirements. These include power, drivability, noise 
and vibration, exhaust emission, cooling, air heating, 
brake booster negative pressure, component protection, 
and diagnosis. Fuel economy-related information is 
detailed in Article 4.

Pursuing deceleration energy regeneration 
performance with e-POWER Drive

A new feature offered by e-POWER includes e-POWER 
Drive, which provides a new driving feeling. Because the 
driver can control the vehicle by operating only the 
accelerator pedal, driving will become easier and 
enjoyable. During the development of the 1st-generation 
LEAF, Nissan studied the recovery of deceleration energy 
based on cooperative regeneration with the brake. To 

4
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improve the efficiency of energy recovery, Nissan also 
studied the one-pedal system that performed strong 
regeneration using only the motor. The main points 
observed from the development of this strong regeneration 
system are as follows: discomfort in drivability with 
respect to accelerator pedal operation, uselessness of 
strong regeneration mode that cannot be used even 
though the energy regeneration is large, and the setting 
of margins for safety and braking force limit on slippery 
road surfaces. For the 1st-generation LEAF, we set 0.08 
G as the upper limit of the deceleration force by the motor 
regeneration in the ECO-B mode. Then, we further 
evolved the control of deceleration energy regeneration to 
generate a deceleration approximately three times that 
of gasoline-powered vehicles by optimally controlling the 
regenerative power according to vehicle speed, accelerator 
pedal operation, and slip ratio between the road surface 
and tire. Thus, we achieved drivability that allowed the 
driver to control acceleration and deceleration as intended 
by depressing and releasing the accelerator pedal. 
Accordingly, the NOTE e-POWER system did not use the 
cooperative regenerative system that has been a standard 
for electric vehicles. Through these efforts, Nissan has 
developed e-POWER Drive that about 70% of the 
deceleration of daily driving can be covered by only 
accelerator pedal operation. This significantly reduces 
the frequency of accelerator-brake pedal transfer, 
increases the energy regeneration amount, and offers 
driving pleasure and fuel economy at the same time.

4. System design for achieving BEV-ness

e-POWER delivers high reliability because of its simple 
system configuration and ensures a high-quality level 
due to being equipped with the same system components 
as those of the LEAF and the conventional NOTE 
composed of an engine and CVT.

The components shared with the BEV include the 
drive motor, inverter, 12 V DC/DC converter, and speed 
reducer. Technologies are also shared for high-voltage 
safety, sequence control of system start/stop, and traction 
control. This indicates that e-POWER, like BEV, is also 
highly advantageous in terms of compatibility with 
intelligent technologies such as autonomous driving.

However, compared with BEV, whose performance is 
highly dependent on the performance of the battery as an 
energy source, the performance of e-POWER is highly 
dependent not only on the battery’s performance, such as 
output and capacity, but also on the power generation 
performance of the engine as another source of energy. 

Fig.6 shows an image of driving power sharing. The 
battery power of e-POWER accounts for approximately 
half of that of BEV, and the rest is covered by the engine. 
The battery capacity required for recovering regenerative 
energy and extending the EV driving time is 1.5 to 1.8 
kWh, which is about a thirtieth of BEVs, although it is 
larger than that of other hybrid models. When designing 
the e-POWER system, it was important to properly select 
the specifications of the drive motor, the battery and 
engine powers, and the ratio between them to match the 
vehicle’s concept.

A vehicle with e-POWER can only run on battery 
power in the typical driving scenes shown in Fig.7. In a 
scenario scenes that require a large driving force, 
powerful acceleration is achieved by adding the power 
from the generator. Fig.7 shows that the system has been 
designed to ensure sufficient driving performance even 
when the energy of the battery depletes and only the 
power generated by the engine is available. Nissan has 
optimally designed the power balance between the 
battery and power-generating engine for the driving 
power required for the vehicle. This has enabled Nissan 
to carry over the motor of the LEAF and the gasoline 
engine of the conventional NOTE.

The performance gets closer to that of the BEV by 
adopting a larger motor than that of conventional engine-
dependent hybrid models and increasing battery power 
and capacity. However, doing so would increase the 
system cost and mass and threaten the feasibility of the 
layout. For this reason, Nissan must not only work on the 
cost/weight reduction, integration of electric components 
but also actively solve issues such as improving the 
efficiency of the integrated layout with the vehicle. In 
addition, it is important to select appropriate 
combinations of component specifications according to 
individual vehicle concepts factoring in the advantages 
and disadvantages discussed above.

5. Future expansion of e-POWER

The compact car, NOTE, and the mini-van, SERENA, 
both equipped with the EM57 motor and HR12 engine, 
satisfy their performance requirements by a change in 
battery capacities. As this example shows, the components 
of e-POWER are versatile, and the configuration allows 
system deployment in a modular manner. The components 6

システム最大出力に対する 比率

図 バッテリーとエンジンの出力分担

Fig.6 Sharing of battery power and engine power

7

図 エネルギー消費・供給のバランス

Fig.7 Balance between energy consumption and supply



46 No.87 (2021)   NISSAN TECHNICAL REVIEW

Special Feature 2：Constantly advancing e-POWER - 2. Characteristics of e-POWER system and future development

can be used for models in various segments and body 
types according to the combination of drive performance, 
power generation capacity, and battery capacity. The 
combination of the above motor and engine is also adopted 
in the compact SUV, KICKS.

The good driving performance of e-POWER’s 100% 
motor drive is highly valued in the Japanese market. Due 
to congestion, the average vehicle speed is low and 
e-POWER enjoys a good reputation because it is quiet 
and fuel-efficient enabled by the combination of power 
generation at the point of best fuel efficiency and motor 
driving. To increase sales in the global market, Nissan 
must further improve fuel economy,adapt exhaust 
regulations and provide solutions for high-speed and 
high-load driving considering overseas environments. 
The flexibility of e-POWER has huge potential, allowing 
system selection and calibration tailored to region-
specific usage and customer needs. For future expansion, 
it is essential to develop electric AWDs that utilize 100% 
motor-driven e-POWER and add value to e-POWER. The 
technical direction of the electric AWD system is 
introduced in Article 5.

6. Conclusion

 e-POWER is a series hybrid that shares its drive 
system with the LEAF and uses the existing gasoline 
engine as its power-generating engine. Accordingly, it 
can be continuously enhanced along with the evolution of 
both BEV technology and engine technology.

In the future, expansion of the high-efficiency ranges 
of electric components and improvement in their 
efficiency during high-speed driving as well as in the 
thermal efficiency of the engines is expected. In addition, 
because e-POWER uses the engine for power generation 
only and the operation area can be reduced, the engine 

has greater potential than conventional engines in terms 
of efficiency improvement and can be simplified by 
focusing on the efficiency of fixed-point operation. Nissan 
will keep striving to develop solutions that only e-POWER 
can provide thanks to its configuration.

Explanation of terms
*1 BEV: An EV driven by battery power only
*2 EV: vehicle driven by electric motor only
*3 EV-ness: Quiet, powerful, and smooth driving feeling 

unique to electric motor drive
*4 EV driving: Driving with e-POWER, operated by 

battery power only with the engine stopped
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3. System technology that provides EV-ness to e-POWER

Special Feature２：Constantly advancing e-POWER

Special Feature 2

1. Introduction: EV-ness as the goal of 
e-POWER

Nissan has been developing e-POWER with the basic 
concept of providing customers comfortable driving 
utilizing the high-power motor of EV*1. This article 
discusses the technologies for embodying EV-ness*3 in 
e-POWER equipped with a power-generating engine.

In Nissan, there are three key elements for EV-ness.
-  Quietness: Exceptional quietness that conventional 

engine vehicles cannot offer
-  Smoothness: No-shock, smooth feeling at acceleration 

and deceleration
-  High response: Torque characteristic that allows for 

quick response to driver’s operation and accurate 
link with driver’s operation amount

To achieve these performance elements, Nissan 
developed the following two system control methods for 
e-POWER: energy management for controlling the power 
supply from the battery and engine, and power 
management to achieve torque characteristics unique to 
the motor drive.

For quietness, energy management is essential to 
reduce the discomfort the engine start-stop operations 
performed with operation noise in response to the request 
for power generation . For smoothness and high response, 
power management and energy management are 
essential for calculating the motor torque command in 
accordance with the driver’s request and optimally 
supplying the power for the calculated torque command 
from the engine and battery. This article discusses energy 
management and power management that are the basic 
control functions of the e-POWER system.

2. Outline of e-POWER’s system control

Fig.1 outlines the system control of e-POWER. 
This system has been designed based the BEV*2 which 

is also a motor-driven vehicle. Also, the power management 
for calculating traction is controlled in the same control 
logic as that for BEV. As for the energy management, the 
BEV’s method has been adopted for the battery. For the 
combination of the engine and generator, e-POWER’s 

own control block has been added. A charging system is 
provided for the BEV in place of the engine and generator 
above.

Because the power management of BEV is used in the 
traction calculation, the smooth and highly responsive 
traction characteristics accumulated through the 
development of the Nissan LEAF are achieved in 
e-POWER. 

図1. e-POWERシステム制御概念図

図2.エネルギマネージメントの進化

Fig.1 Conceptual diagram of e-POWER’s system 

Fig.2 Evolution of energy management
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3. Development of energy management: 
Trade-offs between quietness and power

In e-POWER, the operation of controlling the engine 
and battery affects various functions and performances, 
such as fuel economy, acceleration performance, and the 
heating/cooling function. These functions for controlling 
engine operation and battery charging/discharging 
amounts are called energy management. The evolution of 
e-POWER technology is strongly linked to the 
improvement of this energy management. Fig.2 shows 
the evolution.

Energy management of NOTE e-POWER
When Nissan started the NOTE e-POWER project, 

which was scheduled to be launched in 2016, we aimed to 
develop a system with a greatly reduced battery power 
and capacity so that the system would satisfy the 
assembly and cost requirements of a compact car. Two 
new concepts were developed for achieving high fuel 
economy based on the concept of masking the engine’s 

operation noise by the vehicle’s ambient noise, which had 
been developed for advanced vehicles.

Concept 1: Improvement of fuel economy
⇒  Increase in the use of the point of best fuel 

consumption by fixed-point power generation and 
reduction of the frequency of engine starts 

Concept 2: Achievement of EV-ness
⇒  Satisfaction of both response and smooth engine 

starts
The following describes the above two concepts.

Concept 1: Improvement of fuel economy
The basic concept of energy management is to ensure 

that the power required for driving by generating power 
is achieved at optimum efficiency. Fig.3 and Fig.4 outline 
the operation. Fig.3 shows the relationship between the 
fuel consumption rate characteristics and the power of 
the engine. The optimum fuel consumption line is a line 
connecting the operation points per engine power where 
fuel consumption is the lowest, and the point of best fuel 
consumption is an operation point where the combustion 
efficiency is the highest. Because, in case of e-POWER, 
engine operation points can be flexibly selected regardless 
of vehicle speed, power can be generated at the operation 
points on the optimum fuel consumption line according to 
the required vehicle power. In addition, by compensating 
for the difference between the required vehicle power and 
the power generated at the point of best fuel consumption 
using the battery’s charge/discharge power, the use of 
the point of best fuel consumption is increased to improve 
fuel economy.

In the low-speed range, the engine’s power generation 
is stopped and EV driving*4 is performed by battery 
power only. Thus, when a battery’s state of charge (SOC) 
is high, EV driving can be performed in the higher speed 
range as well. As the engine operation conditions are not 
constrained by vehicle speed, e-POWER enables EV 
driving at higher vehicle speeds.

By adopting this control, e-POWER allows for driving 
at the point of best fuel consumption more frequently 
than other systems, as per the distribution of engine 
operation points shown in Fig.5 in the previous article.

Concept 2: Achievement of EV-ness
The battery power of e-POWER is higher than that of 

conventional hybrid models, which is intended to provide 

図3.  最良燃料消費線および最燃料消費動作点Fig.3 Optimum fuel consumption line and operation

Fig.4 Determination of engine operation points

図5. 車速とバッテリSOCに応じたEV領域

Fig.5 EV range responding to vehicle speed and battery’s SOC
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customers with the EV’s responsive acceleration and 
quietness as if the engine is not operating. As shown in 
Fig.5, EV driving is performed during low-speed driving 
and continues up to high vehicle speeds with the engine 
stopped.

Because a high-power generator is used as an engine 
starter, the resonance vibration of the power train is 
quickly dissipated, as shown in Fig.6., which suppresses 
the vibration at the start of the engine.

Fig.7 shows the conceptual diagram of the engine 
revolution control of the NOTE e-POWER. Nissan 
achieved quietness by disabling the engine in the low-
speed range to mask the noise by the ambient noise as far 
as possible. When rapid acceleration is required, Nissan 
achieved smoothness by increasing the engine revolutions 
to securely generate the power required for driving. 
Through these measures, Nissan achieved EV-ness with 
e-POWER.

Energy management of SERENA
For the SERENA, Nissan aimed for a control that 

satisfies both the quietness in the low-speed range and 
guarantees energy supply in the high-speed range. This 
aimed to enhance the image of the large mini-van, 
wherein family members and friends can enjoy traveling 
time.

Nissan improved the engine, expanded the optimum 
fuel consumption range, and provided a point of optimum 
fuel consumption rate for low vehicle speeds and middle-
to-high vehicle speeds. When driving in cities at low 
vehicle speeds and low loads, quietness was prioritized 
and power was generated at the point of best fuel 
consumption on the low revolution side. Because the 
revolution is low, the output at the point of best fuel 
consumption decreases, and the power generation for 
recovering the battery SOC takes longer. However, 
Nissan has provided measures against vehicle noise and 
suppressed engine operation noise to a comfortable level. 
When driving on suburban arterial roads, higher power 
is generated at the point of best fuel consumption on the 
high revolution side to expedite SOC recovery so as to 
quickly respond to a request for high acceleration.

In addition, the SERENA is equipped with a battery 
with a capacity higher than that of the NOTE and by 
charging and discharging the battery more actively, 
engine operation points are controlled at the point of best 
fuel consumption, although the overall mass of the 
SERENA is greater.

Fig.8 shows the distribution of engine operation points 
used when a vehicle is driven in fuel economy mode in 
Japan. Nissan has precisely controlled the engine 
operation points by improving the energy management 
control derived from the development of the NOTE to 
satisfy both quietness and fuel economy of the mini-van.

Nissan provided the SERENA e-POWER with new 
functions namely, charge mode and manner mode. 
Because the engine and drivetrain are not mechanically 
connected with each other in e-POWER, power can be 
flexibly generated regardless of the vehicle speed . 
Utilizing this characteristic, Nissan has developed a 
function that allows for forcible battery charging 
regardless of timing and driving mode (charge mode) and 
a function that allows for quiet, battery-powered driving 
with the engine stopped (manner mode).

The charge mode can maintain the battery’s SOC at a 
high level, so that it is useful on mountain roads where 
acceleration force is continuously required. When the 
driver requires less acceleration, surplus power is actively 
charged to the battery to maintain the SOC at a high 
level to provide for an acceleration request in the future. 
In addition, by using this mode until just before selecting 
the manner mode, EV-like quietness can also be enjoyed 

図6. エンジン点火タイミングとフロア振動の関係
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図7. ノートe-POWERにおけるロードノイズのエンジン回転数の概念図
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Fig.6 Relationship between engine ignition timing and floor 
vibration 

Fig.8 Operation ratios of SERENA’s engine operation points

Fig.7 Conceptual diagram of road noise in NOTE e-POWER with 
respect to engine revolution
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for a longer time.
The manner mode is mainly intended to actively stop 

the engine. Other HEV models also have this type of 
engine stopping mode, but because e-POWER uses a 
high-capacity battery, the effect of this mode is large. 
Combined with the charge mode above, an unparalleled 
driving experience is provided with the engine stopped.

Energy management of KICKS
The energy management of the NOTE and SERENA is 

based on the intention for acceleration and focuses on the 
relationship between acceleration and engine start. To 
enhance EV-ness, Nissan has modified this concept for 
the KICKS and developed a control that performs SOC 
management while expanding the range when the engine 
is stopped.

Analyzing from actual driving data, Nissan assumed 
that the amount of power that the engine needed to 
generate to recover SOC was small because only small 
amounts of energy were required in scenarios where 
relatively brief acceleration would do. These included 
turning right at intersections and standing start when a 
traffic light changes. Accordingly, Nissan has maintained 
EV mode up to the lowest possible SOC to offer the 
quietness of EV driving to the driver and has set this 
control as the concept of energy management.

The criteria for the above control are the upper-limit of 
acceleration for maintaining EV driving and the setting 
method of permissible SOC. Unless these criteria are 
optimally balanced, adverse effects would occur, such as 
lowering of battery assist power during acceleration and 
continued power generation when the engine has to be 
stopped.

To optimize the permissible EV range, Nissan collected 
actual driving data for the NOTE and SERENA over 
hundreds of thousands of kilometers. The data was 
analyzed to investigate the distribution of driver 
acceleration patterns within the Japanese market. Fig.9 

shows the distribution of accelerations in the low speed 
range of approximately 30 km/h or less in the Japanese 
market. Fig.9 shows that generally, engine start can be 
avoided during normal driving by maintaining EV 
driving with an acceleration of approximately 0.15 G. 
Nissan also obtained data such as the consumption 
energy per acceleration–deceleration for each required 
vehicle speed range, which enabled us to optimize the 
engine start point.

By adopting the energy management of a new concept 
based on market data analyses, Nissan shifted the supply 
timing of the energy generated by the engine to a higher-
vehicle speed.

Shifting the energy supply timing to a higher vehicle 
speed has the following two effects. The first is the 
reduction in the frequency of starts at low vehicle speed 
where ambient noise is low (reduction of the frequency of 
engine “start and stop within a short time period”). The 
second is the reduction of the frequency of engine start/
stop by generating power all at once at a high vehicle 
speed to make effective use of the power generation 
system.

Fig.10 shows the engine operation modes of the new 
and old energy management concepts. Nissan has 
reduced the frequency of engine starts in the low-speed 
range, particularly the frequency of engine start and stop 
within a short time period. In the range of 30 km/h or 
less, Nissan reduced the engine starts to about 70% of 
that of the old energy management. This control has 
significantly contributed to the improvement of quietness, 
which is one of the major features of e-POWER.

4. Development of power management: 
Satisfaction of both smoothness and 

response

The traction control derived through the development 
of the Nissan LEAF is well accepted in the market, and 
the power management of e-POWER has been derived 
from that control. However, because e-POWER receives 
power from the battery and engine unlike an EV, where 

図9. 日本市場における加速度分布

図10. 新旧制御によるエンジン作動状態の比較

Fig.9 Distribution of accelerations in the Japanese market

Fig.10 Comparison between new and previous engine operation 
concepts



51NISSAN TECHNICAL REVIEW   No.87 (2021)

Special Feature２：Constantly advancing e-POWER - 3. System technology that provides EV-ness to e-POWER

power is supplied from the battery only, the delay of 
power from the engine affects the acceleration 
performance.

In this section, we discuss the measures against such 
issues and the high response and smoothness that 
provides EV-ness to e-POWER.

4.1 Achievement of acceleration performance 
independent from SOC

The point of improvement for the power management 
of e-POWER, which is driven by the power from the 
engine, unlike the BEV, is the control that does not create 
the feeling of acceleration drop even when battery power 
is lowered.

Fig.11 shows the condition at the engine start during 
acceleration when the battery has sufficient power with a 
high SOC. EV driving is maintained while suppressing 
the engine’s power generation as long as possible. In 
contrast, Fig.12 shows the condition when the SOC is low 
and sufficient power cannot be secured just from the 
battery. The power generation of the engine is started 
early so as not to create a feeling of acceleration drop. 
Through such control, the same acceleration feel is 
achieved regardless of the system condition. 

4.2 Satisfaction of both acceleration feel and fuel 
economy

As discussed above, e-POWER satisfies the power 
required by the vehicle by jointly using the engine when 
the need for acceleration is high.

e-POWER can flexibly control engine revolution, 
although the increase in the engine’s operation noise 
goes against the quietness of EV-ness. For e-POWER, we 
have varied engine revolutions so that acceleration feel 
can be created according to the driver’s intended 
acceleration level suggested by the accelerator opening.

Fig 13 shows the engine revolution behavior at each 
accelerator opening position. Because fuel economy is 
also important, the opening position, if small, is controlled 
to maintain the point of best fuel consumption so as to 
satisfy both the required fuel economy and quietness. 
The increased rate of revolution and target revolution 
enhances the acceleration feel according to the level of 
the intended acceleration, and the acceleration feel is 
brought about by engine sound while securing the power 
required for driving.

5. Pursuing further EV-ness

The energy management and power management 
discussed above have been adopted in the new NOTE 
after further improvement.

Further evolution of e-POWER deepens the EV-ness.
To improve the quietness, Nissan has been exploring 

the possibility of extending the engine stop time. In the 
future, Nissan may be able to combine it with other 
systems, such as ANC (Active Noise Canceller) that 
actively deadens the noise. Because the e-POWER’s 
unique power generation control at the point of best fuel 
consumption can be easily used as the target of the quiet 
zone of ANC, Nissan assumes that the ANC will be 
compatible with e-POWER.

To improve the smoothness, Nissan will further 
optimize the balance between the output characteristics 
of the engine and battery. When a high-power engine is 
installed, in particular, the power generated by the 
engine takes up a large share of driving power, and the 
output characteristic of the engine affects the smooth 
drive characteristic. As for engines, Nissan will 
continuously improve both specific fuel consumption and 
output characteristics.

図11. 高SOCでの電力配分 図12. 低SOCでの電力配分Fig.11 Power distribution when SOC is high Fig.12 Power distribution when SOC is low
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To improve the responsiveness to the driver’s intended 
acceleration as with the BEV, Nissan will suppress shock 
and vibration and aim to actively control the vehicle 
posture.

Explanation of terms
*1 EV: Vehicle driven by electric motor only
*2 BEV: An EV driven by battery power only
*3 EV-ness:  Quiet, powerful, and smooth driving feeling 

unique to electric motor drive
*4 EV driving:  Driving with e-POWER, operated by 

battery power only with the engine 
stopped

図13. 加速意図に応じたエンジン回転数の振る舞い
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1. Introduction

Nissan developed the electric power train system, 
e-POWER, which satisfies both fuel economy and the 
pleasure of a 100% motor drive. In 2016, the system was 
installed in the compact car, NOTE, for the first time. 
Since then, additional vehicle models have been added 
including the mini-van, SERENA in 2018, the SUV, 
KICKS in 2020, and the new NOTE in 2021.

This article introduces the fuel saving technologies 
that utilize the characteristics of “e-POWER system” 
that are inseparable from the electric vehicles in Nissan’s 
power train strategy.

2. e-POWER system and operation mode

Fig.1 shows the system configuration of the e-Power. 
The biggest characteristic is that the power generation 
system and drivetrain are completely separated from 
each other. Thus, the operation points of the engine and 
generator can be flexibly determined regardless of the 
mode of the drivetrain. Nissan has also developed a new 
driving mode “e-POWER Drive,” which fully utilizes the 
advantages of 100% motor drive. As shown in Fig.2, in 
the market, 90% or more of the deceleration is covered by 
the accelerator pedal to recover deceleration regenerative 
energy and enable the driver to control the vehicle with 
only the accelerator pedal, which achieves the feeling of 
“Fun to drive.” *(1)

The system’s operation is composed of the following six 
modes: Fig.3 illustrates each mode. Modes (1) to (5) are 
for basic operation and mode (6) is optional.
(1)  The engine is stopped, and traction is achieved just by 

the power of the lithium battery.
(2)  The vehicle is driven by the power generated by the 

engine, and surplus power is used to charge the 
lithium battery.

(3)  The vehicle is accelerated using the power generated 
by both the engine and the lithium battery.

(4)  The vehicle is driven by the power generated by the 
engine.

(5)  The engine is stopped, and the coast deceleration 
regenerative energy is recovered to the lithium-ion 
battery.

(6)  The engine is rotated by the generator used as motor 
to discharge power from the lithium-ion battery (for 
generating brake M/V negative pressure, performing 
OBD, and preventing battery overcharge). 

3. Elements for fuel economy improvement 
commonly required for e-POWER

e-POWER converts the mechanical power of the engine 
into electric power by means of a generator and generates 
traction with the motor using electric power. Because of 
this mechanism, loss occurs during the conversion 
between mechanical power and electric power. To 
improve fuel economy, it is essential to devise measures 
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Fig.2 Deceleration frequency in the market and deceleration 
characteristics of e-POWER Drive
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for efficiently generating power by the engine and 
improving the efficiency of the entire system at the same 
time.

Thus, Nissan has thoroughly improved the power 
generation efficiency of the engine by utilizing the 
characteristics of e-POWER, based on the operations at 
set operation points, where the efficiency of the power 
generating system is high (hereinafter called fixed-point 
operation (mode (2) in Fig.3).

3-1. Fuel economy improvement by fixed-best 
efficient point operation

Fig.4 shows the line α connecting the operation points 
per revolution, where efficiencies reach the highest. 
Because, in conventional hybrid systems, engine 
revolution is bound by vehicle speed and required 
traction, the systems are controlled by tracing this line, 
and thus, fewer operation points need to be used in the 
low revolution range.

Conversely, because the drivetrain and engine are 
completely independent of each other in e-POWER, 
operation is controlled regardless of the mode of the 
drivetrain. In this way, the most power 

generation-efficient operation point is selected within the 
permissible ranges of various requirements, such as 
mechanical power, drivability, noise and vibration, 
emission, heat, air heating, brake negative pressure, 
component protection, and diagnosis. During the control, 
the optimum amount of power for motor output is 
adjusted by charging and discharging to/from the lithium 
battery, as shown in Fig.5 (modes (2) and (3) in Fig.3)*(4). 

When driving in cities or similar scenarios where the 

required traction is small, the engine is operated at fixed 
points and surplus power charges the lithium battery 
(mode (2) in Fig.3). Then, the stored electric energy is 
used to start the EV drive (mode (1) in Fig.3).

Fig.6 shows the result of fuel economy improvement 
achieved by switching fixed-point operation and EV 
drive. The figure shows that the fuel economy has 
improved to approximately twice that of the operation 
mode with the engine always on (mode (4) in Fig.3).

In scenarios where the required traction is large, such 
as when driving at a high speed or accelerating for 
passing, the electric energy in the lithium-ion battery 
that has been stored from surplus power is used to 
supplement the necessary power for acceleration. This 
maintains fixed-point operation as much as possible and 
minimizes fuel consumption (mode (3) in Fig.3). 

3-2. Improvement of power generation system 
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(engine + generator)
Fig.7 shows the characteristics of the specific fuel 

consumption of the engine. Nissan has developed an 
engine for e-POWER, based on the 3-cylinder 1.2-L 
gasoline engine, HR12DE. By adopting cooled exhaust 
gas recirculation (EGR) and electrified accessories such 
as water pumps and air compressors, Nissan reduced 
friction to improve the optimum fuel consumption rate. 
*(2)

Fig.8 shows the efficiency characteristics of the 

generator (overall efficiency including the inverter). The 
generator has also been tailored to e-POWER to cover the 
maximum torque and output of the engine. *(3)

Because the high-efficiency ranges of the engine and 

the generator are different from each other, Nissan set 
0.6 as the gear ratio of the speed-increasing gear. This is 
provided in-between the engine and generator to bring 
power generation efficiency to the maximum within the 
range of the maximum allowable revolutions of the 
engine and generator.

3-3. Improvement of battery system
Improvement in fuel economy is also attributable to 

the evolution of lithium battery technology and the 
following parameters:

 - By reducing the internal resistance of the lithium-ion 
battery, the losses at charging and discharging power 
were significantly reduced.
 - By reducing size and weight, the high-capacity 

lithium battery can fit in a compact car. This 
significantly reduced the frequency of engine starts 
and enabled longer EV driving with the quietness 
equivalent to BEV.
 - By enhancing the cooling performance, high-power 
and long charging/discharging became available.
Thus, Nissan have achieved top-level fuel economy 

and quietness for this class of vehicle.

4. Engine operation control of improved 
e-POWER

As discussed above, e-POWER basically reduces fuel 
consumption by fixed-point operation during engine 
operation. Nissan has provided the three measures 
described below to improve engine operation control and 
has adopted them in KICKS and the new NOTE.

4-1. Further reduction of the frequency of engine 
start

Nissan focused on the fuel consumed when the engine 
is started and then reaches the point of fixed-point 
operation where the efficiency of the power generation 
system reaches the maximum as well as on the electric 
energy consumed at the engine start. Nissan reviewed 
the conditions of engine start based on user data and 
significantly reduced the frequency of engine starts so 
that the EV drive is maintained when low-speed driving 
and short acceleration are expected. Although the fuel 
economy degrades immediately after the engine is started 
until it reaches the point of fixed-point operation, the 
process is completed in an extremely short time. However, 
because this transition to the point of fixed-point 
operation occurs every time the engine is started, 
reducing the frequency of engine start is effective for fuel 
reduction.

Nissan Confidential C 4Fig.7 Specific fuel consumption of engine

Nissan Confidential C

小型車向け新型電動パワートレイン用モータおよび発電機の開発

Fig.8 Efficiency characteristics of generator (including inverter)
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Fig.9 Reduction of the frequency of engine start
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4-2. Addition of points of fixed-point operation 
during engine warm-up

For cold starting, Nissan used to generate waste heat 
to facilitate warm-up, using the operation range where 
the engine’s thermal efficiency was poor. Instead, Nissan 
has now adopted the point of best power generation 
efficiency, where a heat source is not required.

In addition, by focusing on the fact that the point of 
best power generation efficiency varies before and after 
engine warm-up, Nissan set the points of fixed-point 
operation for warm-up such that the points of fixed-point 
operation can be switched according to the warm-up 
status. As a result, the actual fuel economy at short-
distance driving has improved.

4-3. Change of engine operation points for heater 
operation in winter

e-POWER uses the waste heat from the power-
generating engine as a heat source for heating. It is an 
important issue to efficiently manage the air conditioning 
environment in the vehicle compartment to maintain 
comfort.

Conventionally, power generation efficiency is 
prioritized as a fixed-point operation after engine 
warm-up, even when the heater was used in winter. 
Because the engine needed to be continuously powered 
during heating, when the storage capacity of the lithium-
ion battery was exceeded, forced discharge was performed 
with the engine motoring (operation mode (6) in Fig.3). 
Accordingly, Nissan could not achieve an optimum fuel 
economy.

This time however, Nissan controlled the operation 
point of power generation according to the battery level 
and heating requirement and secured a minimal amount 
of heat, so that both heating performance and fuel 
economy are satisfied.

5. Approach for zero emission

Nissan has achieved the top fuel economy in the vehicle 
class by sharing the evolved technologies of the ICE and 
EV and providing an energy management system unique 
to e-POWER. For the new NOTE, Nissan has improved 
the efficiency of the e-POWER system by improving the 
thermal efficiency of the engine and adopting a technology 
that improves the transmission efficiency of the electric 
components shared with EVs.

In the future, Nissan will strive for further 
improvement of the e-POWER engine dedicated to power 
generation for higher thermal efficiency, downsizing and 
weight reduction, loss reduction, efficient energy 
generation for heating, and advanced control 
corresponding to the component evolution. We will also 
maximize the efficiency of the system through the next-
generation of energy management in conjunction with 
navigation systems and IT/ITS.

Through the innovation of these fundamental 
technologies, Nissan aims to drastically reduce CO2 
emissions and bring the amount of emission gas to a 
near-zero level, which will enable us to contribute to 
global environmental protection. Nissan will continue 
development so that we can provide more customers with 
the e-POWER system that delivers pleasant driving with 
the unique 100% motor drive.
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1. Introduction

e-POWER uses common drive motor with battery-
driven electric vehicles (hereinafter called BEV*1); hence, 
it delivers a smooth acceleration feel similar to the BEV 
and the quietness equivalent to that of high-grade 
vehicles, particularly from standing start to mid-speed 
driving, which is driven by the motor only with the engine 
stopped (hereinafter called EV driving*3).

The following are important factors in individual 
driving scenarios when pursuing quietness with this 
system.

In an EV driving scenario, high-frequency noises 
caused by the motor and speed reducer are dominant. In 
addition to the reduction of the motor’s own exciting 
force, the radiative characteristics of e-POWER must 
also be suppressed factoring in the location where the 
generator and engine are integrated. The BEV does not 
have this problem.

It is also important to devise measures to muffle the 
engine operation noise during power generation. Nissan 
assumed noise and vibration issues would arise in the 
following operation scenarios and took measures 
accordingly.
(1)  During EV driving: Reduction of the noises of the 

motor and speed reducer gears

(2)  During driving with the engine on: Reduction of 
engine noise, rattle noise, and other noises due to the 
speed increaser gears, and considered quietness at 
engine start

This article describes the design concept of the 
e-POWER system considering the key noise and vibration 
phenomena in the important scenarios above and the 
technical solutions that have been adopted to the new 
NOTE.

2. Improvement of quietness during EV 
driving

2.1 Issues during EV driving
During EV driving, the high-frequency noises of the 

motor and gears that have been masked by engine noise 
manifest themselves as unpleasant noises. For this 
reason, a high quietness level equal to that of BEV 
vehicles is required.

2.2 Motor noise
Motor noise is caused by the electromagnetic force 

between the stator and rotor. The components of this 
vibromotive force can be divided into two directions, the 
circumferential and radial directions of the motor. Their 
contributions vary according to the frequency range (Fig.2).

While reducing the electromagnetic force over a wide 
range, Nissan has optically designed a magnetic circuit 
that satisfies both efficiency and output at a high level. 
This followed simulation results of hundreds and 
thousands of  design parameter combinations (Fig.3).
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図 モータノイズレベルに対する加振力方向別の寄与分析Fig.2 Analysis of the contribution of exciting forces by direction 
with respect to motor noise levels
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By focusing on reducing the level of the electromagnetic 
force in the vehicle low-speed range, we have adopted a 
magnetic circuit for the new NOTE e-POWER that 
efficiently reduces the components of the vibromotive 
force in the circumferential direction as well as iron loss.

Besides the reduction of the exciting force discussed 
above, Nissan also carried out further measures to 
efficiently reduce motor noise. For the structural 
components of the motor unit, the main cause of motor 
noise is radiation. Nissan conducted simulations to 
analyze the major contributors to the radiation noise and 
found that the inverter was the main contributor. 
Accordingly, we focused on improving the rigidity of the 
inverter case (Fig.4).

2.3 Noise of speed reducer gears
To ensure the quietness of the gears at a high speed, 

Nissan improved the noise level of the speed reducer 
gears by increasing the face width to enhance the contact 
ratio and provided additional honing to increase tooth 
precision.

3. Improvement of quietness during engine 
operation

3.1 Noise reduction during engine operation
3.1.1 Guidelines when designing for low noise 

during engine operation
To efficiently generate power in the e-POWER system, 

the engine is operated at high-load and low revolutions 
more often than the engines of conventional vehicles 

aiming at higher engine efficiency. Thus, Nissan designed 
the engine according to the following guidelines.
(1)  Efficient reduction of the vibration level during engine 

operation in the vibration propagation paths to the 
vehicle compartment

(2)  Muffling of engine noise by operating the engine in 
the range where tire noise and other ambient noises 
are higher

3.1.2 Measures provided for vibration propagation 
paths

The engine noise propagation paths to the vehicle 
compartment can be largely divided into two: paths that 
propagate vibration via parts such as the engine mount 
and paths that propagate noise by air from the engine 
compartment.

For the vibration propagation paths, Nissan improved 
the vibration level by installing the inverter directly 
above the motor unit to improve packaging efficiency and 
by adding the minimum necessary parts to significantly 
improve the rigidity of the entire power train.

Specifically, Nissan fixed the inverter and drive motor 
with bolts and added a gusset between the inverter and 
power generation motor to significantly improve the 
rigidity of the entire motor unit system (Fig.5). For the 
mount bracket on the left side of the vehicle, Nissan fixed 
the bracket and the above-mentioned inverter with a 
small stay by bringing the bolted portions to the top of 
the motor rear cover. With this improvement, we have 
greatly reduced the vibration level while controlling the 
weight increase of the bracket (Fig.6).

Alliance Internal

図 電磁加振力と効率を両立する磁気回路最適設計Fig.3 Optimum designing of magnetic circuit that satisfies both 
electromagnetic force and efficiency
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図 インバータケース剛性向上による対策Fig.4 Measures to improve the rigidity of the inverter case
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図 新型ノート モータユニット構造系主要変更点
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図 インバータケース剛性向上による振動低減効果

Fig.5 Major changes in the structural system of new NOTE 
e-POWER’s motor unit

Fig.6 Vibration reduction by improving the rigidity of inverter 
case
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3.1.3 Conditional control of engine start timing 
(road surface state discrimination)

Nissan has recently developed a function that controls 
engine operation by judging the increase in road noise 
when driving on a rough road surface. This function 
maintains a sufficient battery level by generating power 
in scenarios where the engine operation does not bother 
the driver. Thereby, the driver can enjoy quiet driving, 
unique to EV driving, more at standing start or when 
driving on a smooth road surface.

The old NOTE e-POWER was designed to operate the 
engine at high vehicle speeds, assuming that road noise 
increased in proportion to vehicle speed. However, in 
cities where vehicles repeatedly start and stop, scenarios 
where engine operation does not bother the driver are 
limited. For this reason, Nissan needed to control the 
scenarios where the engine operated during low-speed 
driving.

It is known that the roughness of a road surface affects 
the level of road noise more than vehicle speed. It is also 
known that in the driving environment in Japan, many 
road surfaces cause higher noise levels than the engines. 
Therefore, Nissan has developed an algorithm for 
estimating road noise based on the variation of tire 
revolutions. The algorithm helps control engine operation, 
which greatly contributes to the improvement of 
quietness.

3.2 Reduction of the rattle noise of speed increaser 
gears

3.2.1 Reduction of the rattle noise of the new 
NOTE’s speed increaser gears

By reducing gear rattle noise with a new, low-rigid 
torsional damper, the quietness of the new NOTE 
e-POWER improved from that of the old NOTE e-POWER 
(Fig.8).

3.2.2 Rattle noise of speed increaser gears
The power generation system of e-POWER is composed 

of an engine, a generator, and a speed increaser. Each 
component is fixed with a spline, and a gap or backlash is 
present at each joint and gear meshing portion. In the 
gap or backlash, the teeth of the spline and gear collide 
with each other owing to the fluctuation of engine torque 

in the low-engine torque range, which generates noise 
(Fig.9).

3.2.3 Application of new, low-rigid torsional spring 
damper

The torsional spring rigidity of the old torsional 
damper installed between the engine and speed reducer 
had the characteristics of a single-stage type. However, 
as a measure to prevent the gear rattle noise discussed 
above, Nissan has developed a new damper with the 
characteristics of a double-stage type by reducing the 
torsional rigidity in the low-engine torque range that 
causes gear rattle noise (Fig.10). This development has 
enabled Nissan to significantly dampen the engine torque 
fluctuation input to the joints and gears and control gear 
rattle noise (Fig.11).

Alliance Internal

図 ロードノイズ推定エンジン始動制御 概略Fig.7 Outline of engine start control based on estimated road noise

Alliance Internal

図 低回転化による静粛性改善効果
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Fig.8 Quietness improvement by revolution reduction 
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図 増速機歯打ち音発生メカニズムFig.9 Occurrence mechanism of the rattle noise of speed 
increaser gears
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3.3 Noise of speed increaser gears

Regarding the speed increaser connecting the engine 
and generator, one of the gears of the intermediate shaft 
between the engine shaft and generator shaft meshes 
with the gears of the engine shaft and generator shaft. 
Accordingly, the gear noise level tends to increase 
qualitatively. We can reduce the gear noise by optimizing 
the gear specifications and the layout of the gear shafts in 
such a way that the meshing phases between these two 
meshing points are mutually canceled out (Fig.12).

This design for optimizing phase differences has been 
adopted in the old and new speed increase of e-POWER 
so as to further reduce the level in the engine revolution 
range frequently used.

4. Pursuing further quietness 

Assuming that e-POWER will be increasingly adopted 
in higher-power vehicles in the future, Nissan needs to 
modify the vibration transmission system for noise and 
vibration performance in accordance with the increase in 
the existing forces and enlargement of the power train 
due to the increase in engine and motor torques.

To achieve further quietness and pursuing EV-ness*4, 
Nissan aims to improve the quietness while fully bringing 
out the characteristics of the e-POWER system. This will 
be achieved by comprehensively designing from the main 
moving system and body structural system of the power 
train to the engine mount.

5. Summary

To achieve the quietness of high-grade vehicles that is 
a characteristic of e-POWER, Nissan has taken the 
following measures: (1) reduction of the high-frequency 
noise during EV driving, and (2) engine operation in a 
manner imperceptible to the driver. In addition, Nissan 
has made further improvements to the old NOTE 
e-POWER by focusing on controlling the rattle noise of 
the speed increaser gears.

- High-frequency noise during EV driving: We have 
reduced the noise level by optimizing the electromagnetic 
force by redesigning the motor’s magnetic circuit, 
efficiently improving the rigidity of the radiating portions, 
and improving the precision of the speed reducer gears.
- Noise during engine operation: We have improved the 
rigidity of the inverter case and newly adopted an engine 
start/stop control factoring in the driving scenarios where 
engine noise is muffled by ambient noise. We have also 
greatly reduced the rattle noise of the speed increaser 
gears by adopting the newly developed low-rigid damper. 
In addition, we have optimized the phase differences 
between two meshing points to address the gear noise 
caused by the double meshing of the speed increaser.

Alliance Internal

図 新型低剛性ねじりダンパFig.10 New low-rigid torsional damper

Alliance Internal

図 エンジンから減速機までの振動特性の改善Fig.11 Improvement of the vibration characteristics between 
engine and speed reducer

Alliance Internal

図 ギヤ噛み合い位相差設計の概念図
Fig.12 Conceptual diagram of the design for gear meshing 

phase difference
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Explanation of terms
*1 BEV: An EV driven by battery power only*2
*2 EV: vehicle driven by electric motor only
*3 EV driving:  Driving with e-POWER, operated by 

battery power only with the engine 
stopped

*4 EV-ness:  Quiet, powerful, and smooth driving feeling 
unique to electric motor drive
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6. Electric AWD technology to add value to e-POWER

Special Feature 2：Constantly advancing e-POWER

Special Feature 2

１． Introduction

The conventional all-wheel drive (AWD) system 
functions by distributing the power generated by the 
internal combustion engine to the front and rear wheels 
through a mechanical system. However, recent EVs*1 

have been adopting electric AWD with motors in both the 
front and rear , instead of using a single power source 
that distributes power to the front and rear. When 
combined with BEV*2, electric AWD has many advantages 
in vehicle  design, such as fully independent control of the 
front and rear tractions and highly flexible layout. 
However, for combining with an internal combustion 
engine vehicle, electric AWD has some disadvantages 
such as a high-voltage battery system is required to 
obtain sufficient power, traction controllability is still 
limited even if the rear wheels are electric motor-driven 
because the front wheels are driven by the engine. In 
contrast, by combining with 100% motor-driven 
e-POWER equipped with a high-voltage battery system, 
the issues that arise when combined with conventional 
internal combustion engine vehicles are solved and the 
benefits of electric AWD can be gained as with the BEV.

This article discusses the technical direction of the 
100% motor-driven AWD system combined with 
e-POWER, which is scheduled to be launched.

2． “e-4ORCE” as the evolution of electric 
AWD to Nissan

In the 2019 Tokyo Motor Show, Nissan publicized the 
direction of the evolution of new electric motor AWD, 
“e-4ORCE” (Fig.1), with the “Ariya Concept”. For the 
control technology of “e-4ORCE,” Nissan has developed 
the technologies of four-wheel traction control, chassis 
control, and electric power train, while combining the 
knowledge, which Nissan has accumulated over the 
years. Nissan has the knowledge to maximize the effects 
of the traction control, brake control, and chassis control 
acquired from the ATTESA E-TS (Advanced Total 
Traction Engineering System for All Electronic - Torque 
Split) of the “GT-R” and the intelligent 4 x 4 system of 
the “X-Trail”. Furthermore, Nissan has also utilized its 

long experience in the development of motor drive and 
advanced four-wheel drive systems to develop an 
advanced system “e-4ORCE” equipped with two electric 
motors.

The aim of “e-4ORCE” is to bring (1) usability, (2) 
comfort, and (3) confidence to a level that cannot be 
achieved by conventional internal combustion engine 
vehicles, by re-defining the roles of individual vehicle 
systems based on electric motor drive and maximizing 
the high potential of the electric motor.

This is not merely the “transformation to AWD” from 
the front-wheel drive electric vehicles but an evolution 
aiming at a new direction of vehicle  design. Only 100% 
electric motor-driven BEV and e-POWER can achieve 
this performance.

3． New dynamics control achieved by 
electric AWD

Basically, vehicles provide their dynamic performance 
“Run,” “Stop,” and “Turn” by controlling the power 
generated by the power source, internal combustion 
engine, and by using the functions of the steering and 
brake systems, respectively (Fig.2). However, because 
the electric motor is being used as an alternative power 
source, it is able to provide functions that the conventional 
power sources could not provide. For example, some of 
the functions that used to be provided by the conventional 
brakes can be covered by the electric motor by properly 
controlling the regenerative capability of the electric 

図 １ アリアコンセプト
Fig.1 Ariya Concept in 2019 TMS
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motor. In addition, unprecedented smoothness and 
usability can be achieved by properly utilizing the high 
controllability of the electric motor. One of the applications 
is the e-POWER drive adopted in the NOTE e-POWER.

Because electric AWD has two electric motors in the 
front and rear, the variety of movements increases owing 
to the motors use as power sources. For example, 
movements such as the vehicle’s pitching and yawing can 
now be controlled by the electric motors to a limited 
extent, which is not what was expected before (Fig.3).

4． Values offered by 100% motor-driven 
AWD

4-1. Easy following path as per driver’s expectations
Line traceability and accurate steering can be 

enhanced by the integrated control of the torques 
generated by the two electric motors, regenerative 
braking, and four wheels’ hydraulic braking while 
optimally using individual roles. This control provides 
the driver with confidence. Such advanced control is 
particularly effective at cornering. Because the vehicle 
moves in accordance with the steering operation of the 
driver, the driver can enjoy smooth and comfortable 
driving.

For example, Fig.5 compares the behaviors of vehicles 
slaloming on a snowy road, when traction is properly 
distributed to the front and rear with integrated control, 
and when traction is fixed to the front and rear. The 
figure shows that the integrated control stabilizes vehicle 
behavior and allows the driver to constantly trace the 
ideal line as expected.

4-2. Comfortable ride for all
Electric motor-controlled regenerative braking also 

contributes to a comfortable ride.
Front-wheel-driven e-POWER applies regenerative 

braking using the electric motor located in the front, so 
that the front side of the vehicle deeply sinks when 
decelerated. Electric AWD vehicles optimally control the 
regenerative braking of the electric motor located in the 
front and rear to prevent the vehicle from front side 
sinking and oscillating, respectively, when decelerated 
(Fig.6). Accordingly, occupants do not feel the oscillations 
when the vehicle is repeatedly started and stopped or in 
similar  situations, which reduces car sickness and 
delivers comfortable riding. This control provides not 
only the driver but also the occupants in the passenger 
seat and rear seats with stable and smooth ride comfort.

図 ２ クルマの動きとシステムの役割分担
Fig.2 Vehicle’s movement and role sharing of systems

図 ３ 電動駆動 が獲得した動き

図 ４ 新開発 電動 制御技術がもたらす価値

Fig.3 Movements achieved by using electrically driven AWD

Fig.3 Movements achieved by using electrically driven AWD

図 ５ 雪路スラローム比較Fig.5 Comparison when slaloming on a snowy road
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4-3. Confidence anywhere
In scenarios where even an experienced driver feels 

stress such as when driving on a wet, frozen, or snowy 
slippery road, the tire’ s road holding capability is 
maximized by integrated control of the outputs from the 
front and rear electric motors and the braking system in 
a precise manner to help stabilize the vehicle’s movement. 
Thus, even when the driver excessively depresses the 
accelerator pedal on a slippery road, the vehicle properly 
controls the outputs so that the driver can securely 
control the vehicle.

The chart in Fig.7 compares a front wheel drive (FF)  
vehicle and AWD with or without the integrated control 
in a scenario where the driver lifts his foot off the 
accelerator pedal to decelerate the vehicle on a slippery 
road. By using integrated control, the road holding 
capability of the front and rear tires can be fully utilized 
to help secure a stable decelerating force.

5． Summary

AWD has been widely known as a mechanism that 
provides confidence. With the electric AWD to be 
launched, Nissan not only offers the originally expected 
performance but also focuses on the performance 
enhancements “not just for some days but every day”’. In 
other words, we have not only refined rough road 
performance and limit performance but also enriched the 
performance that provides average drivers with comfort 
and ease of driving even during everyday driving on 
regular roads. We will continuously aim to advance 
performance toward the Nissan goal, which is ultimate 
intelligent mobility.

As a combination with e-POWER, the electric AWD 
combined with the new NOTE e-POWER is the first 
model, which is scheduled to be launched soon.

Explanation of terms
*1. EV: vehicle driven by electric motor only
*2. BEV: An EV driven by battery power only

図 ６ 減速時の姿勢制御

Without control: 
The head oscillates when decelerated.

With control: 
The vehicle decelerates stably.

Fig.6 Attitude control when decelerated

図 モーターによるスリップ制御Fig.7 Slip control by motor
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1. Introduction

Fuel economy strongly affects the buying motives of 
many customers in terms of the environmental and 
economic aspects. It is known that there exists a 
divergence between the fuel economy values in catalogs 
and those reported by customers (hereinafter referred to 
as real-world fuel economy). Real-world fuel economy 
improvement has been a critical issue for automobile 
manufacturers. Unlike fuel economy quantification in 
catalogs, real-world fuel economy quantification is 
difficult because a wide variety of usage and environmental 
factors must be considered, such as driving style, travel 
distance per trip, temperature and other environmental 
conditions, and surrounding traffic conditions. In this 
study, the feasibility of quantifying real-world fuel 
economy was investigated by focusing on the effects of 
driving style and the traffic environment.

2. Simulation configuration and method

2.1 Simulation configuration
The software package PTV1) Vissim was used to 

reproduce the traffic flow. Vissim includes an algorithm 
that varies several parameters such as the vehicle 
acceleration, target vehicle speed, and number of vehicles 
by using random numbers. Using this system, deviated 
traffic flows can be reproduced, and the simulation 
results can be obtained by fixing random numbers.

For the fuel economy calculation, a power train model 
created using MATLAB/Simulink by Mathworks was 
employed2). The inertia of components such as the engine 
and transmission can be input to this power train model. 
The calculated operating points of the engine were set to 

approach the operating points of an actual engine by 
inputting a shift schedule in the transmission model. 
This model has been well proven and used for product 
development.

As shown in Fig. 1, for the coupled calculations, a cycle 
was created that outputs the target acceleration and road 
gradient from Vissim to the power train model of 
Simulink and then feeds back the effective acceleration 
calculated in the power train model to Vissim. In the 
program, the operational cycles of Vissim and MATLAB/
Simulink were set to 100 and 1 ms, respectively, to 
synchronize them.

2.2. Traffic flow reproduction
In Vissim, the real-world fuel economy test course in 

Kanagawa, which is used internally at Nissan Motor Co., 
Ltd., was reproduced. The course was divided into seven 
sections, labeled as A–G, to reproduce the traffic flow of 
each section. An outline of the course is presented in 
Table 1.

Abstract　　Real-world fuel economy is affected by driving style, traffic flow, and other factors. However, 
quantifying the effects of driving style improvement has been especially difficult thus far because previous traffic 
conditions have not been clarified. This paper presents a possible means of quantifying the effects of driving style 
improvement by using a traffic flow simulation with randomized traffic conditions and deviations. In this study, 
the traffic flow and driving style were modeled by performing a simulation using measured data. It was concluded 
that the proposed method serves as a promising means of estimating the effects of driving style improvement on 
real-world fuel economy.
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Fig.1 Co-simulation configuration
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To obtain the source data for traffic flow reproduction, 
the results provided by several in-house drivers who had 
driven an identical vehicle on an identical course were 
analyzed and applied. The profiles of the vehicle speed 
with respect to distance over the entire course are shown 
in Fig. 2, and the acceleration with respect to distance is 
depicted in Fig. 3. As the level of traffic flow reproduction, 
a target of the vehicle speed profile subject to a fuel 
economy evaluation approaching the average of the results 
obtained from the above mentioned drivers was set. The 
average vehicle speed and stop time were utilized as the 
parameters for traffic flow reproduction. As the vehicle did 
not stop in section E, which was a high-speed section, the 
stop time for this section was not reproduced or evaluated.

To adjust the average vehicle speed and stop time in 
the simulation, the driving styles for all the vehicles, 
including those subject to the fuel economy evaluation, 
were reproduced. The target cruising vehicle speeds 

during acceleration and deceleration on each road were 
incorporated as the driving style parameters. For 
acceleration, the data obtained from actual driving were 
analyzed, with the aim of reproducing the acceleration 
profile at startup. The results obtained for the three 
representative drivers are shown in Fig. 4. The maximum 
acceleration, G, which is shown in the lower graph in Fig. 
4, is approximately 2.0–2.5 m/s2; this value is attained at 
a vehicle speed of 10–20 km/h, as shown in the upper 
graph in Fig. 4. The results obtained indicate a decrease 
in acceleration after the maximum G; the acceleration 
decreases to approximately 1.0 m/s2 or less at 40 km/h.

To reproduce this acceleration profile, the speed range 
of 0–100 km/h was divided into 10 km/h intervals, and a 
common target acceleration for all the vehicle speed 
zones was set in sections A–G. The deviation of 
acceleration was determined in the same manner. The 
values set for the simulation with ±3σ as the upper and 
lower limits are depicted in Fig. 5. The acceleration set 
was used as the upper-limit acceleration for normal 
driving in Vissim. When the acceleration of the preceding 
vehicle is low, such as in a traffic jam, Vissim calculates 
the appropriate acceleration.

For deceleration, the maximum deceleration in actual 
driving exceeds –3.0 m/s2. However, this value occurs 
immediately prior to stopping, and the deceleration from 
a cruising vehicle speed is approximately –3.0 m/s2 or 
less. In the simulation, –2.8 m/s2 was set as the maximum 

Table 1 Evaluation course summary

Fig.2 Actual vehicle speed

 All D river’s data 

Fig.3 Actual acceleration, G, of the vehicle

Fig.4 Actual vehicle speed and G

Fig.5 Acceleration settings
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deceleration under normal deceleration conditions, 
excluding emergency braking to avoid a collision and 
-3.0 m/s2 as the maximum deviation.

The cruising vehicle speed was set for each road in the 
simulation. Assuming that the drivers set a target 
cruising vehicle speed at intervals of 10 km/h, the cruising 
vehicle speed was set at 10 km/h intervals based on the 
average cruising vehicle speed during actual driving. For 
heavy-duty trucks and buses, the cruising vehicle speed 
was set to be less than that of passenger vehicles by 10 
km/h. The deviation in the cruising vehicle speed was 
varied according to the road, and the minimum and 
maximum speeds were set as 5 and 30 km/h, respectively, 
considering the median value.

Next, the target traffic flow was reproduced by 
adjusting the number of vehicles to be driven in Vissim, 
according to the data from the road traffic census 
conducted by the Ministry of Land, Infrastructure, and 
Transport and by adjusting the signal cycles and 
intersection passing speeds. To evaluate the reproduction, 
the results of simulations conducted 60 times by varying 
random numbers were analyzed, considering the median 
values and deviations of the average vehicle speed and 
stop time. Thereafter, the results were compared with 
the actual driving data. For sections prone to traffic jams, 
the length of the traffic jam in each section was 
emphasized.

2.3. Configuration of the fuel economy calculation 
section

For the fuel economy calculation section in the Simulink 
simulation, a powertrain model equivalent to that of the 
vehicle used for actual driving was employed. The 
powertrain model included the vehicle mass, air resistance, 
and tire rolling resistance, which were necessary to 
calculate the running resistance. The basic specifications 
of the powertrain model are listed in Table 2.

The engine block in the power train model includes 
parameters such as the fuel economy rate, output, and 
friction. The calculation of the fuel cut at deceleration is 
also incorporated. The CVT block includes the friction, 
torque converter performance, shift schedule, and lock-up 
timing. In addition to these parameters, the response 
delay of the powertrain, including the intake response 
delay, was incorporated to more accurately simulate the 
behavior of the powertrain in an actual vehicle.

2.4. Study of different driving styles
The effects of different driving styles on the real-world 

fuel economy were studied by reproducing different 
acceleration levels through a simulation using two types 
of drivers: one who accelerated the vehicle at a relatively 
high rate and another who accelerated the vehicle at a 
lower rate. The acceleration profiles of the different 
drivers are shown in Fig. 6.

3. Simulation results

3.1. Traffic flow reproduction
The distributions of the average vehicle speeds and 

stop times obtained from the traffic flow reproduction are 
presented in Figs. 7–10, and the median values and 
deviations of these results are summarized in Tables 3 
and 4. Here, the objective was to ensure that the median 
values and deviations of the simulation results are within 
±10% and ±50%, respectively, of those of the actual 
driving results.

As shown in Fig. 7, the median value of the average 
vehicle speed exceeds that of actual driving by 0.3 km/h 
throughout the test course, and the 1σ deviation is less 
than that of actual driving by 0.6 km/h. Both the median 
values and deviations are similar to those of actual 
driving. As depicted in Fig. 8, all the median values and 
deviations of sections A–F are similar to those of actual 
driving. However, in section G, the 1σ deviation 
reproduced in the simulation is less than 30% of that of 
actual driving. The reasons for this difference are as 
follows: (1) section G includes many off-street stores, and 
the speed reduction of a vehicle when entering and 
exiting cannot be sufficiently reproduced; (2) when a 
vehicle waits for pedestrians to cross a pedestrian 
crossing before making a left turn, the speed reduction 
and temporary stop of the vehicle cannot be sufficiently 
reproduced.

As shown in Fig. 9, the median value of the vehicle 
stop time is less than that of actual driving by 140 s 
throughout the test course, and the 1σ deviation is less 
than that of actual driving by 191 s. Thus, the results 
barely meet the target values. The comparison in Fig. 10 
indicates that the errors of the median values are low in 
sections B, C, and G, as compared to those of actual 
driving; however, the errors in sections D and F are large 
at 146 and 121 s, respectively. With the exception of 

Table 2 Vehicle specifications

Fig.6 Acceleration profiles of different drivers
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section G, the 1σ deviations of all the other sections 
satisfy the targets. However, the simulated and 
reproduced deviation of section G is only 16 s, which is 
less than 20% of that of actual driving.

According to the results above, it was assumed that 
the error in the median value of section D was due to the 
fact that the time per stop in section D was shorter than 

that during actual driving. Furthermore, it was assumed 
that the error in the median value of section F was due to 
the simulation setting in which a traffic jam readily 
occurs owing to a vehicle turning right at an intersection. 
It was also assumed that the cause of the deviation in 
section G was the same as that determined when studying 
the average vehicle speed. These traffic flow errors will 
continue to be improved.

3.2. Reproduction of the driving style of general 
vehicles

The simulation results obtained using the acceleration 
settings in Fig. 5 from Section 2.2 are presented in Fig. 11. 
According to the results, the maximum G is 2.0–2.5 m/s2 at 
20 km/h, and it decreases to approximately 1.0 m/s2 at 40 
km/h. Thus, an acceleration profile similar to that of an 
actual vehicle could be reproduced.

 

Fig.7 Total average vehicle speed

Fig.8 Average vehicle speed by section

Fig.9 Total vehicle stop time

Fig.10 Vehicle stop time by section

Table3 Gap of average value

Table4 Gap of standard deviation value
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The simulation results for acceleration and deceleration 
when the vehicle is driven over the entire course several 
times are shown in Fig. 12. The deceleration during 
normal driving is within –3.0 m/s2, as specified. However, 
the emergency brakes were applied approximately five 
times per trip, and the frequency of emergency brakes 
was high compared to that in the actual driving data. As 
this characteristic is mainly attributable to the cut-in at 
the time of lane change and merging, the frequency of 
emergency brake usage will be reduced.

The vehicle speeds obtained from the simulation are 
depicted in Fig. 13. The characteristics of the cruising 
vehicle speed with respect to the travel distance are 
similar to those of actual driving. In particular, under 
highway scenarios, the vehicle does not operate at a 
constant speed of 100 km/h; instead, it accelerates and 
decelerates. Thus, it was possible to bring the deviation in 
the vehicle speed close to that of actual driving. In certain 
highway scenarios, the vehicle speed reached a value that 
would never occur in actual driving. The cruising vehicle 
speed settings will be reviewed to address this issue.

3.3. Calculated engine operating points
The engine operating points obtained during actual 

driving are presented in Fig. 14, and the representative 
engine operating points calculated in the simulation are 
shown in Fig. 15. In the simulation, the maximum engine 
speed exceeded 3500 rpm and the maximum engine 
torque exceeded 150 Nm, which indicates that the 
operating points in the high-load ranges were reproduced. 
In addition, the low-load range around 2000 rpm, which 
appears during acceleration and deceleration in highway 
driving, is well reproduced. By contrast, the maximum 
torque of 1500–3000 rpm is low compared to that of 
actual driving; this likely occurs because the engine load 
due to the air conditioning compressor when operating 
the air conditioning system was not reproduced 
appropriately. Estimating the load of the air conditioning 
compressor while driving is difficult because it is affected 
by the ambient temperature and the vehicle driving 
speed. Thus, this factor was not included in the 
simulation, and its incorporation will be considered in 
the future.

Fig.11 Acceleration setting and simulation results

Fig.12 Simulated deceleration

Fig.14 Engine operating points for actual driving data

Fig.15 Engine operating points for the simulation data

Fig.13 Simulated vehicle speed
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3.4. Calculated fuel economy values
The distributions of the total fuel economy values 

obtained from the simulation and actual driving are 
depicted in Fig. 16, and the median value of each section 
is shown in Table 5.

The objective was to ensure that the simulated fuel 
economy values are within 10% of those of actual driving. 
The median of the total fuel economy values during 
actual driving was 9.1 km/L, whereas that in the 
simulation was 9.2 km/L. However, as this value does not 
reflect the load for the air conditioning compressor, as 
discussed in Section 3.3, the fuel economy in the 
simulation may decrease further.

The results in sections A, B, D, and F were similar to 
those of actual driving; however, those in sections C, E, 
and G diverged by 10% or more. An analysis of the 
divergence revealed that a traffic jam that occurred from 
the beginning of section D extended to the latter half of 
section C. This finding indicates that the simulated 
length of the traffic jam was greater than the actual 
length. As indicated in Fig. 17, which depicts the 
simulated vehicle behavior during high-speed driving in 
section E, acceleration and deceleration occur repeatedly 
when following the preceding vehicle, thereby 
significantly increasing fuel consumption. It was inferred 
that the result of section G indicates the insufficient 
reproduction of the traffic flow in Vissim, as discussed in 
Section 3.1. According to these results, it is necessary to 
reproduce the fuel economy value of each section 

appropriately to reliably judge the total fuel economy 
value achievable. To realize this objective, it is necessary 
to make a judgment after improving the accuracy of each 
section by studying the control indices that are strongly 
correlated with fuel economy. 

3.5. Effects of different driving styles on fuel 
economy

The simulated fuel economy values obtained from 
different drivers and the fuel economy values of actual 
driving are compared in Table 6. The simulation was 
conducted 15 times.

As shown in Fig. 6 in Section 2.4, Driver 2 exhibited a 
low acceleration at 50 km/h or less; it was assumed that 
this would improve the fuel economy, mainly upon 
starting from a stop. The total fuel economy during actual 
driving improved by 0.7 km/L, whereas that in the 
simulation was 0.4. Although the fuel economy varies 
with the driver, the tendency for higher fuel economy was 
confirmed.

The simulation results of each section showed that the 
fuel economy of Driver 2 was higher than that of Driver 1 
for all the sections. However, as acceleration from a stop 
barely occurred in section E, the intended effect could not 
be confirmed. In actual driving, the fuel economy of 
Driver 2 was worse than that of Driver 1, because Driver 
2 was caught in a temporary traffic jam during high-
speed driving. In addition, this effect could not be 
confirmed in section A. An analysis of the representative 
results indicated that Driver 2 stopped the vehicle more 
often than Driver 1, which implies that additional fuel 
was consumed while starting. Considering the individual 
sections, it was assumed that it is essential to control the 
vehicle stopping frequency in sections such as A, where 
the frequency of accelerating from a stop is low with 
respect to the section-to-section distance. For sections 
other than A and E, the simulated fuel economy values of 
Driver 2 were higher. However, the improvement margin 
is not uniform with respect to the actual driving. To 
match the absolute and relative values, as concluded in 
Section 3.4, it is necessary to improve the accuracy of the 
traffic flow reproduction and to create control indices that 
are strongly correlated with traffic flows and fuel economy 
values.

Fig.16 Real-world fuel economy distribution

Table 5 Fuel economy calculation results

Fig.17 Highway vehicle speed profile
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4. Conclusion

Traffic flows and driving styles were reproduced in a 
simulation. By incorporating a powertrain model in the 
calculations, the real-world fuel economy while driving in 
different traffic flows was investigated. Moreover, the 
effects of different driving styles on the fuel economy 
were assessed. Although it would be difficult to reproduce 
the considered driving scenarios repeatedly in real life, 
they could be reproduced easily using the method 
proposed herein. However, as the accuracies of the 
reproduced traffic flows and calculated fuel economy 
values were insufficient under certain conditions, further 
work will be conducted to improve the accuracy.

References
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Table 6 Gap of different driver fuel economy
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1. Introduction

Unlike mode fuel economy values, which are provided 
in automobile catalogs, the fuel economy values reported 
by customers (hereinafter referred to as real-world fuel 
economy values) are difficult to quantify because they are 
affected by various environmental factors, such as the 
driving style of the customer and the surrounding traffic 
conditions. In the previous report1), traffic flow and 
vehicle fuel economy calculation simulations were 
combined to develop a method for estimating real-world 
fuel economy. However, the simulation results obtained 
by varying the acceleration showed changes in the fuel 
economy due to differences in the traffic environment 
and, in certain cases, decreased fuel economy. Thus, the 
effectiveness of this method for improving fuel economy 
could not be determined. In this study, the effects of the 
traffic environment on the acceleration level and the fuel 
economy were analyzed in detail to determine whether 
the simulator can effectively monitor changes under 
driving conditions. In addition, because the traffic 
environment must be evaluated with an on-board system 
to realize fuel-efficient driving, traffic jams that can be 
detected by existing on-board sensors were emphasized, 
in order to simulate fuel-efficient driving in traffic jams. 
This paper presents the simulation results.

2. Relationship between effects of gradual 
acceleration and traffic environment on fuel 

economy

A simulation with the same specifications as those in 
the previous study was utilized in this work. For the fuel 
economy calculation, the vehicle fuel economy calculation 

model created using MATLAB/Simulink from Mathworks 
was employed2), and to reproduce the traffic flow, PTV3) 

Vissim was used. In the fuel economy calculation section 
of Simulink, a powertrain model similar to that of the 
vehicle used for actual driving was applied. Table 1 lists 
the basic specifications of the proposed model.

As a traffic flow model, a real-world fuel economy test 
course in Kanagawa was reproduced. This course is 
described in Table 2.

Abstract　　A real-world fuel economy prediction method using traffic flow simulations was reported in the previous 
paper. Regarding the relationship between driving style and fuel economy, certain aspects remained unclear. In 
this study, these aspects were investigated further, and a traffic scene in which mild acceleration results in better 
fuel economy was identified. Based on these results, a method for improving real-world fuel economy is proposed.
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To determine the effects of different driving styles on 
the fuel economy, a simulation was conducted using two 
types of drivers: one who accelerated the vehicle quickly 
(driver 1) and another who accelerated the vehicle 
gradually (driver 2). The range of 0–120 km/h was divided 
into 10 km/h intervals to reproduce the acceleration 
profile and set a common target acceleration for all the 
vehicle speed zones in sections A–G. The acceleration 
profiles of drivers 1 and 2 are shown in Fig. 1.

The simulation was conducted 11 times by varying 
traffic flows, and the simulation results are presented in 
Fig. 2.

The simulation results show that the driving style 
(gradual acceleration) of driver 2 is more fuel-efficient; 
however, the difference from driver 1 is not uniform 
among the simulation runs. In particular, the result of 
driver 2 in the fifth simulation run was almost the same 
as that of driver 1. It was assumed that the unevenness of 
the fuel economy values was due to the traffic environment. 
Thus, the results of the fifth simulation run, where the 
fuel economy values were almost identical, were analyzed. 
The fuel economy values (in km/L) in each section during 
the fifth simulation run are listed in Table 3.

 The fuel economy of driver 2 decreases in four sections: 
A, B, C, and E. Section E was not analyzed in detail 
because the acceleration levels of drivers 1 and 2 in the 
high-speed section were almost the same, as shown in 
Fig. 1. It was assumed that the main cause of the 
deterioration was the difference between the acceleration 
and deceleration frequencies caused by the traffic 
environment, rather than the effect of the different 
acceleration profiles on the fuel economy. Thus, the 
remaining three sections, i.e., sections A–C, were 
analyzed to determine the cause of the decrease in fuel 
economy. 

The fuel economy decreased in sections A and C, which 
represent urban and suburban roads, respectively, 
because the vehicle stopped frequently at traffic signals. 
The vehicle speed profile and signals in section A are 
depicted in Fig. 3.

The red and green dots indicate the signal colors. Both 
drivers 1 and 2 were at the front when they stopped at 
signal α. Thereafter, at the third signal β from signal α, 
driver 2 stopped, whereas driver 1 did not stop and 
instead passed through the intersection.

The running times for drivers 1 and 2 between signals 
α and β are 54.0 and 57.3 s, respectively. The time 
interval from signal α turning green to signal β turning 
red is 56.4 s. Accordingly, driver 2, who gradually 
accelerates the vehicle, stops at this signal. The fuel 
injection quantities [L] in section A are presented in Fig. 
4. According to Fig. 4, the fuel consumptions of drivers 1 
and 2 are reversed when driver 2 stops at the signal and 
then starts the vehicle. It was concluded that this aspect 
was the main cause of the fuel economy reversal.

Next, an analysis of the results in section B, which 
represents a traffic jam, is presented. The vehicle speed 

Fig. 1 Acceleration profiles of the two drivers

Fig. 2 Fuel economy calculation results

Table 3 Fuel economy in each section during the fifth simulation run

Fig. 3 Velocity profile in section A due to acceleration 
differences

Fig. 4 Fuel consumption in section A due to acceleration 
differences
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profiles and fuel consumption in the relevant section are 
depicted in Fig. 5. In this section, the arrival times are 
different due to the different acceleration levels in the 
previous sections. The vehicle speed profiles of drivers 1 
and 2 are significantly different. The fuel economy values 
of both the drivers were analyzed to elucidate why a 
higher value was obtained for driver 1. It was found that 
there were differences in the lengths of traffic jams, stop 
times, stop frequencies, and fuel-cut times during 
deceleration. 

The causes of the decrease in the fuel economy of driver 2, 
which is significantly different from that of driver 1, are 
clarified in Fig. 5. Therefore, it is difficult to determine 
whether the gradual acceleration of driver 2 directly affects 
the fuel economy, as it did on the urban and suburban roads.

Further, the simulation runs in which the surrounding 
traffic environments in a traffic jam were identical were 
extracted to determine how the gradual acceleration 
affected the fuel economy in the traffic jam section. The 
vehicle speed profiles and the fuel consumption of drivers 
1 and 2 are presented in Fig. 6.

The results shown in Fig. 6 indicate that, under the 
same traffic conditions, better fuel economy is achieved 
under gradual acceleration. The fuel economy is improved 
due to the following reasons. In the case of driver 1, who 
accelerates the vehicle at a high rate, the vehicle speed 
becomes relatively high in a single trip from start to stop, 
which presumably consumes a large amount of fuel. By 
contrast, in the case of driver 2, who accelerates the 
vehicle gradually, the vehicle begins to decelerate when 
the vehicle speed is still relatively low, which enables low 
fuel consumption. In section B, the engine work of driver 
1 was 4.55 MJ and that of driver 2 was 4.10 MJ. Engine 
studies have indicated that, in a traffic jam where a 
vehicle is frequently stopped and started, fuel economy 
can be improved by gradually accelerating the vehicle 
without excessively increasing the vehicle speed.

Through the studies mentioned above, it was confirmed 
that the fuel economy reversal was caused by the traffic 
environment rather than simulation failures or other 
factors. Assuming that real-world fuel economy values 
can be calculated using this simulation, the following 
sections describe the measures for further fuel economy 
improvements, which were investigated with this 
simulation, that can be proposed to customers.

3. Traffic jam detection for higher fuel 
economy

The studies mentioned above showed that the fuel 
economy may decrease due to gradual acceleration in 
uncongested urban and suburban roads with signals. 
This was determined based on the time interval of the 
signals and the distance and running time required by a 
driver to pass through an intersection with an average 
vehicle speed. However, detecting the time interval of 
signals is currently difficult, as is detecting the average 
vehicle speed before passing a signal, because this factor 
is affected by the surrounding traffic environment. In 
addition, selecting the acceleration levels for urban and 
suburban roads is extremely difficult, even for the traffic 
flow simulation used in this study. This difficulty arises 
because the lengths of traffic jams vary, as shown in 
Table 4; the starting point of the low-speed section 
depends on the simulation case. Thus, this issue was not 
addressed in this study and remains a subject for future 
investigations, including vehicle-to-infrastructure and 
vehicle-to-vehicle technologies.

Meanwhile, because gradual acceleration is effective 
in traffic jams and should be recommended to customers, 
traffic jam detection was conducted. In traffic jams, 
vehicles show prominent characteristics, such as an 
extreme decrease in speed, which is easily detectable by 

Fig. 5 Velocity profiles and fuel consumption with traffic 
congestion due to acceleration differences

Fig. 6 Velocity and fuel consumption versus distance during 
traffic congestion due to acceleration differences

Table 4 Distance deviations under driving scenes



78 No.87 (2021)   NISSAN TECHNICAL REVIEW

Technical papers：Development of estimation and improvement method for Real World Fuel Economy by using a traffic flow simulation (Second Report)

existing systems. Accordingly, it may be possible to apply 
these characteristics to utility vehicles. 

Currently, navigation systems and smartphone maps 
offer functions that reflect the results of traffic jam 
observations based on the traffic information obtained 
from infrastructure. Highly accurate traffic jam 
information is required to lead drivers toward eco-driving 
by means of vehicle behavior control, human–machine 
interfaces, or ECO Pedal Systems. However, in 
infrastructure-based traffic jam observations, information 
update delays and positional inaccuracies occur often. In 
particular, it was assumed that drivers may experience 
uncomfortable response delays when they emerge from 
traffic jams and that the accuracy of the information is 
insufficient. Therefore, the traffic environment was 
emphasized to study a method that enables a vehicle to 
identify traffic jams independently.

First, traffic jams were defined to determine whether 
the current traffic was congested. Efforts were devoted 
toward ensuring that drivers do not feel uncomfortable 
when entering or exiting a traffic jam. To achieve this 
objective, traffic jams were defined by comparing the speed 
of the subject or preceding vehicle with the current speed 
limit information, by using the traffic jam information 
provided by expressway companies in Japan4).

An analysis of the vehicle speed profiles in Fig. 5 
revealed that there are two types of traffic jams: one in 
which a vehicle repeatedly stops and starts, as in the first 
half of the trip for driver 2 (short-trip (ST) traffic jam), and 
another in which a vehicle is continuously operated 
without stopping (slow-moving traffic jam), as in the latter 
half of the trip for driver 1. This finding served as the focus 
for analyzing traffic jams. It was assumed that ST traffic 
jams easily occur in severe traffic jams on ordinary roads 
and highways and that slow-moving traffic jams occur 
during the early stages of traffic jams on highways. These 
results were used to judge the changes in vehicle behaviors 
in order to improve the fuel economy in traffic jams, as 
described later. The measured characteristics of the ST 
and slow-moving traffic jams are presented in Fig. 7.

To detect and judge traffic jams, apart from the above-
described information regarding the vehicle speed limit 

and the speeds of the subject and preceding vehicles, 
information regarding the preceding vehicle was used to 
determine whether the subject vehicle has emerged from 
a traffic jam for right/left turning, etc., and information 
regarding the acceleration of the preceding vehicle was 
used to immediately determine whether a traffic jam has 
ended. Moreover, information regarding the distance 
from the preceding vehicle was utilized. The speed 
information of the subject vehicle was utilized to 
determine the type of traffic jam and to control the vehicle 
speed after identifying the traffic jam.

Two points were set from a high-level perspective when 
devising the method for detecting traffic jams: versatility 
improvement and acceptability improvement. Acceptability 
refers to the condition described above, that is, the condition 
that a driver does not experience an uncomfortable 
judgment delay when a traffic jam is detected.

First, to improve versatility, a method that uses only 
the information regarding the preceding vehicle was 
designed. Owing to the latest research and development 
of autonomous driving, vehicles are now equipped with a 
detection system that provides a 360° view of the 
surroundings. Thus, an improvement in the detection 
accuracy was attempted by using the information 
regarding the vehicles in the next lane.

Considering the possibility that only the lane in which 
the subject vehicle is operating is congested owing to 
reasons such as the traffic jam has just started or the 
lane has a branch ahead, it is necessary to identify traffic 
jams by simply using the information regarding the 
preceding vehicle. Moreover, by making a judgment 
according to the information of the preceding vehicle, a 
traffic jam on a single-lane road can be detected as well, 
which improves versatility.

Emergency braking and adaptive cruise control 
systems have become increasingly common among 
vehicles in the market; in such vehicles, this traffic 
detection strategy can be applied easily.

Second, to improve acceptability, the vehicle speed 
criteria were differentiated to determine whether to enter 
or exit a traffic jam. Specifically, the vehicle speed was set 
higher when exiting a traffic jam than that when entering a 
traffic jam. In addition, the filtered or average vehicle speed 
information was utilized to identify traffic jams. This 
approach helped avoid the short-time repetition of entering 
and leaving a traffic jam, caused by the instantaneous 
vehicle speed fluctuations. To identify ST traffic jams, the 
per trip vehicle information based on the immediately 
preceding start and stop was used. As it was necessary to 
define one trip of a single vehicle to estimate the average 
speed of one trip, the speed of the subject vehicle was used 
instead of that of the preceding vehicle, because the 
preceding vehicles may change. By contrast, for slow-
moving traffic jams, information regarding the preceding 
vehicle was utilized. For the vehicle speed limit information 
for a road on which a traffic jam is identified, navigation 
system data that were recently registered were utilized.

As shown in Fig. 8, a traffic jam determination control 
model incorporated with the systems described above 
was configured using MATLAB/Simulink.

Fig. 7 Vehicle speed profiles for ST traffic jam (upper) and 
running traffic jam (lower)
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4. Results of traffic jam determination control

A traffic jam identification simulation was conducted 
by inputting the data obtained from actual driving in the 
MATLAB/Simulink control model mentioned above. The 
traffic jam detection results are shown in Fig. 9. The 
timings of entering and exiting the traffic jam, as recorded 
by the driver, are expressed as jam flags (driver).

These results indicate that the detection accuracy of 
the control system is 90% with respect to the scenes that 
the driver judged as traffic jams. Regarding the delay 
that occurred when exiting a traffic jam, there exists a 
scene γ in which the delay reaches a maximum of 12.4 s. 
It was confirmed that the increase in vehicle speed in this 
scene was approximately 3 km/s, which is an extremely 

gradual acceleration. The data corresponding to point γ 
are shown in detail in Fig. 10.

It was estimated that this delay is acceptable because 
the acceleration is extremely gradual and subsequently 
shifts to deceleration. However, it will be carefully verified 
whether this delay is acceptable for drivers in traffic jams.

Regarding the other aspects, it was found that exiting 
a traffic jam was identified when the preceding vehicle 
had moved away or accelerated. Thus, it was confirmed 
that the criteria based on factors other than the vehicle 
speed were effective.

5. Study of behaviors for higher fuel 
economy in traffic jams

Next, the vehicle behaviors that improve fuel economy 
in traffic jams were studied. As described earlier, it was 
confirmed that fuel economy was improved by gradual 
acceleration in the traffic jam section. In particular, for 
an ST traffic jam, when the driver gradually accelerates 
the vehicle, the vehicle begins to decelerate at a low 
vehicle speed, as shown in Fig. 6, which helps maintain 
low fuel consumption.

In a slow-moving traffic jam, it is difficult to detect the 
stop timing in advance. However, in an ST traffic jam, 
because the vehicle frequently stops, it is relatively easy 
to estimate the deceleration and stop timing. It was 
assumed that, in an ST traffic jam where the deceleration 
and stop timing could be estimated, the fuel economy 
would be improved by ending the acceleration at a low 
vehicle speed and shifting to cruising. Thus, the setting 
of a speed limit for ST traffic jams was considered next.

It was assumed that the limiting speed would make 
the driver feel more uncomfortable than gradual 
acceleration, because the subject vehicle ends the 
acceleration even when the preceding vehicle is 
accelerating. Therefore, it is necessary to determine the 
vehicle speed limit considering the subjective evaluation 
of the drivers. To determine the fuel economy improvement 
effect, it was simulated and verified by temporarily 
limiting the speed to half of the road speed limit. The 
speed limit was controlled not by adjusting the 
acceleration but by temporarily changing the target 
vehicle speed when an ST traffic jam was detected, while 
also accounting for the vehicle speed overshoot and 
smooth shifting to the limit speed. However, because the 
distance from the preceding vehicle would increase if a 
speed limit was set, a control program was established 
that canceled the speed limit when the distance reached 
a certain value and resumed gradual acceleration.

Based on this procedure, gradual acceleration was 
performed and a speed limit was set when an ST traffic 
jam was detected. Moreover, gradual acceleration was 
only performed in a slow-moving traffic jam.

6. Results of behaviors for higher fuel 
economy in traffic jams

The effect of gradual acceleration on the fuel economy, 
as shown in Fig. 6, was not considered. Instead, the effect 

Fig. 8 Simulink model including traffic jam judgment system

Fig. 9 Calculation results for traffic jam judgment system

Fig. 10 Magnified view of the simulation results corresponding 
to exiting the traffic jam
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of the speed limitation was emphasized. The simulation 
results of the effects of the fuel-saving behaviors in traffic 
jams on the fuel economy are presented in Fig. 11.

The scenarios in which the acceleration ends early such 
that the vehicle speed decreases to half of the road speed 
limit are denoted in green; these scenarios indicate that an 
increase in fuel consumption is suppressed. In addition, 
because the target vehicle speed is altered, the acceleration 
decreases before the vehicle reaches the speed limit, which 
also suppresses fuel consumption. Point δ in the latter 
half shows the suspension of the speed limitation and the 
re-acceleration due to the increase in the inter-vehicular 
distance. However, when compared to the vehicle speed 
profile without the speed limitation, deceleration begins at 
a low speed even after re-acceleration, which indicates 
that the fuel consumption is low.

7. Considerations

- It was found that the traffic jam determination 
system identifies an exit from a traffic jam when the 
vehicle speed increases, the preceding vehicle moves 
away, or the acceleration of the preceding vehicle reaches 
or exceeds a specified value, which is similar to the 
perception of drivers.

- The effects of fuel-saving behaviors on the fuel 
economy in traffic jams demonstrated that, by setting a 
speed limit, the acceleration ends at a low vehicle speed, 
which helps maintain low fuel consumption. It was also 
found that, by setting a speed limit based on the target 
vehicle speed, the acceleration decreases before the 

vehicle reaches the speed limit, which also lowers the fuel 
consumption. This finding indicates that a fuel economy 
effect was achieved.

- A scenario in which the speed limitation was 
suspended because the inter-vehicular distance increased 
was also identified. The speed limitation was suspended, 
and acceleration was applied. However, as the 
deceleration commenced before the vehicle speed 
increased to that of driver 1, the fuel consumption per 
trip for the same distance was less than that of driver 1.

8. Conclusion

The following conclusions were drawn from the results 
of this study:
(1)  On urban and suburban roads where vehicles stop at 

signals, the frequency of vehicle stops increases with 
gradual acceleration, which lowers the fuel economy 
of the vehicles that are gradually accelerated. 
However, the fuel economy of such vehicles is 
improved in traffic jams.

(2)  The fuel economy values of drivers 1 and 2, who used 
different rates of acceleration, were reversed in one 
scenario because of the differences in traffic 
environments, which enabled a verification of the 
quantitative effect on fuel economy. Thus, it was 
possible to estimate real-world fuel economy values in 
order to create a simulator that verifies the effects of 
different driving styles on these values.

(3)  Traffic jams could be identified using an existing 
sensor that detects the preceding vehicle and acquires 
speed limit information for navigation systems.

(4)  Traffic jams were classified into ST and slow-moving 
traffic jams; both gradual acceleration and the speed 
limitation were utilized for ST traffic jams, where 
vehicles are repeatedly started and stopped. By using 
these approaches, further fuel economy effects can be 
expected.
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1. Introduction

When one considers the usual traveling scenario of an 
ordinary driver, one can imagine that most of the scenario 
probably consist of driving generally in a straight line, 
including the moments at which the driver performs 
minute steering adjustments to control the travel locus. 
A survey conducted by the author and others in Europe 
and Japan supports this assumption. According to the 
survey results, the proportion of the driving scenario at 
which the steering angle was 5 degrees or less (which was 
considered to be a minute steering operation) was more 
than half (51.1%) in all vehicle speed ranges and 
approximately 80% (79.6%) in the vehicle speed range at 
or above 80 km/h.

Line traceability, which is the driver’s ability to trace 
the target driving line by performing steering adjustments 
of the vehicle for minute angles (encountered frequently 
as described previously), is an important performance for 
many drivers. Extensive research on steering force 
characteristics, which is considered to have the largest 
contribution to this performance, has been conducted(2)-(4), 
including research on the steering reaction force(1), which 
is the force that the driver experiences linearly based on 
Weber’s law. 

Moreover, research on vehicle movements such as the 
yaw characteristics, which are considered to have an 
effect as significant as that by the steering force, has been 
conducted(5)-(7). Only a very few case studies on the latter 
research topic clarified the quantitative relationships 
while including the driver’s steering characteristics in 
the minute angle range. Therefore, in the actual 
development site, achieving such performance was often 
dependent on the tuning of the actual vehicle.

We conducted this study based on the concept that 
designing this performance should enable us to stably 
provide a target performance to many drivers as well as 
contribute to reducing the development cost and 
environmental load by decreasing the dependency on 
prototype vehicles.

In this study, a scenario was established on a driving 
course in which the vehicle’s travel locus was to be finely 
adjusted by a minute steering angle (approximately ±5 
degrees) while the vehicle traveled in a straight line at a 
constant speed of 80 km/h. The purpose of this study was 
to clarify the quantitative relationship between the 
steering force and yaw characteristics with respect to the 
line traceability using the deviation between the actual 
trace line and target line as the evaluation index of line 
traceability.

The first step was to conduct a basic test to ascertain 
the driver’s characteristics in the minute steering angle 
range. Next, the obtained characteristics were 
incorporated into the driver model, and an analysis was 
conducted after combining that model with the vehicle 
model. Based on the obtained analysis results, a 
hypothesis of the quantitative relationship between the 
steering force and yaw characteristics with respect to the 
line traceability was established. As the final step, the 
hypothesis was verified in a driving simulator test.

The two tests in this study were conducted with 25 
drivers, whose ages were between 20–59 years. They 
drove cars routinely, for commuting, etc. Informed 
consent of the contents examined and approved by the 
Experimentation Ethics Committee of Nissan Motor Co., 
Ltd. was obtained from the participants of the tests. 

*Mobility and AI Laboratory
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2. Ascertaining driver’s characteristics in the 
minute steering angle range

A test was conducted to ascertain the two basic 
characteristics of the drivers, which were considered to 
be important in the minute steering angle range. 

2.1 Steering angle at which the driver has perceived 
an input into the vehicle

For the first characteristic, a test was conducted using 
a driving simulator fixed onto the floor (Fig.1) to ascertain 
the minimum steering angle at which the driver perceived 
that an input had been made into the vehicle.”

The drivers were instructed to close their eyes, begin 
steering the steering wheel from its neutral position, and 
stop at the minimum steering angle at which they 
perceived that an input had been made into the vehicle.

The drivers were instructed to perform the same 
operation five times for both the left and right steering 
operations, and the steering angle was recorded at each 
trial. In addition, with the assumption that this steering 
angle was dependent on the predetermined steering force 
characteristics, the test was conducted with different 
steering force characteristics. The steering angle–
steering force characteristics of a certain C-segment 
vehicle, traveling at 80 km/h, was set as the reference 
(“Base” in Fig.2), and four additional specifications were 
established by multiplying the reference steering force by 

±25% and ±50% over the whole range. Another 
specification, which had zero steering force over the 
whole range, was added; thus, a total of six specifications 
of steering force characteristics were used in the test. 

The test result is shown in dot data in Fig.2. The 
average value of the minimum steering angles perceived 
by all 25 drivers and in all trial times was 1.2 degrees for 
the base specification. We also confirmed that the value 
of the minimum steering angle became smaller as the 
steering force became heavier. When the steering force 
was increased by +50%, the angle value decreased to 0.94 
degrees. In contrast, when the steering force was set at 
zero, the angle value increased to 2.5 degrees, which was 
more than twice the angle value for the basic specification.

Outlined rhombus marks indicated the dispersion of 
each specification, which were approximately ±0.5 to ±1 
degrees.

2.2 Yaw rate at which the driver has perceived 
vehicle movement

The other driver characteristic that was considered 
important in the minute steering angle range was the 
minimum yaw rate at which the driver perceived that 
“the vehicle had moved.” The test to ascertain the 
minimum yaw rate was conducted using a driving 
simulator (8) equipped with a 360° screen and a turntable 
that could turn in the yaw direction (Fig.3).

As shown in Fig.4 (a), a skidpad with a radius of 300 m 
and trees planted 10 m apart on its periphery was 
established as the scenario, and a vehicle was placed at 
its center. The yaw rate of the turntable was increased 
from the stopped state in a constant yaw angle 
acceleration of 0.05 deg/s2, which could not be perceived 
by the driver. Drivers, while gazing through the front 
screen, were instructed to press the switch at hand 
immediately after they perceived the movement in the 

Fig.1 Fixed-type Driving Simulator

Fig.2 Steering Force Characteristic & Experimental Result

Fig.3 Driving Simulator

Fig.4 Yaw-rate Sensitivity Experimental Scene
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yaw direction. The test was conducted five times for both 
the right and left directions, and the yaw rate value was 
recorded at each trial.

The measurement results are shown in Fig.5. The 
horizontal axis represents the number of the 25 drivers, 
and the vertical axis indicates the minimum yaw rate 
each driver perceived. The average value of the minimum 
yaw rate perceived by all 25 drivers in all trial times was 
0.21 deg/s, and the dispersion was ±0.05 deg/s. 

The steering angle that generated this yaw rate of 0.21 
deg/s was approximately 2 degrees at a vehicle speed of 
80 km/h, which is explained in Section 3 using data. 
Because the steering angle at which a driver perceived 
that an input had been  made into the vehicle was 
approximately 1 degree, we considered that, within the 
steering angle range of 1–2 degrees, the driver could not 
yet perceive vehicle movement and steered via 
feedforward because the driver could sense only the 
information of the steering force. This was considered to 
be one of the reasons the steering force characteristics 
have been considered as important in the minute steering 
angle range. This also suggests the importance of properly 
setting the steering force and yaw characteristics within 
this steering angle range.

3. Hypothesis of the quantitative relationship 
between steering force and yaw 

characteristics with respect to line traceability 
in the minute steering angle range

3.1. Incorporating the driver’s characteristics in the 
minute steering angle range into the driver model
The look-ahead-point error model (9) shown in Fig.6 (a) 

was used as the driver model. As this study was regarding 
the minute steering angle of approximately ±5 degrees 
and with the quasi-steady state, slow steering input that 
was generally at or below 10 deg/s, the simplest function (9) 
that consisted of the proportionality constant (h) (between 
the look-ahead-point error ε and steering angle) and 
dead time (τL ) (Fig.6 (b)) was used for the driver 
transmission function. For the base model, the look-
ahead-distance (L) was set as 33.3 m, τL was set as 0.3 s, 
and h was set as 0.25 rad/m. The two driver characteristics 
in the minute steering angle range, obtained in the 
previous section, were incorporated as follows.

As the first revision, h, which was a constant value in 
the conventional driver model, was changed depending 
on the difference in the steering force characteristics. We 

confirmed in the test described in the previous section 
that the steering angle at which a driver perceived an 
input had been made into the vehicle varies depending on 
the difference in the steering force. This is summarized in 
Table 1, which shows the average value of the perceived 
steering angles for each specification. The table also 
shows the amount of driver’s effort that was calculated 
considering the change in force between the neutral 
position and the steering angle for each specification, 
assuming a steering wheel radius of 0.18 m.

Although the steering angle perceived by the driver 
varied considerably depending on the difference in the 
steering force, the amount of effort required by driver 
was almost in the same range, between 1.7–1.8 × 10-2 Nm. 
From this result, we can deduce that drivers perform the 
steering input based on the amount of effort rather than 
on the steering angle itself, at least in the minute steering 
angle range. Therefore, we assumed that the value of h of 
the driver model will change depending on the difference 
in the steering force and that the change is inversely 
proportional to the magnitude of the steering force. In 
more specific terms, the h value of each specification was 
set as shown at the right end column of Table 1, with 
respect to the value of the base specification (h = 0.25 
rad/m).

In the conventional driver model, the look-ahead-point 
was set to move laterally according to the amount of even 
the slightest movement in the yaw direction. In the test 
described in the previous section, we confirmed that 
drivers, on average, do not perceive the vehicle’s movement 
until the yaw rate of r0 = 0.21 deg/s occurs. Therefore, as 
the second revision, the look-ahead-point was changed so 
that only when this value is attained. In more specific 
terms, Lθ of “y + Lθ,” which is the feedback from the 
vehicle in Fig.6 (b), was set at zero if r < 0.21 deg/s.

Fig.5 Yaw-rate Sensitivity Experimental Result

Table 1 Driver Work and Dofinition of Parameter "h"

Spec. Steering Angle
[deg]

Work
[×10-2Nm]

h
[rad/m]

Base-50％ 1.79 1.71 0.50
Base-25% 1.50 1.84 0.33

Base 1.20 1.78 0.25
Base+25% 1.03 1.71 0.20
Base+50% 0.94 1.76 0.17

Table 1 Driver Work and Difinition of Parameter "h"

Fig.6 Driver Model
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3.2 Incorporation of the dead-band characteristics of 
the minute steering angle range into the vehicle model

In this study, a two-wheel vehicle model was used. The 
block diagram(9) is shown in Fig.7, and the precondition 
parameters are listed in Table 2.

A model of the area of the minute steering angle range 
at which the yaw rate does not occur, which was extracted 
from the detailed measurements of the actual vehicle, 
was created and incorporated into the vehicle model in 
this study.

Fig.8, which shows the steering angle in the horizontal 
axis and yaw rate in the vertical axis, illustrates the 
comparison between the simulation results of the 
conventional vehicle model and the measurement results 
of the actual vehicle in a scenario in which a slow steering 
input (10 deg/s) was made in a C-segment vehicle that is 
traveling at a constant speed of 80 km/h. Fig.8 (a) 
indicates that the simulation generally reproduced the 
measurement results of the actual vehicle with high 
accuracy. However, a considerable difference was 
observed between the two results in the minute steering 
angle range shown in Fig.8 (b), which shows the enlarged 
portion surrounded by the rectangular frame in Fig.8 (a). 
The measurement result of the actual vehicle shows an 
area in which the yaw rate did not occur until the steering 
angle was approximately 1 degree, which was probably 
owing to, for example, friction in the steering or 
suspension. The enlarged view shows that the minimum 
yaw rate a driver could perceive (r0 = 0.21 deg/s, explained 
in the previous section) corresponded to the steering 

angle of approximately 2 degrees. Additionally, this 
steering angle was considerably affected by the area in 
which the yaw rate did not occur.

In this study, this area was defined as the “yaw-rate 
dead band,” and was considered to be a representative 
characteristic of yaw behavior when investigating the 
line traceability in the minute steering angle range. In 
addition, this element was incorporated into the vehicle 
model. In more specific terms, the setting was adjusted to 
offset the steering angle, which was input from the driver 
model into the vehicle model, by the amount of the dead 
band.

Fig.9 shows the driver–vehicle model, which was the 
combination of the driver and vehicle models, used in this 
study to investigate the line traceability in the minute 
steering angle range. The driver characteristics in the 
minute steering angle range, explained in the previous 
section, were incorporated into the driver model. The 
dead band element was incorporated into the vehicle 
model. 

3.3 Defining the evaluation course and evaluation index
The evaluation course was established as shown in 

Fig.10. The course consisted of two 1200R curves, right 
and left, and a transition curve. A vehicle traveling in a 
straight line at a constant speed of 80 km/h was driven in 
this curved area with the steering input of approximately 
5 degrees and mostly less than 10 deg/s.

Fig.7 Vehicle Model Block Diagram

Table 2 Vehicle Model Parameter

Parameter Symbol unit Value
Vehicle Mass m kg 1670

Vehicle Yaw Inertia I kgm2 2600
Front axle～C.G. lf m 1.08
Rear axle～C.G. lr m 1.62

Front Cornering Power Kf kN/rad 62.5
Rear Cornering Power Kr kN/rad 95.5

Steering Gear Ratio - - 15.0

Table 2 Vehicle Model Parameter

Fig.8 Simulation and Real Vehicle Yaw-rate Comparison

Fig.9 Driver-Vehicle Block Diagram
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For the established course as the target drive line, the 
evaluation index of line traceability was defined as the 
deviation between the target line and actual trace line 
when a vehicle traveled from a straight line to 1200R as 
the driver turned the steering wheel. The deviation 
between the vehicle’s gravity center locus and the target 
line was measured at a sampling rate of 100 Hz while the 
vehicle traveled on a 60-m evaluation section. The 
evaluation section was composed of a 30-m transition 
curve section, which immediately followed the straight 
line section and subsequent 30 m of the 1200R steady 
state curve section. The average value of the sampled 
data was defined as the “line trace deviation [m].” The 
inside deviation with respect to the target line was 
considered to be positive, and the outside deviation was 
considered to be negative.

3.4 Hypothesis of the quantitative relationship 
between the steering force and yaw rate dead band 

with respect to the line trace deviation
Based on the aforementioned the driver characteristics 

and vehicle characteristics in the minute steering angle 
range, let us consider the steering force and yaw-rate 
dead band required for a driver to accurately trace the 
target line. When a driver sees a curve ahead, the driver 
will begin steering in proportion to the look-ahead-point 
error. Its proportionality constant is dependent on the 
magnitude of the steering force. The steering wheel will 
be turned at a large constant value when the steering 
force is light and constant value is small and when the 
steering force is heavy. Although a driver perceives that 
a steering input had been made into the vehicle for the 
first time at a steering angle of approximately 1 degree, 
the driver cannot yet perceive the yaw rate of the vehicle 
movement. Therefore, while imagining the vehicle’s 
movement, the driver continues to steer via feedforward 
in proportion only to the increase in the look-ahead-point 
error that changes along with the change in the target 
drive line ahead. The driver will finally perceive that the 
vehicle has moved when the steering angle exceeds 
approximately 2 degrees. Here, if the magnitude of the 
dead band is appropriate with respect to the 
proportionality constant, the driver will perceive the 
vehicle movement as the one the driver expected, and the 
vehicle can continue traveling accurately on the target 
line. However, if the magnitude of the dead band is small 
with respect to the proportionality constant, the driver 
will perceive that the vehicle is turning further inside of 
the target line than the driver expected. In contrast, if 
the magnitude of the dead band is large with respect to 
the proportionality constant, the vehicle will already be 
turning outside of the target line when the driver 

perceives the vehicle movement. 
In the scenario of traveling on the established 

evaluation course at 80 km/h, the time at which the 
driver can perceive yaw rate will be after the vehicle has 
traveled more than 10 m on the transition curve (the 
timing will be dependent on the specification). After this 
timing, the actual timing the feedback steering is input 
into the vehicle will be after the driver dead time of 0.3 s 
has elapsed, or after the vehicle has traveled more than 6 
m further. Therefore, the important aspect to consider 
here could be the method of enabling the driver to 
perceive the vehicle movement the driver has expected 
before the driver can perceive the vehicle movement 
while traveling on the feedforward section.

The analysis results using the model used in this study 
are shown quantitatively in Fig.11. The results for each 
specification can be observed as follows. For the 
specification with a -50% steering force of the base 
specification, an increased proportionality constant, and 
a dead band reduced to zero degrees, the trace line 
deviated inside the target line. In contrast, for the 
specification with a +50% steering force of the base 
specification, a reduced proportionality constant, and a 
dead band increased to 2 degrees, the trace line deviated 
outside the target line. Some other specifications with 
properly balanced combinations of the steering force and 
dead band could trace the target line relatively accurately.

Fig.12 shows a graph in which the steering force (of the 
base specification and the base specification multiplied 
by ±25% and ±50%) is shown in the X-axis, the dead band 
(changed between 0 to 2 degrees in increments of 0.5 
degrees) is shown in the Y-axis, and the line trace 
deviation (calculated for all 25 specifications) is shown in 
the Z-axis. The graph shows that, for the specification at 
the back of the graph, at which the steering force is light 
and the dead band is small, the line trace deviation value 
becomes large and positive, which indicates that the 
vehicle locus deviates inside the target line. For the 
specification at the front of the graph, at which the 
steering force is heavy and the dead band is large, the 
line trace deviation value becomes large and negative, 
which indicates that the vehicle locus deviates outside 
the target line. The transition of deviation values for 
other specifications between these two was smooth. The 
thick broken line on the Z = 0 plane represents the 
quantitative relationship between the steering force and 
yaw rate dead band at which it should be possible to 
realize the most accurate line traceability with zero line 

Fig.10 Evaluation Course

Fig.11 Line Trace Simulation
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trace deviation. Based on this hypothesis, tests were 
conducted for verification.

 
4. Verification of the hypothesis using the 

driving simulator

4.1 Verification of the accuracy of the driving 
simulator

The driving simulator shown in Fig.3 was used to 
verify the hypothesis. This simulator was equipped with 
a cabin mounted on a hexapod, which was mounted on 
slide rails with a movable range of 22 m × 6 m. 64 linear 
motors precisely drove the equipment to enable the 
actual vehicles and many scenarios to be reproduced with 
high reproducibility.

Fig.13 shows the comparison results of the steering 
force and yaw rate characteristics (considering the dead 
band), which were the focus of this study, between the 
measurement data of the actual target vehicle (C-segment 
vehicle) and the measurement data of the driving 
simulator. High reproducibility by the driving simulator 
was confirmed for both the steering force and yaw rate. 

4.2 Establishing the evaluation scenario
The driving lanes were established as shown in Fig.14, 

where the center lane was designed to be according to the 
evaluation course defined in Fig.10. To reduce the 
variation between drivers and trials, we set the lane 
width to 1.8 m, which was almost equal to the vehicle 

width. In addition, to reduce the left/right difference 
between left steering and right steering, we established 
the scenario in a manner that the vehicle would travel on 
the center lane of a three-lane road, rather than traveling 
on one side of a two-lane road.

4.3 Test method 
The test was conducted with 25 drivers (as the one 

described in Section 2). The vehicle speed was maintained 
at 80 km/h, and the drivers were instructed to perform 
the steering operation only, aiming at the center of the 
lane. As shown in Table 3, 17 test specifications were 
selected based on the 25 specifications examined when 
establishing the hypothesis, considering the test 
efficiency. The measurements of 17 specifications were 
conducted one time each on the left and right steering 
courses, 34 times in total, in the order randomly arranged 
by the linear congruential generator (10). Sufficient resting 
time was provided between the tests. The aforementioned 
measurement steps were repeated three times to obtain 
three sets of the data for each left and right steering of 17 
specifications. 

4.4 Test results
Fig.15 shows the representative examples of 

measurement results of one of the drivers. The graphs in 
the figure show the vehicle’s trace line of specifications at 
the four corners of Table 3, measured for left steering. We 
confirmed that the results of the graphs generally had 
the same trend as suggested by the hypothesis. For 
specification 4, for which the steering force was light and 
the dead band was small, the vehicle trace line deviated 
inside the target line. For specification 2, for which the 
steering force was heavy and the dead band was large, 
the vehicle trace line deviated outside the target line. For 
specifications 3 and 5, for the steering force and dead 
band were well-balanced, the vehicle trace line traced the 
target line quite accurately.

 

Fig12. Simulation Result of Line Trace Deviation

Fig13. Driving Simulator Accuracy Confirmation

Fig14. Evaluation Course on Driving Simulator

Table 3 Driving Simulator Experimental Specification No.

0.0 0.5 1.0 1.5 2.0
Base-50％ 4 － 17 － 5
Base-25% － 11 12 13 －

Base 16 10 1 6 14
Base+25% － 9 8 7 －

Base+50% 3 － 15 － 2St
ee

rin
g 

Fo
rc

e

Dead Band Angle [deg]
Table 3 Drving Simulator Experimental Specification No.
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Fig.16, which shows the same 3-axis graph as in the 
hypothesis study, shows the average values of the line 
trace deviations that were measured with 25 drivers for 
17 specifications. Figs. 16 (b) to (z) show the measurement 
results for each of the 25 drivers. Fig.16 (a) shows the 
average values of all 25 drivers.

As Figs. 16 (b) to (z) show, variations were observed 
among drivers in the magnitude of line trace deviation 
and in the relationship between the steering force and 
yaw-rate dead band in which the line trace deviation 
becomes zero. However, a common trend among all 
drivers was observed. The trace line deviated inward for 
specifications in which the steering force was light and 
the dead band was small, and the trace line deviated 
outward for specifications in which the steering force was 
heavy and the dead band was large.

The thick broken line on the Z = 0 plane in Fig.16 (a), 
which shows the average values of all 25 drivers, 
represents the verification result of the quantitative 
relationship between the steering force and yaw rate 
dead band in which the line trace deviation became zero 
and thus enabled the drivers to realize the most accurate 
line tracing. This result confirmed that the quantitative 
relationship established in the hypothesis was almost 
reproduced, although the broken line tended to shift a 
little toward the sides of heavier steering force and larger 
dead band.

The broken line, which represents the specifications 
for zero line trace deviation, shifted toward the sides of 
heavier steering force and larger dead band with respect 
to the broken line examined in the hypothesis. The main 
reason for this shifting was considered to be because the 
parameter in the driver model, used to examine the 
hypothesis, deviated from the parameter of the actual 
drivers. We consider that accuracy can be increased 
further in the future by measuring additional data and 
identifying the parameters.

As described above, the hypothesis on the quantitative 
relationship between the steering force and yaw rate 
dead band with respect to the line trace deviation in the 
minute steering angle range was verified.

5. Conclusion

After ascertaining the drivers’ characteristics 
regarding the steering force and yaw rate in the minute 
steering angle range, and after defining the vehicle’s yaw 
rate dead band in the minute steering angle range, those 
elements were incorporated into the conventional driver–
vehicle model. The quantitative relationship between the 
steering force and yaw rate dead band with respect to the 
line traceability was clarified by establishing a hypothesis 
on the line tracing mechanism in the minute steering 
angle range, conducting quantitative analysis using a 
new model, and conducting verification tests using the 
driving simulator.

The results of this study demonstrate that designing 
the line traceability in the minute steering angle range, 
which conventionally has been dependent on tuning, is 
possible by using the steering force and yaw rate dead 
band.

Note that this study finding is a conclusion derived 
from the average values of data measured with 25 drivers, 
and the effects of their dispersion is an issue that requires 
further investigation.

Fig15. Line Trace Experimental Result

Fig16. Experimental Result of Line Trace Deviation
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1. Introduction

In recent years, the increasing awareness of 
environmental issues has resulted in the diversification 
of automotive powertrains. We have also adopted the 
hybrid and e-POWER systems. These powertrains are 
established by combining the conventional internal 
combustion engine (ICE) and an electric power unit. 
Thus, their operations are more complicated than the 
conventional ICEs because they are electronically 
controlled.

As a result, it is difficult to solve the trade-offs between 
multiple performance items. As an example, the 
e-POWER, which employs an engine as a generator, can 
be considered. The operating point of the conventional 
ICE is determined according to the vehicle speed and the 
accelerator opening. In contrast, only an electric motor 
provides e-POWER with drive force. This enables an 
arbitrary setting of the operating point of its engine for 
fuel efficiency and power. Moreover, the noise and 
vibration (NV) performance should be comprehensively  
studied according to the operating point patterns of the 
engine, which is arbitrarily controlled based on such 
multiple performance items. Thus, there should be a 
considerable number of design conditions. /In addition, 
there are often trade-offs between NV performance, 
which ensures quietness by controlling engine speed and 
power/heating performance, which ensures output energy 
by increasing engine speed. 

It is crucial to ensure sufficient hardware potential 
and develop engine control specifications in an early 
development stage by ascertaining these trade-offs in the 
vehicle development stage in advance

Amid globally expanding market, it has also become 

more important to predict interior noise virtually under 
running conditions in each market of electronic 
powertrain that operates in a complicated manner. 

We established the vehicle NV 1D CAE by combining 
an NV model utilizing experimental data with an engine 
control model. It allows for the prediction of performance-
to-performance trade-offs and interior noise in each 
market. This report describes the technique developed.

2. System configuration example of electric 
powertrain

The e-POWER system is an electric powertrain that 
has an engine as a generator, as shown in Fig.1. The 
system is operated to charge a battery. The electricity 
stored in the battery is used to drive a motor through an 
inverter for vehicle running. This configuration prevents 
coupling of the engine with the drive system, so that the 
operating point of the engine can be independently 
controlled. The configuration of the system is shown in 

*Customer Performance and Vehicle Test Engineering Department No.1　　**Advanced Vehicle Performance Engineering Department

Abstract　　The e-POWER system controls engine arbitrarily according to the electric power generation request. 
Therefore, it is necessary to design noise and vibration performance in various driving scenes of energy request. 
In order to predict engine noise in cabin, the new model that combined engine control model and NV model using 
component experiment data is developed. The validity of this model is verified in the early development phase.
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       Fig.1 System image Fig.2 e-POWER System diagram
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3. NV issues of electric powertrains

3.1 Engine start request
In conventional ICEs, the power and operating point of 

the engine required for running are determined according 
to the accelerator opening, which represents the driver’s 
intention for acceleration. This is because the vehicle’s 
operating conditions are physically determined according 
to hardware elements such as the engine speed, torque, 
and vehicle speed. With only design that has taken into 
account the running conditions according to several 
patterns, no major problems with NV performance have 
occurred. On the other hand, as e-POWER adopts motor 
driving, its engine operating point is determined 
according to not only the accelerator opening but also the 
supply of electric power necessary for an acceleration 
request considering the remaining battery life of the 
vehicle, and requests from other performance items 
(heating, emissions, etc.). As the influence of these 
various generating requests on the NV performance in 
conventional ICE is negligible, they are not considered so 
much as design factors. In contrast, the engine operating 
point of e-POWER varies according to each of these 
various generating requests. , such that. Therefore its 
NV performance must be comprehensively  designed.

3.2 Increase in design scenario
As the generating requests have different effects on 

NV performance in each running scenario, quantitative 
examination is required. A specific example is that the 
engine noise is low in low-speed running in a traffic jam. 
If the engine suddenly starts due to any request from 
other performance items (heating, emissions, etc.) in 
such a running scenario, the engine noise can disturb 
passengers, causing a problem. In addition, considerable 
electric generation is required to prevent insufficient 
power during long-time running at high speed on an 
ascending road. This means that engine rotation at high 
speed is required, and the engine speed tends to be higher 
than that for the conventional ICE. This running scenario 
is not frequent, but can cause a problem related to engine 
noise.

As described above, in various cases, generating 
requests in e-POWER are caused according to the 
running conditions. In addition, as running conditions 
increase with the expansion of the market, the 

combinations of conditions to be evaluated also increase 
considerably. Therefore, possible problems should be 
identified in advance from a wide variety of driving 
scenes and the NV performance should be designed 
according to a vast number of patterns for development.

3.3 Trade-off performance items in electric 
powertrains

The NV performance can be ensured by lowering the 
engine speed to a certain value for driving scenarios. 
However, as shown in Fig.4, a reduction in the engine 
speed can result in insufficient electricity generated and, 
consequently, a failure to reach the speed requested by 
the driver, resulting in insufficient power or poor fuel 
efficiency. Therefore, to improve the total vehicle 
performance, a well-balanced design should be ensured 
after taking into consideration influence on other 
performance items because engine operating point is not 
determined by only NV performance. 

4. Development of vehicle NV 1D CAE

The targeted engine noise must be predicted to a 
frequency range higher than idle vibration, booming 
noise, road noise, etc. However, CAE techniques used in 
currently developed projects do not have a sufficiently 
wide frequency range or are not sufficiently accurate. 
There are partially advanced techniques, but they are 
not useful from an economic perspective. Accordingly, it 
was attempted to predict the high-frequency range by 
utilizing experimental data for model-like behavior. 
Specifically, as shown in Fig.5, the parameters of engine 
speed and torque were controlled, engine vibration was 
measured at each grid, and the measured data were 
linearly interpolated. In sequence, three-dimensional 
(3D) map data were obtained, as shown in Fig.6. Thus, a 
method for incorporating these models into vehicle NV 
1D CAE was selected to predict NV performance in the 
high frequency range. It was also applied to other input 
paths, such as engine radiation sound, exhaust input, 
and intake input, other than engine vibration, by 
measuring experimental data. As described above, a 
hybrid model was adopted by using a CAE model in the 

Fig.3 e-POWER engine operation request 

Fig.4 Tradeoff of each performance
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low frequency range, experimental data in the high 
frequency range, and data corrected with CAE for partial 
changes in its design. Then, the 1D CAE model was 
established by independently calculating these frequency 
ranges and summing them. The model can predict the 
range of engine noise under electric generation.

Fig.7 shows the 1D CAE model, where the NV model 
with the hybrid technique and the engine control model 
are connected. This enables the visualization of trade-offs 
against other performance items for various running 
conditions when an engine operating point is controlled.

The vehicle NV 1D CAE takes into account as input 
data to the engine control model, running conditions such 
as the vehicle speed vs. time, and slope angle, vehicle 
specifications such as battery capacity, and vehicle 
conditions such as initial SOC and driving mode, and 
provides output data such as engine speed, torque, and 
acceleration G. The output data is input into the NV 
model, which outputs engine noise, consisting of a 
combination of components through various paths, such 
as engine, exhaust, and intake. In addition, the engine 
control model provides fuel consumption/SOC data, so 
that NV performance and other performance items can 
be simultaneously verified. Therefore, the study of trade-
offs is possible.

The NV model also takes into account various 
component data such as engine mount characteristics as 
input data, which provides the  characteristics necessary 
for solving trade-offs.

5. Validation of vehicle NV 1D CAE

The vehicle NV 1D CAE described in Section 4 was 
validated as a simulation tool by verifying its correlation 
with actual running using a test course. The comparison 
of the results of the actual running and the 1D CAE in 
the running scenarios are shown in Fig.8. First, both 
actual running and 1D CAE were tested under the same 
condition of vehicle speed. The graph showing time vs. 
engine speed indicates that the engine operation 
frequency and the engine speed during the engine 
operation are in accordance with those in the actual 
running data. They are also in accordance with the graph 
showing time and sound pressure level. Consequently, it 
was considered that the simulation tool was sufficiently 
effective for designing performance.

Fig.5 Image of measurement point Fig.6 3D map data

Fig.7 Vehicle NV 1D CAE

Fig.8 Result of vehicle NV 1D CAE correlation
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6. Application example of vehicle NV 1D 
CAE

6.1. Prediction of interior noise for each market
It is necessary to create a performance plan for each 

expanding market. Even in the same categories such as 
mountainous roads and expressways, running conditions 
vary according to each market. Therefore, comprehensive 
predictions regarding markets and courses are necessary. 
Evaluating the actual running in the field would be 
inefficient; thus, virtual calculation was applied. Table 1 
shows the combinations of markets and scenarios used 
for the predictions performed with the vehicle NV 1D 
CAE developed in this report. Additionally, the calculation 
results of the characteristic cases with “*” marks in Table 
1 are shown in Figs. 9–11.

Fig.9 shows the results of reproducing a run on the 
suburban road in Market-A. The high frequency of engine 
operations due to high-speed running is characteristic. 
Fig.10 shows the results of reproducing a run on the 
mountainous road in Market-B. It is observed that the 
engine keeps running at high speed according to steep 
slopes, causing a loud noise. Moreover, Fig.11 shows that 
the interior noise increases with higher engine speed for 
electric generation on the jammed road in Market-C.

As mentioned above, interior noise predictions in 
various scenarios enable competitive verifications 
through comparison with competing vehicles, average 
sound pressure values in each market, and other 
approaches. A variety of analyses, such as EV/generating 
mode time ratio and difference between engine and 
ambient noises are also available and can be utilized for 
feedback to parts and/or control specifications.

6.2. Prediction of interior noise with changed vehicle 
specifications 

The increase in the number of electric powertrain 
adoptions has revealed trade-offs between performance 
items such as NV and heating/fuel efficiency performance. 
In vehicle development, it is very important to identify 
any trade-offs between such performance items in the 
vehicle design phase to ensure the hardware potential 
necessary for the vehicle and to develop its engine control 
specifications in an early stage. Fig.12 illustrates the 
results of interior noise predictions with a change in 
vehicle mass as a case of vehicle specifications. It 

Table 1. Calculated scene in each market and result

Fig.9 Calculation result in case of market A suburb

Fig.10 Calculation result in case of market B mountain

Fig.11 Calculation result in case of market C traffic jam
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indicates that a 200-kg increase in vehicle mass from the 
standard causes the engine to often generate electricity 
under a high-load condition like uphill acceleration, 
resulting in higher frequency of loud interior noise.

Such predictions of the changed characteristics of 
parts/systems involved in trade-off relations in an early 
stage of development can contribute to solving trade-offs 
at a high level. 

7. Summary

In this study, a vehicle NV 1D CAE was established by 
integrating a vehicle NV model with an engine control 
model to cover all designs for various engine operations of 
electric powertrains with complex engine control, which 
can predict performance-to-performance trade-offs in 
advance. The NV model accommodated a hybrid 
technique to which both the CAE and experimental data-
based models are applied to cover the frequency range for 
designing NV performance.

The 1D CAE established here was considered to be an 
effective prediction tool based on verification results of 
the prediction accuracy. This tool was also applied to the 
predictive calculations of running conditions of many 
road types in global each market, contributing to efficient 
development. Additionally, it was confirmed that the tool 
can also be utilized for the preliminary examination of 
trade-offs by changing vehicle specifications in an early 
stage of development.

Future research will focus on the possibility of utilizing 
the 1D CAE established generally as a preliminary 
examination tool for new technology introduction and 
preliminary prediction tool for performance-to-
performance trade-offs.
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1. Introduction

The action planning and control of automated vehicles are 
performed using information from the ambient environment 
and the vehicle’s behavior. Therefore, the behavior of the 
vehicle, such as the speed and yaw rate, should be measured.

Methods using various types of sensors have been 
proposed for measuring the behavior of a vehicle (1-4). A simple 
method involves the use of a wheel speed pulse to measure 
the vehicle speed and mileage using the vehicle’s wheel 
revolution speed. However, errors may occur with this 
method because of external causes such as tire slips; thus, 
the output of an accurate value may sometimes not be 
possible (2). A different method, which uses the inertial 
navigation system (INS) consisting of devices such as 
acceleration and gyro sensors, determines the vehicle speed 
and mileage by integrating the acceleration; thus, errors 
tend to accumulate (2)(3).

In contrast, when measuring the vehicle behavior using 
images, information regarding the objects and traffic lanes 
can be obtained from camera images simultaneously; 
research on this is being conducted(1). Cameras commonly 
available in the market can obtain images at a rate of 30–60 
frames per second (fps). Images of the scenery around the 
vehicle are used to extract the characteristics of the road 
structures, such as motionless objects and road surfaces. The 
amount of inter-frame movement of the characteristics in the 
actual space is measured using stereo parallax and then 
used to calculate the behavior of the vehicle. However, the 
amount of movement of the characteristics becomes large, 
and the appearance of the same characteristic may change 
between frames as the traveling speed or turning speed of 
the vehicle increases, thereby complicating the calculation of 
the amount of movement of the characteristics.

When measuring the vehicle behavior using images and, 
in particular, a camera directed towards the front of the 
vehicle, the movement of the characteristics of motionless 
objects (road surfaces, white lines, curbs, etc.) near the 
vehicle can be calculated. This is useful in measuring vehicle 
behavior because the accuracy of the distance measurement 
using stereo parallax is high near the vehicle. However, the 
amount of movement between image frames will be larger 
when the objects are closer to the vehicle, and changes in the 

appearance will also be larger. As the vehicle will be used 
outdoors, changes in the lighting environment will also occur 
frequently (1)(4).

This problem can be resolved by implementing either of 
the two main approaches. One approach is to devise a method 
of calculating the movements of characteristics when 
processing an image; many proposals exist for this method (5). 
Examples of such an approach include correcting the 
appearance change using affine and similar transformations 
and simplifying a characteristic if its luminance gradient is 
constant. The other approach is to use a high-speed camera 
to decrease the amount of inter-frame movements of 
characteristics. Proposals for this approach include 
measuring the movements using a high-speed camera with a 
rate of 1000 fps (6) and using the self-position estimation 
method using a high-speed camera with a rate of 200 fps (7). 
However, completing the calculation within the inter-frame 
time is a problem for this approach.

In this study, a method of measuring the behavior of a 
vehicle with high accuracy was explored by using a high-
speed stereoscopic camera mounted facing forward on a 
vehicle. The amount of calculation of the optical flow (8), which 
is the movement of characteristics between image frames, 
was reduced when programming a field-programmable gate 
array (FPGA) to perform the calculation within the short 
inter-frame time of the high-speed camera and complete 
processing in real time. This study also aimed to establish a 
method of measuring the behavior of a vehicle using the 
optical flow obtained from a high-speed camera and 
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Fig.1 Structure of optical flow calculation by high speed camera

Fig.2 Feature point detection by comparing the brightness values   
of the central pixel and peripheral pixels by the FAST method
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calculated up to the vicinity of the vehicle. This method was 
demonstrated on a test vehicle, and driving tests were 
conducted to check whether calculating the behavior of the 
vehicle with high accuracy was possible.

2. Measuring the behavior of a vehicle using 
a high-speed stereoscopic camera

2.1. System configuration
The following was considered as the procedure for 

measuring the behavior of the vehicle using a high-speed 
stereoscopic camera. First, characteristics that can be easily 
tracked are extracted from an image captured by a high-
speed camera. The optical flow (which is the movement 
between image frames) and on the parallax (which is 
convertible into distance at that timing) is then calculated to 
measure the movement of the extracted characteristics in 
actual space. Next, the movement coordinates that are 
calculated from the optical flow of each characteristic, 
coordinates of the characteristic in the image at each timing, 
and parallax of the characteristic between images are used 
to convert the movement into three-dimensional coordinates 
to calculate the three-dimensional movement in the actual 
space. The behavior of the vehicle is calculated with the 
assumption that the three-dimensional movement of the 
characteristics of the motionless object is based on the 
behavior of the vehicle. The behaviors of the vehicle in six 
degrees of freedom (X, Y, Z, pitch, yaw, and roll) are 
measured; these are the behaviors in the three axial 
directions (front-rear, left-right, and up-down) and the 
rotating direction of each axis. The system that measured 
the behavior of the vehicle, equipped with a high-speed 
camera that performs this processing, was configured as 
shown in Fig.1.

In this research, two high-speed cameras were mounted 
at a pitch of 50 cm. Each camera had a horizontal resolution 
of 2040 pixels and a vertical resolution of 1088 pixels and 
could capture 300 images in 1 s. The angle of view of the lens 
in the horizontal direction was approximately 90°.

The optical flow was calculated by an FPGA using the 
method described hereafter, and the parallax was calculated 
by implementing the semi-global matching (SGM) method(9) 
in the graphics processing unit (GPU). In the measurement 
method used in this research, the characteristics of moving 
objects were considered to be outliers by random sample 
consensus when estimating the motionless objects and 
measuring the behavior of the vehicle, and the three-
dimensional movement of characteristics on motionless 
objects was assumed to be based on the behavior of the 
vehicle(10). Here, the optical flow for measuring the temporal 
change was calculated at 300 fps, which was the frame rate 
of the camera. Parallax calculation, motionless object 
estimation, and vehicle behavior measurement were 
calculated at 10 fps.

2.2 Optical flow
The optical flow calculation function consisted of a 

function that extracted the characteristics in the image and 
a function that tracked the extracted characteristics in the 
subsequent frame.

The FAST method(11) was used to extract the characteristics. 
The FAST method can extract corners and blobs (for example, 
small circles that have clear differences in brightness) that 
can be easily tracked, regardless of direction. As ternarization 
is used for calculation, this method can be easily installed 
into hardware such as an FPGA. For all of the pixels in the 
image, the luminance value of the center pixel was compared 
with the luminance values of sixteen peripheral pixels that 
surrounded and were spaced three pixels apart from the 
center pixel (Fig.2). If peripheral pixels that are brighter or 
darker than the luminance difference threshold exist, and if 
such peripheral pixels exist consecutively for a certain angle 
or more, such a center pixel is considered to be a corner or 
blob; it was selected as a characteristic that is easy to track. 
In this research, the judgment criteria angle was set at 135°, 
which corresponds to 10 pixels. In addition, if multiple 
candidates of characteristics existed within a local range, 
the difference in luminance values between the center pixel 
and peripheral pixels were summed up, and the characteristic 
with the highest difference was selected as the target 
characteristic, because such a characteristic was assumed to 
be easy to track. 

Next, a description is provided for the function that 
tracked the extracted characteristic in the next frame. 
The tracking of characteristics is a process that requires 
many calculations. To complete these calculations within 
the inter-frame time, they can be reduced using either of 
the following two methods.

One method is to utilize the high frame rate and 
narrow the search range for tracking the characteristic in 
the subsequent frame because the movement amount of a 
characteristic in an image is inversely proportional to the 
frame rate. Fig.3 shows the extent of the search range for 
tracking a characteristic. If the frame rate is multiplied 
by N, the amount of inter-frame movement will be 1/N. 
Therefore, the search range, which is an area, can be 
narrowed to 1/N2. Whereas the number of calculations 
owing to the increase in the frame rate will increase by N 
times, the number of calculations for searching will be 
multiplied by 1/N2. As a result, the number of similarity 
calculations for measuring the movement amount of each 
characteristic per unit time can be reduced to 1/N. For 
example, when the movement amount is measured using 
the 300-fps camera, the number of calculations of each 
characteristic per unit time can be decreased by 90% 
compared with that at 30 fps.

The other method is to simplify the similarity calculation 
of the characteristics. The inter-frame changes of the same 

Fig.3 Searching area and calculation cost reduction by 
increasing frame rate by high speed camera
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object near the vehicle that were captured using the high-
speed camera and normal camera are compared in Figs. 4 
and 5. As the figures show, the inter-frame changes in the 
appearance and brightness of the same object, captured by 
the high-speed camera, were very small; thus, the 
difference could be ignored.

When a normal camera is used, the brightness between 
frames will change, as shown in Fig.5, even if the luminance 
gradient of the target object is constant; thus, correction is 
performed using indices such as the normalized cross-
correlation (NCC), which normalizes the luminance value 
when performing similarity calculation. Similar to division 
and calculating the square root, this calculation is difficult to 
perform in hardware. Therefore, completing the calculation 
within a short inter-frame time is difficult.

 In contrast, if a high-speed camera is used, the change in 
appearance and brightness can be ignored. Therefore, the 
similarity calculation can be changed to a simple method 
such as the sum of absolute difference (SAD) value(12), which 
is the sum of the luminance difference between pixels. 
Therefore, installation as the absolute difference in pixel 

luminance, which can be easily calculated in the hardware, 
can be performed.

When performing a similarity calculation of the 
characteristics using the SAD value, a reference image (T) is 
first established, centered around the extracted 
characteristic. Subsequently, in the next frame, an image 
that is centered around the periphery pixel (dx,dy) of the 
characteristic’s coordinate and has the same size as the 
reference image is established. Subsequently, the absolute 
difference between each pixel of that image (I) and each 
pixel of the reference image T is calculated. In the final step, 
the periphery pixel (dx,dy) that has the minimum difference 
in the sum is set as the pixel with the highest similarity, and 
it is set as the characteristic in the next frame. As this 
calculation of the absolute difference between pixels can be 
performed in parallel, installation into the hardware can be 
easily performed. With this method, the optical flow, which 
is the movement of characteristics caused by the behavior of 
the vehicle, can be calculated.

This optical flow calculation method was installed in the 
FPGA. Using the results of that calculation and using the 
parallax calculated by the GPU, the behavior of the vehicle 
was measured.

3. Test method and result

3.1 Evaluation test
The on-vehicle evaluation test was conducted by 

dividing the test conditions into two types: a simple 
driving environment and an ordinary road environment. 
In the former, the background was simple, and only 
motionless objects were present. Therefore, the extraction 
of characteristics, calculation of movement, and 
measurement of the behavior of the vehicle based on the 
extraction and calculation results were performed. In 
contrast, the ordinary road environment contained many 
moving objects. Therefore, the possibility of calculating 
the behavior of the vehicle by extracting only the 
characteristics of motionless objects, and the effects of 
this motionless object extraction on accuracy were 
investigated. In the simple driving environment test, the 
maximum vehicle speed was set at 20 km/h. In the 
ordinary road environment test, the vehicle was driven 
within the speed limit (maximum 60 km/h). Other moving 
objects were present in the ordinary road environment; 
thus, estimating the motionless objects from the extracted 
characteristics was necessary. Because the accuracy of 
estimating motionless objects could affect the accuracy of 
measuring the vehicle’s behavior, the results of 
estimating the motionless objects were checked under 
ordinary road environment, which contained many 
moving objects. Four items were evaluated in both 
environmental conditions: vehicle speed, yaw rate, 
translational motion error  and rotary motion error per 
unit distance. 

3.2 Results of motionless object estimation
To check the results of estimating the motionless objects, 

we subtracted the vehicle behavior measurements from the 
optical flow, and the optical flow was displayed for each 

Fig.4 Comparison of reference image near ego-vehicle frame by 
frame of normal and high speed 

Fig.5 Comparison of referencee image frame by frame of 
normal and high speed camera:brightness change

Fig.6 Result of static feature point estimation
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characteristic on each frame image. We investigated 
whether an object moving with respect to the ground can be 
distinguished correctly. The optical flow that subtracted the 
behavior of the vehicle is shown in Fig.6.

Fig.6 shows the optical flow of each characteristic 
using line segments. The magnitude of the optical flow, 
shown on the screen, is indicated by the length and color 
of the line segment. The line is blue if there is no velocity, 
and it turns red as the velocity increases.

The enlarged view at the lower left of the figure shows 
a shrub. Its characteristics are indicated in blue, which 
indicates that the shrub was correctly estimated as a 
motionless object. The enlarged view on the right shows a 
vehicle moving and as well as the background, which is a 
motionless object. Only the characteristics that were 
extracted from the background are indicated in blue, 
which indicates that the motionless objects were 
estimated correctly.

3.3 Evaluation of the vehicle behavior
The optical flow obtained using the high-speed camera 

was used to measure vehicle behavior, which was then used 
to calculate the vehicle speed and yaw rate. The calculated 
results were compared with the vehicle speed and yaw rate 
obtained from signals sent from the vehicle. To compare the 
results of the vehicle speed while the vehicle was traveling, 
the vehicle speed was compared in the range at or above 5 
km/h. To compare the results of the yaw rate in the area in 
which the vehicle did not travel in a straight line, the yaw 
rate was compared in the range at or above 2 deg/s. The root 
mean square error (RMSE) value was obtained as a 
comparison. To obtain the translational motion error per 
unit distance, the coordinates of the rectangular plane 
coordinate system, sent using a real-time kinematic (RTK) 
GPS signal, were used to calculate the true value, which was 
then compared with the travel distance calculated using the 
proposed method to evaluate the translational motion error 
per 100 m. To obtain the rotational motion error per unit 
distance, we set the difference between the initial azimuth 
and final azimuth (calculated from the rectangular plane 
coordinates) in each test as the true value; this value was 
then compared with the difference between the initial 
azimuth and final azimuth (calculated by the proposed 
method) to obtain the rotational motion error per 100 m of 
travel distance. Note that the positional accuracy of an RTK 
GPS satellite signal can decline owing to the signal reception 
quality. Therefore, the sections with poor positional accuracy 
were removed from the evaluation. The results of each test 
environment are discussed in the following.
（1） Evaluation of the vehicle behavior in the simple 

driving environment
The vehicle was driven for approximately 2.5 km in the 

simple driving environment, and its behavior was measured 
and evaluated. Figs. 7 and 8 show some portions of the 
results of the vehicle speed and yaw rate. The graph in Fig.7 
shows the time in the horizontal axis and vehicle speed in 
the vertical axis and compares the vehicle speed obtained 
through the signal from the vehicle (blue) with the vehicle 
speed calculated using the proposed method (orange). The 
graph in Fig.8 shows the time in the horizontal axis and yaw 

rate in the vertical axis and compares the yaw rate obtained 
using the signal from the vehicle (blue) with the yaw rate 
calculated using the proposed method (orange). Fig.9 shows 
the travel locus of the test, the results of which are shown in 
Figs. 7 and 8. Table 1 shows the errors obtained from the 
entire test.

The results indicated that the vehicle speed and yaw rate 
were measured with an accuracy equivalent to those 
obtained from the signals sent from the vehicle. The results 
also indicated that the behavior of the vehicle, in terms of 
translational and rotational motions per unit distance, was 
measured with good accuracy.

(2) Evaluation of the vehicle behavior in the ordinary road 
environment

In the ordinary road environment, the vehicle was driven 
for approximately 15 km at a speed at or below the speed 
limit, and its behavior was evaluated. Figs. 10 and 11 show 
some portions of the results of calculating the vehicle speed 
and yaw rate, and Fig.12 shows the travel locus of the test. 
Table 2 shows the errors obtained for the entire test. Similar 
to Figs. 7 and 8, the graphs of Figs. 10 and 11 show the time 
in the horizontal axis and vehicle speed or yaw rate in the 
vertical axis and compare the vehicle speed or yaw rate 
obtained using the signal from the vehicle (blue) with the 
vehicle speed or yaw rate calculated using the proposed 
method (orange). 

Fig.7 Velocity measured by proposed method in the restricted area

Fig.8 Yaw rate measured by proposed method in the restricted area

Fig.9 Driven path for a sequence in the restricted area
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Similar to the results obtained in a simple driving 
environment, the results indicated that the vehicle speed 
and yaw rate were measured with an accuracy equivalent to 
those obtained from the signals sent from the vehicle. The 
rotational motion error per unit distance was 0.060° per 100 
m, which can be considered to be highly accurate considering 
that the horizontal deviation was somewhat equal to or 
higher than 1 pixel when the vehicle traveled 100 m. This 
result confirmed that the vehicle’s turning behavior can also 
be measured with good accuracy by measuring the optical 
flow using a high-speed camera. In addition, because the 
estimation of motionless objects in the ordinary road 
environment was performed correctly, as is verified in the 
previous paragraph, we confirmed that the accuracy of 
measuring the behavior of the vehicle was equivalent to that 
in a simple driving environment.

Furthermore, the proposed method could measure the 
vehicle speed even in the low-speed range, in which the 
measuring accuracy declined if a wheel speed pulse sensor 
was used. This result is shown in Fig.13. Similar to Figs. 7 
and 10, the graph in Fig.13 shows the time in the horizontal 
axis and the vehicle speed in the vertical axis. The colored 
portion indicates the range in which the speed was at or 
below 5 km/h. Because the travel distance within the range 
shown in Fig.13 was 1 m or longer, the proposed method can 
be utilized to control the vehicle in the very low speed range.

3.4 Optical flow using the high-speed camera
Further investigation was conducted on the calculation 

of optical flow for the high-speed traveling range, in 
which the amount of characteristic movement was large. 
Hence, every second data point of the traveling data, 
obtained while evaluating the vehicle in the ordinary 
road environment, was selected to create data that 
simulates a condition equivalent to traveling at twice the 
vehicle speed. The generated data were used to calculate 
the optical flow, and the results were checked.

Fig.14 shows the calculation results of the optical flow 
that was obtained using the high-speed camera used to 
measure vehicle behavior.

The optical flow results shown in Fig.14 show the flow 

calculated from the data that simulated a vehicle speed 
of 94 km/h. The left figure shows the results calculated 
using the normal camera (30 fps), and the right figure 
shows the results calculated using the high-speed camera 
(300 fps). The red frame located at the lower left portion 
indicates the position close to the vehicle, and its enlarged 
view is shown below each figure. In each characteristic, 
the length of the line segment represents the magnitude 
of the optical flow, and the color represents the orientation. 
In the results shown in the left figure, the optical flow at 
the lower left portion was either not calculated or the 
calculated flow was not correct. For the results shown in 
the right figure, we confirmed that the calculation was 
performed correctly.

Table1 Error of the result

Fig.10 Velocity measured by proposed method on the public road

Fig.11 Yaw rate measured by proposed method on the public road

Fig.12 Driven path for a sequencev

Table2 Error of the result

Fig.13 Velocity measured by proposed mesthod on the low 
vehicle speed(below 5km/h, colored)
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4. Conclusion

A method of measuring the behavior of a vehicle using the 
optical flow obtained using a high-speed camera was 
proposed and demonstrated. An on-board evaluation was 
conducted under a simple driving environment and an 
ordinary road environment.

The use of a high-speed camera to calculate the optical flow 
enabled the number of calculations per unit time to be reduced 
because the range for searching for the movement of 
characteristics in the subsequent frame can be decreased. In 
addition, by simplifying the similarity calculation, 
programming an FPGA and calculating up to the vicinity of 
the vehicle in real time became possible. These methods 
enabled the tracking of the characteristics near the vehicle, for 
which the distance accuracy of the stereo parallax is high. This 
enabled a highly accurate measurement of the movement of 
characteristics in actual space, and enabled a highly accurate 
measurement of the vehicle behavior; this measurement was 
performed by calculating the aforementioned measurement 
results backward. As, in particular, measuring the optical flow 
even when the vehicle was turning became possible, the 
accuracy of measuring the behavior of the vehicle in the 
turning direction has become higher. We confirmed that 
measurement is also possible in the low-speed range, in which 
the measurement accuracy declines if a wheel speed pulse 
sensor is used. As a system, measuring vehicle behavior in 
real time and with high accuracy was enabled by adopting the 
following methods: measuring the optical flow (which tracks 
the temporal position change of characteristics) in real time, 
with high accuracy, and up to large movements by the devised 
use of the high-speed camera; and calculating the parallax, 
which was performed to obtain the three-dimensional position 
simultaneously, at a longer interval.

Future research will focus on verifying the efficacy of this 
system against various actual environmental conditions 
such as the behavior conditions of the vehicle, including 
various speed ranges, rotary motions, and inclined roads, 

various lighting environments, various weather conditions, 
and changes in complexity owing to the number of moving 
objects in an urban area.
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1. Introduction

Although a battery electric vehicle (BEV) does not emit 
air pollutants when running, the generation of electric 
power for its functioning bring about air pollutant 
emissions such as thermal power plants emissions. 
Therefore, these emissions must be considered when 
assessing the influence of  BEV increase on the 
atmospheric concentration of air pollutants. However, 
few reports include this source of emission in their 
analysis. Therefore, this report estimated the atmospheric 
concentration of air pollutants, considering emissions 
originating from BEVs and assuming the composition of 
automotive types and electric power sources in the Kanto 
region, for the present situation and a projection for 2030. 
The estimation assumed that 16% of the current 
passenger cars would be replaced with BEVs. The applied 
BEV spread at a rate of 16% is presented in the Prospect 
of Introduction/Spread of Next-Generation Vehicles in 
2030, Long-term Energy Supply and Demand Outlook, 
Ministry of Economy, Trade and Industry (1). In this 
estimation, ADMER-PRO Ver. 1.0 (2), developed by the 
National Institute of Advanced Industrial Science and 
Technology, was used as a chemical transport model for 
estimating the atmospheric concentration.

2. Assessment method

2.1. Assessment procedure
The procedure shown in Fig.1 is used to estimate the 

atmospheric concentration.

2.2. Settings for evaluation
Table 1 presents settings for evaluation in this report. 

2.3. Evaluation cases
For evaluation, four cases, detailed in Table 2, were 

established: 1. a representation of the present (2017); 2. 
replacement of 16% of passenger cars with BEVs; 3. 
BEVs spread by 16%, assuming future conditions such as 

Abstract　　In order to evaluate the impact of air pollutant emissions from power plants caused by battery electric 
vehicle (BEV) increase, we assumed vehicle type and power-generation mix in the urban area (Kanto area) in 
2030, based on the total mileage of BEV and internal combustion engine vehicle (ICEV). The increase or decrease 
in average atmospheric concentration of air pollutants was estimated. The reduction of NOx concentration in 
the atmosphere was confirmed, which was due to the introduction of BEV and ICEV fuel economy improvement. 
In particular, the biggest effect was BEV increase. That is, it can be said that BEV is effective in reducing NOx. 
On the other hand, in urban areas, tropospheric ozone concentrations slightly increased because the sensitivity 
regimes in urban area were VOC- sensitive.

*Technology Planning Department
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Fig.1 Evaluation procedure for air pollutants from BEV and ICEV

Tbl.1 Settings for evaluation
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the improvement of emission intensities and fuel 
efficiency of ICEVs in 2030; and 4. BEVs will not spread 
in the future.

The quantitative assessments were made: the effect of 
BEVs’ spread in the present social structure (indicating 
annual automotive mileage, ICEV fuel efficiency/emission 
performance, BEV power consumption, emission 
intensities representing electric generation emission 
performance, and electric power source composition) by 
comparing Cases 1 to 2; the effect of BEVs’ spread in the 
present and in the future by comparing Cases 2 to 3; and 
the effect of BEVs’ spread in the social structure assumed 
in the future by comparing Cases 3 to 4. In addition, we 
attempted to determine and compare changes in 
concentration when one BEV runs 1 km to compare the 
effects of BEV introduction between the cases (various 
conditions are different between the cases).

3. Setting the amount of emission in each case

3.1. Setting the amount of air pollutant emissions 
from ICEVs

The amount of air pollutant emissions from ICEVs (air 
pollutants from mobile emission sources) was determined 
using Formula (1) based on the annual automotive 
mileage, fuel efficiency, and air pollutant emission factors 
of vehicles in each case. The amount of emission was used 
to set the increase/decrease rate of emissions for SOx and 
NOx from large-scale emission sources in ADMER-PRO.

The annual automotive mileage was set based on the 
number of vehicles owned, number of average trips, and 
trip distances  by vehicle type based on CO2 emissions 
estimation data (3) by the Transportation Department of 
the Ministry of the Environment.

The automotive fuel efficiency was set from fuel 
consumption and annual mileage data for 26 types of 
vehicle and by fuel based on the Automotive Fuel 
Consumption Investigation (6) by the Ministry of Land, 
Infrastructure, and Transport. The average fuel efficiency 
of stock vehicles in 2017 was determined by vehicle type 
assuming gasoline for light passenger cars/passenger 
cars and diesel fuel for others. The total mileage in 2030 
was set based on the annual mileage in 2017, considering 
a reduction of 3% for passenger cars and an increase of 

19% for trucks, indicated in the Long-term Energy Supply 
and Demand Outlook (2). The fuel efficiency in 2030 was 
determined by applying a fuel efficiency improvement 
rate of 32.4%, indicated in the Assessment of Future Fuel 
Efficiency Improvement Rate according to New Fuel 
Efficiency Targets (7). Table 3 illustrates the total 
mileage and fuel efficiency of each vehicle.

The automotive emission factors in 2017 and 2030 
were set based on the data of emission factors (for NOx, 
volatile organic compounds – VOC, SO2, and CO) and 
spread rates by fuel type and by vehicle body size in 
Japan contained in the database of IIASA’s GAINS Asia 
(8). Table 4 presents the emission factors of each vehicle.

Emissions = ∑ (ICEV total mileage÷fuel efficiency × 
emission factor）   (1)

3.2. Setting the amount of air pollutant emissions 
from BEVs

The amount of air pollutant emissions from BEVs, that 
is, from power plants was determined using Formula (2) 
based on the automotive annual mileage (3) (passenger 
cars, trucks, etc.) for each case found in 3.1, BEV power 
consumption (assumed to be 8.3 km/kWh), BEVs’ spread 
rate (16%), the amount of electricity generated by thermal 
power plants (demands other than BEVs), and emission 
intensities (Table 5). This amount of emission was used 
to set the increase/decrease rate of emissions for SOx and 
NOx from large-scale emission sources in ADMER-PRO.

Table 5 shows the settings of the emission intensities 
and the amount of electricity generated by thermal power 
plants (4, 5), whose values are from the area controlled by 
Tokyo Electric Power Company. The composition of 
electric power sources in 2030 was set based on the rate 
of thermal power generation described in the Long-term 
Energy Supply and Demand Outlook. The emission 
intensities of thermal power plants in 2030 were set with 
a regression formula based on the data of emission 
intensities until 2018 by the Tokyo Electric Power 
Company. Based on these data, the amount of emission 
in 2030 was determined.

Tbl.2 Evaluation cases
Tbl.3 ICEV total mileage and fuel economy

Tbl.4 ICEV emission factors



103NISSAN TECHNICAL REVIEW   No.87 (2021)

Technical papers：Environmental Impact Assessment of Battery Electric Vehicles Considering Air Pollutants from Thermal Power Plants

4. Results of estimated average atmospheric 
concentrations

4.1. Average atmospheric concentrations of SOx and 
sulfate

Fig.2 shows the results for SOx and sulfate. The 
change in social structure from Cases 1 and 2 to Cases 3 
and 4 caused a reduction of approximately 10% in the 
average atmospheric concentrations of SOx and sulfate. 
The results of the distribution of the average atmospheric 
concentrations (Case 3) in Figs. 3 and 4 indicate that the 
higher concentrations of SOx and sulfate are mainly in 
the suburbs of Tokyo, where large-scale emission sources 
(power plants) are concentrated, along the coast of Tokyo 
Bay.

 
4.2. Average atmospheric concentrations of NOx 

and nitrate
Fig.5 shows the results for NOx and nitrate. The 

change in social structure from Cases 1 and 2 to Cases 3 
and 4 caused a reduction of approximately 20% in the 
average atmospheric concentrations of NOx and nitrate. 
Additionally, the lowest result was observed for Case 3, 
in which BEVs are introduced considering the composition 
of electric power sources in 2030. The distribution of the 
average atmospheric concentrations (Case 3) is shown in 
Figs. 6 and 7. As a result, the concentration of NOx was 
higher on the coast of Tokyo Bay, and that of nitrate was 
higher over the suburbs of Tokyo, probably because the 
sources of NOx are large-scale and mobile emission 
sources, which are in a wider range compared to the 

Tbl.5 Emission intensity and electricity generation from thermal 
power plants.

Fig.2 Average atmospheric concentration (SOx, Sulfate)

Fig.3 Average atmospheric concentration (Case 3 | SOx)

Fig.4 Average atmospheric concentration (Case 3 | Sulfate)
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emission sources of SOx, resulting in the higher 
concentration of nitrate over a wider range.

4.3. Average atmospheric concentration of 
tropospheric ozone

As shown in Fig.8, the average atmospheric 
concentration of tropospheric ozone was higher for Case 
3, in which BEVs are introduced considering the 
composition of electric power sources in 2030. The results 
of the distribution of the average atmospheric 
concentrations (Case 3) in Fig.9 indicate that the 
concentrations are lower on the coast of Tokyo Bay, 
probably because the concentration of ozone, a secondary 
product, is higher at destinations, unlike the 
concentrations of NOx and SOx, which are higher near 
the sources.

The estimated concentrations of NOx and VOC plotted 
on the graph by referring to the isoline map of ozone 
production (9, 10) shown in Fig.10 indicate that the 
sensitivity regime of Tokyo Metropolis is VOC-sensitive, 
the sensitivity regime of Gunma Prefecture is Transition, 
and Tokyo Metropolis exhibits a relationship in which a 
reduction in the concentration of NOx causes an increase 
in the concentration of ozone.

Fig.5 Average atmospheric concentration (NOx, Nitrate)

Fig.6 Average atmospheric concentration (Case 3 | NOx)

Fig.7 Average atmospheric concentration (Case 3 | Nitrate)

Fig.8 Average atmospheric concentration (O3)

Fig.9 Average atmospheric concentration (Case 3 | O3)
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4.4. Analysis of average atmospheric concentration 

changes per km for one BEV
To measure the effect of BEV introduction in each 

case, the amount of average atmospheric concentration 
change per 1-km running for one BEV, ΔC [ppb/km for a 
car], was determined with Formula (3) and the results 
are shown in Table 6.

For NOx, if 16% of passenger cars are replaced with 
BEVs under the current conditions (changing from Cases 
1 to 2), ΔC = -1.8 × 10-12 [ppb/km for a car]. Similarly, 
under future conditions, ΔC = -9.4 × 10-13 [ppb/km for a 
car]. Therefore, in the future, a smaller reduction in the 
concentration of NOx will be caused by BEV introduction. 
This is probably because this calculation does not include 
the prospection of BEV power consumption improvement, 
whereas ICEV fuel efficiency improvement is expected in 
the future.

For tropospheric ozone, if 16% of passenger cars are 
replaced with BEVs under the current conditions, ΔC = 
2.6 × 10-13 [ppb/km for a car]. Similarly, under future 
conditions, ΔC = 1.5 × 10-12 [ppb/km for a car]. Therefore, 
in the future, a larger increase in the concentration of 
tropospheric ozone will be caused by BEV introduction. It 
seems that from the present to the future, NOx emissions 
will reduce in VOC-sensitivity state and the concentration 
of tropospheric ozone will increase.

5. Conclusion

5.1. Conclusion
The results indicate that the average atmospheric 

concentrations of SOx, sulfate, NOx, and nitrate tend to 
decrease due to factors such as BEV introduction, ICEV 
fuel efficiency improvement, and annual automotive 
mileage reduction, whereas the average atmospheric 
concentration of tropospheric ozone increases. As shown 
in Fig.11, the results of the comparison between present 
and future situations (Cases 1 to 3) indicated that the 
concentration of NOx decreases by approximately 23%, 
whereas the concentration of the tropospheric zone 
increases by approximately 1%. This is because the 
relationship between VOC and NOx concentrations for 
the concentration of tropospheric ozone in urban areas is 
VOC-sensitive. Therefore, it could be confirmed that a 
reduction in NOx causes an increase in the concentration 
of tropospheric ozone.

5.2. Future challenges 
In this report, air pollutants originating from 

automotive running were examined; therefore, VOC 
emissions originating from evaporation during refueling, 
manufacturing industry, and other sources were not 
considered. In the future, it is necessary to examine 
emissions from all the related industries to a more precise 
estimate of the atmospheric concentration of air 
pollutants.

It also seems necessary to study the target of VOC 
emissions from every emission source so that a reduction 
in the concentration of tropospheric ozone can also be 
achieved in the future, as NOx emissions will be controlled 
by the BEVs’ spread.

In addition, the concentrations of SOx, NOx, and 
tropospheric ozone found in this report were annual 
average values, which cannot be directly compared with 
the daily and hourly average concentrations of the air 
quality standards. Consequently, it is necessary to 
analyze the peak concentration of tropospheric ozone 
during the daytime in summer.

Fig.10 Ozone isopleth diagram

Tbl.6 The changes in average atmospheric concentration

Fig.11 Average atmospheric concentration (NOX, O3)
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1. Introduction

In order to improve fuel efficiency, energy-efficient 
powertrains such as electric vehicles (EVs) and hybrid 
EVs have been introduced in the market, mainly in 
Japan, the United States, Europe, and China. However, 
vehicles with traditional internal combustion engines are 
still the mainstream in the global market. Therefore, the 
fuel efficiency improvement of internal combustion 
engines remains a very important issue from the 
perspective of CO2 reduction.

In recent years, several approaches to fuel efficiency 
improvement by applying a low-viscosity oil to reduce the 
stirring resistance have been proposed. Consequently, 
0W-16 fuel-saving engine oils(4) have been introduced into 
the market. In addition, in the SAE J300 viscosity 
classification, low-viscosity grades such as SAE 12 and 
SAE 8, which have lower viscosity than the existing SAE 
16, were established(1) in 2015. As no official quality 
standards were applied to SAE 12 and SAE 8, the 
standardization was studied according to requests from 
Japanese automotive manufacturers. 

Prior to this, we examined a 0W-8 low-viscosity fuel-
saving engine oil. There are two issues related to lower 
engine oil viscosity: (1) evaporativity deterioration and 
oil consumption increase due to lower-viscosity base oil, 
and (2) friction increase caused by more contact in sliding 
sections due to thinner oil film.

Thus, two subjects were examined in this report: (1) 
application of  a gas-to-liquids (GTL) base oil(3) for lower 
viscosity while controlling oil consumption to comply with 
the standards of JASO GLV-1; and (2) friction reduction 
and abrasion resistance improvement by optimizing base-
oil viscosity and utilizing MoDTC (friction modifier). 

2. Experiment method

2.1. Actual-engine oil consumption test
Applying a direct-injection NA 2.0-L L4 engine, oil 

consumption was evaluated with an automatic lubricating 
oil/ consumption measuring system. In this study, an 
evaluation was performed in the high-speed and the 
6000-rpm full-load modes, in which evaporativity is 
thought to have a significant effect due to high oil 
temperature.

2.2. Chain wear test
Table 1 shows the test conditions simulating the wear 

of a silent chain. Fig.1 illustrates the tester (TCM-55M 
by TOKYO METER CO., LTD.). The distance between 
the two shafts was adjustable. Each shaft has a sprocket 
that can let a chain go round at any tension, temperature, 
or rotation speed. In this study, an evaluation was 
performed at a high tension and high temperature 
considering a thinner oil film due to a low-viscosity oil.

*Materials Engineering Department　　**Powertrain and EV Mechanical system Technology Department

Abstract　　Low viscosity engine oil lower than 0W-16 has been needed for improving fuel efficiency in 
the Japanese market. However, it generally has negative points in regards to anti-wear performance and 
volatility control with lower viscosity oil. The technical challenges are to reduce viscosity while keeping anti-
wear performance and volatility level as 0W-20 oil. They have been solved by focusing on MoDTC and base 
oil characteristics. This paper describes a new engine oil that provides good fuel efficiency while keeping the 
reliability.
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Development of 0W-8 low viscosity engine oil for fuel 
efficiency improvement
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Table1 Chain wear test mode
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2.3. Oil film thickness test

The outline of the equipment (EHD2 Ultra-Thin Film 
Measurement System by PCS Instruments) is shown in 
Fig.2. It allows an oil film thickness to be measured at 
any setting of oil temperature, load, and speed. In this 
study, the effect of lower viscosity on oil film thickness 
was verified by changing the sliding speed under high-
temperature conditions

2.4. Engine motoring torque test
The outline of the equipment is shown in Fig.3. In this 

study, MR20DD (direct injection, NA, 2.0 L, L4) was 
applied, and the friction torque was measured using a 
torque meter with an engine driven by a motor to evaluate 
the friction characteristics of various oil materials(4). 

Measurements were performed at an engine speed of 650 
to 2800 rpm and at two test temperature levels: 50°C for 
simulating the low temperature of the fuel efficiency 
evaluation mode, and 80°C for simulating the high 
temperature.

3. Test results

3.1. Examination of base oil
3.1.1. Selection of optimal base oil type

Lower viscosity is essential for improving fuel 
efficiency. An attempt to lower the viscosity with a blend 
retaining the same viscosity index as the current 0W-16 
oil requires a lower-viscosity base oil. In this case, the 
evaporativity standards of JASO, NOACK 250°C, 15% or 
less, are widely exceeded. Accordingly, the application of 
a GTL base oil with low evaporativity and an optimized 
blend for viscosity were studied.

Based on the same viscosity modifier (VM) and additive 
package, the relationship between evaporativity and 
kinematic viscosity was verified using 0W-8 oils whose oil 
evaporativity (NOACK) levels were adjusted by changing 
the base oils (two types of the existing Gr. III and GTL 
Gr. III base oils), base oil viscosities, and the amount of 
additional VM. Fig.4 illustrates the relationship between 
NOACK and kinematic viscosity.

At the equivalent viscosity, GTL Gr. III base oil has an 
approximately 5% lower NOACK value than the existing 
Gr. III base oil at 250°C. This is thought to be caused by 
the narrower molecular weight distribution of GTL Gr. 
III base oil components and consequent smaller number 
of low-molecular-weight components, which are more 
evaporable.

Fuel efficiency (estimated JC08 mode value) was also 
evaluated by applying the motoring torque test and using 
an oil with this GTL Gr. III base oil blended. Fig.5 
illustrates the results of the fuel efficiency evaluation 
with different NOACK values. Within the range of oil 
evaporativity applied, the higher the NOACK value, the 
better the fuel efficiency, which indicates a trade-off 
relationship between the evaporativity and fuel saving 
performance. This result is thought to reveal that the 
application of the GTL base oil for lower viscosity and 
fuel efficiency improvement provides both fuel efficiency 
improvement and reduction in NOACK, thereby 
controlling the deterioration of oil consumption.

Fig.1 Silent chain wear test

Fig.2 Oil film thickness measurement equipment

Fig.3 Engine motoring torque test
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3.1.2. Actual-engine oil consumption verification
Table 2 shows the oils used in this test. The 0W-8 oil 

complies with the evaporativity standards and its blend 
contains a GTL Gr. III base oil; the 0W-20 A oil complies 
with the evaporativity standard of NOACK 250°C, 15% 
or less. The results of the oil consumption test are shown 
in Fig.6. In the high-speed and 6000-rpm full-load modes, 
the 0W-8 oil with the GTL Gr. III base oil blended 
exhibited an equivalent or lower oil consumption 
compared to the 0W-20 oil meeting the evaporativity 
standards. It is thought that the use of GTL Gr. III base 
oil resulted in a NOACK equivalent or lower than that of 
the 0W-20 oil and the control of the actual engine oil 
consumption.

3.2. Examination of abrasion resistance
3.2.1. Examination of wear prevention by ensuring 

oil film thickness
The silent chain of a valve operating system, which is 

related to the lower viscosity of engine oil, exhibits mixed 
to boundary lubrication in the sliding sections between 
the pins and plates, which are wear sections. To ensure 
oil films, it is thought that the effect of VM is small and 
the effect of base oil viscosity is dominant(5). Consequently, 
to verify the abrasion resistance of a 0W-8 oil in a silent 
chain, oil film thicknesses were measured by applying 
oils with a viscosity grade of 0W-20 B and 0W-8, and 
whose viscosities were almost equal at 100°C. Table 3 
shows the properties of the oils used in this test. 
Measurements were performed in a high temperature 
range, in which oil films become thinner and it is difficult 
to avoid abrasion. The results of the oil film thickness 
test are shown in Fig.7. In the range of 0.5 m/s or less of 
slip speed, the oil film thicknesses are similar, and the 
abrasion resistance is thought to have a similar 
performance as that of the 0W-20 oil.

Fig.4 Relationship between volatility and kinematic viscosity

Fig.5 Relationship between estimated fuel efficiency and 
NOACK in GTL base oil

 Table2 Characteristics of test oil for oil consumption test.

Fig.6 Results of oil consumption test
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3.2.2. Silent chain wear test
The wear test of a silent chain was performed with the 

oils used in 3.2.1, whose properties are detailed in Table 
4. The chain wear test was performed using the same 
base oil and additive package as the 0W-20 B oil and 
using a 0W-8 oil whose viscosity was adjusted with VM. 
Fig.8 shows the results using these oils and also actual 
results using the SM/GF-4 5W-30 oil with no MoDTC 
added for comparison, as this is an oil applied to our 
engines with silent chains. The chain elongation rate for 
the 0W-8 oil was equivalent to that for the 0W-20 B oil, 
and a reduction in chain elongation rate of 50% compared 
to the 5W-30 oil was verified. The reason of this reduction 
is thought to be the difference in the additive package 
and the formation of MoO3 films(5) originating from the 
MoDTC.

3.3. Verification of fuel saving effect
Table 5 shows the properties of the 0W-8 and API SN 

0W-16 oils used in the motoring torque test. Fig.9 
illustrates the results of this test with an MR20DD 
engine (direct injection, NA, 2.0 L, L4). The test was 
performed to determine the rate of fuel efficiency 
improvement in the WLTC fuel efficiency certification 
mode (Japanese mode). There is no change in torque at 
650 rpm, but the higher the engine speed, the lower the 
torque. Therefore, it is thought that stirring resistance 
reduction due to lower viscosity caused torque 
improvement.

Fig.10 illustrates the effects of torque reduction on fuel 
efficiency improvement(4) in the WLTC mode. The use of 
the 0W-8 oil meeting NOACK 250°C, 15% or less (a 
challenge) resulted in a prospective fuel efficiency 
improvement of 0.57% in the WLTC mode compared to 
the API SN 0W-16 oil.

Table3 Oil characteristics for oil film thickness measurement.

Fig.7 Results of oil film thickness measurement.

Table.4 Oil characteristics for silent chain wear test.

Fig.8 Results of silent chain wear test

Table5 Oil characteristics for motoring fuel efficiency test.
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4. Conclusion

The results of examining a fuel-saving blend for 
spreading and deploying 0W-8 fuel saving oils indicated 
the following:
(1)  By applying a GTL-base oil while attempting lower 

viscosity, the 0W-8 oil met NOACK 250°C, 15% or 
less, which is the evaporativity requirement of the 
standard JASO GLV-1;

(2)  It was verified that maintaining the viscosity of the 
base oil and reducing VM ensured the oil film 
thickness in the range of mixed to boundary lubrication 
and the abrasion resistance equivalent to that of the 
current oil;

(3)  It was verified that a fuel efficiency improvement 
effect of 0.57% in the WLTC mode can be expected in 
comparison with the current API SN 0W-16 oil.
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1. Introduction

Although automobiles have eased people’s lives and 
have been considerably developed, they are limited by 
environmental problems. As a result, maintaining a 
sustainable society becomes more important. Our 
company has set target values based on the Nissan Green 
Program: compared to 2000, a 40% reduction in CO2 

emissions by 2022, and a 90% reduction by 2050. The CO2 
controls of various countries have become gradually 
stricter, and Europe will have even stricter controls in 
2025. The route for achieving the targets is by accelerating 
electrification. However, motors and/or inverters used for 
electrification may increase vehicle weights. Therefore, a 
further weight reduction in vehicle bodies is required. To 
reduce vehicle body weights, super-high tensile strength 
steel and/or aluminum have been applied. In some 
models, carbon fiber reinforced plastic (CFRP) has been 
applied. To reduce vehicle body weight in the future, 
multi-material applications are being considered, in 
which multiple materials are applied to appropriate 
sections, thus utilizing most of the characteristics of 
various materials such as steel, aluminum, and CFRP. 
Among such materials, CFRP is used in aircrafts and 
other applications, provides superior specific tensile 
strength and specific stiffness, and allows for  
approximately 50% weight reduction. Although our 
company has already employed CFRP for some models 
such as GT-R NISMO, the cost of CFRP is approximately 
ten times the cost of steel parts, which limits its 
application. However, CFRP is important for weight 
reduction in the future. Thus, the following issues for cost 
reduction should be addressed: rational structural 
designs appropriate for composite material, material cost 

reduction with innovative material manufacturing 
methods for carbon fibers, and productivity improvement. 
With regard to productivity improvement, conventional 
major forming methods, such as the hand lay-up and the 
autoclave methods, require a long forming time of 
approximately 3 to 4 h. In recent years, to significantly 
reduce the forming time, development/application cases 
of multiple forming methods have been performed, 
focusing on resin transfer molding (RTM).

2. Purpose of development

As described above, as the most important challenge 
for productivity improvement is to reduce its cycle time, 
the focus was driven to a forming method known as 
compression-RTM (C-RTM). This forming method allows 
the resin to flow into a mold faster than in the conventional 
RTM, with the mold slightly opened.

In C-RTM, to optimize resin injection points and/or 
flow assisting grooves when a mold is designed, techniques 
to grasp resin flows to predict any points with no resin 
impregnation are important. Conventionally, the 
optimization process was based on repeating prototyping 
and mold modifications, but simulation-based evaluations 
can minimize development process repetitions. However, 
in the current conditions, significant differences between 
actual forming results and simulation results are 
observed. Thus, improving the simulation accuracy has 
been an issue that needs to be resolved.

In a previous study, Pham et al. built a new model 
considering the mass balance and pressure of resin 
during compression to improve the accuracy of C-RTM1). 
In addition, Serge represented the effect of a space on 
flows at the edges in a model2) to improve accuracy. 
Gauvin, Young, and others experimentally found a space 

Abstract　　In recent years, efforts to alleviate environmental problems have required vehicles with reduced 
weights. As a result, it has become challenging to apply super-high tensile strength steel and light-weight materials 
using aluminum, carbon fiber reinforced plastic (CFRP), etc. CFRP allows weight reduction by approximately 50% 
compared to steel, but its practical application is limited. To expand its application, issues such as cost reduction and 
productivity improvement must be solved. Accordingly, the compression resin transfer molding (C-RTM) method has 
been applied for reduction of form cycle, solving one of the issues. Unlike the conventional RTM, after a carbon-fiber 
forming object is placed into a mold in C-RTM, a slight space is allowed for injecting resin without completely closing 
the mold to allow resin to quickly flow into it. In this study, the mechanism of resin flows within the space between 
a mold and a carbon-fiber layer in the forming process of C-RTM is clarified, and a simulation method in which 
interface resistance between resin and a fiber layer is considered as viscosity resistance is reported.
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impregnation coefficient3) and represented it in an 
analysis.

This study clarified the mechanism of resin flows in a 
small space before a mold is closed in the forming process 
of C-RTM; moreover, it addressed a technique of modeling 
the mechanism and incorporating it into a resin 
impregnation simulation.

3. Experiment method

3.1 Summary of C-RTM method
Fig.3 Shape of experimental mold and positions of 

mold temperature sensors
A summary of the C-RTM method used in this study is 

shown in Fig.1. A space provided between a fiber layer 
and a mold during resin injection allows the resin to flow 
and spread quickly. Closing the mold just after the resin 
is filled causes the resin to be impregnated in the direction 
of the plate thickness, resulting in faster resin 
impregnation than that in the conventional method.

3.2 Summary of base simulation software used in 
this study

We first describe the analysis software program used 
in the simulation (PAM-RTM by ESI Japan Ltd.). This 
software program simulates the resin flow between 
carbon fibers to predict the time period from flowing to 
hardening of the resin and non-impregnated areas and is 
used to determine resin injection positions when a mold 
is designed.

As shown in Fig.2, impregnation coefficients, which 
represent fluidity in consideration of fiber orientation in “X, 

Y, and Z” directions, are input into cells of each mesh to 
calculate the resin flow into an adjacent cell. The impregnation 
coefficients are determined from the flow velocity, viscosity, 
and pressure difference based on Darcy’s law.

 
3.3 Experimental mold and forming conditions

The experimental mold, shown in Fig.3, was used to 
perform a forming experiment for flow behavior. 
Temperature sensors were fitted to four points on the lower 
mold to read changes in temperature during the flow of the 
injected resin to measure the time of resin flow. The forming 
conditions, including mold temperatures, resin viscosities, 
and laminating conditions, are shown in Table 1. 

3.4 Modeling and input conditions for simulation
The RTM impregnation simulation used as a base uses 

a model for predicting resin flows into a fiber layer 
(impregnation) with a completely closed mold. For 
C-RTM, there is a space between the mold and the fiber 
layer in the stage of resin injection, which is the initial 
stage of forming. Accordingly, as shown in Fig.4, two 
zones were set by considering the space between a carbon-
fiber base material (hereinafter referred to fiber layer) 
and a mold as Zone 1 and the part of the fiber layer as 
Zone 2, and a model was applied, in which the resin flow 
in Zone 1 is more prominent than in Zone 2.

Fig.1 Summary of C-RTM method

Fig.2 Summary of simulation

Fig.3 Shape of experimental mold and positions of mold 
temperature sensors

Table 1 Material properties and viscosity characteristics

Fig.4 Zoning of simulation model
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A problem was identified in the simulation, which is 
the input condition for the impregnation coefficients in 
Zone 1. Resin impregnation simulation is calculated by 
inputting the impregnation coefficients into each cell 
element, but the space has no fiber layer. Then, as shown 
in Fig.5, the experimental results for the relationship 
between the fiber density and the impregnation coefficient 
were used to estimate the impregnation coefficient of 
resin flowing within a space. Table 2 shows the plate 
thickness and impregnation coefficients for Zones 1 and 2 
used in the simulation.

 
3.5 Comparison between simulation and 

experimental results
The simulation and experimental results are shown in 

Fig.6. Numbers “1” to “4” on the x-axis represent the 
positions of the temperature sensors placed on the mold 
shown in Fig.3. As the resin flows in the order of 1 to 4, 
the time for the resin to pass the points was measured as 
the resin impregnation time. As a result, it was revealed 

that the simulation deviated from the experimental 
results by approximately 40% (the average value of 12 
cases); the resin slowly reached the temperature sensors 
placed on the lower mold, resulting in slow impregnation.

4. Accuracy improvement of simulation

4.1 Identification of factors affecting simulation 
accuracy

The factors that caused the simulation to deviate from 
the experiment were identified. To identify factors 
affecting resin flows among input conditions including 20 
items or more, experiments were performed according to 
L18 orthogonal table composed of affecting factors, as 
shown in Table 3. The effects of these factors are shown 
in Fig.7. As a result, the contribution rate of the 
impregnation coefficient setting for space (C) in Zone 1 
was the highest, and the resin injection speed (D) also 
has an effect. In contrast, no effect on the fiber density 
(A) and the plate thickness (B) related to Zone 2 was 
observed.

4.2 Clarification of resin flowing mechanism in 
space parts

From the results of the quality engineering method 
described in Section 4.1, a problem regarding the 
modeling of resin flows in a space with no fibers in Zone-1 
was revealed; therefore, efforts were made to clarify the 
mechanism. Using the visualized mold shown in Photo 1, 
flows on the metal and the fiber layer surfaces were 
evaluated. As a result, it was confirmed that there is a 
flow difference between the metal surface and the fiber 
layer surface, as shown in Fig.8, and the flow on the fiber 
layer surface is slower by approximately 25%. Because 

Fig.5 Relationship between fiber density and impregnation 
coefficient

Table 2 Impregnation coefficients for CAE in the initial stage

Fig.6 Simulation and experimental results

Table 3 Affecting factors

Fig.7 Contribution rates from the factor effect diagram
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fibers are bundled into a fabric, the surface of the fiber 
layer is fluffy. In addition, as the carbon-fiber surface is 
sizing-treated to improve carbon fiber-to-resin adhesion, 
the carbon-fiber surface has a high surface energy, 
hindering the flow of the resin.

Based on the above results, it was assumed that the 
resin flowing in a space is affected by the viscosity 
resistance of the fiber-layer surface. Thus, as shown in 
Fig.9, it was supposed that accuracy improvement could 
be achieved by finding a viscosity resistance from the 
shearing force in the parallel flow and substituting it into 
the input conditions of the simulation as a coefficient of 
fluidity in Zone 1. Additionally, the viscosity resistance 
was calculated by substituting the resin viscosity 
determined from the material properties and the 
measured pressure difference between the two points 
into the equation. A specific measurement method was 
applied, in which pressure sensors were set at the two 
points, as shown in Photo 1, to measure the pressure 
difference between the resin flowing on the metal and the 
resin flowing on the fiber layer. The results are shown in 

Fig.10. As the hat-shaped carbon fiber has eight plies, 
measurements were performed with the height of the 
space area fixed at 1 mm.

 
4.3 Accuracy improvement of prediction of resin 

flow
Figure 11 illustrates the results of the simulation, in 

which viscosity resistance is considered for resin flows in 
a space area. It was verified that the analysis results 
almost conform to the experimental values. It was 
supposed that, after the viscosity resistance between the 
resin flowing in the space part and the fiber layer was 
considered, the amount of resin flowing in the space part 
was reduced; the amount of resin impregnated into the 
fiber layer increased; the resin was impregnated faster in 
the direction of the plate thickness, and the time required 
to reach the sensors on the lower molds shortened. This 
means that the consideration of the viscosity resistance 
caused a reduction in the value of the impregnation 
coefficient in Zone 1 to approximately 1/3. Moreover, the 

Photo 1 Visualized mold

Fig.8 Resin-flowing time difference between metal and fiber 
surfaces

Fig.9 Calculation method of viscosity resistance of flow 
between flat plates (between mold and fiber)

Fig.10 Pressure difference of resin flowing between mold and 
fiber

Table 4 CAE parameters after consideration of viscosity 
resistance

Fig.11 Simulation and experimental results
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amount of resin flowing in the XY direction of the space 
part decreased, and the amount of resin to the fiber layer 
in the Z direction increased, resulting in the improvement 
of impregnation. Based on this, the accuracy was 
improved by normalizing the impregnation coefficients.

4.4 Accuracy verification of prediction of positions 
with no resin impregnation

In addition to the resin flow, the accuracy of analyzed 
positions where no resin impregnation occurred was 
verified. As shown in Fig.12, the side face of the hat shape 
(Fig.13) was segmented with an interval of 20 mm, and 
the conformity rate of the experimental and simulation 
results was verified. Resin-impregnated areas are shown 
in purple, and non-resin-impregnated areas are shown in 
black. As a result, the initial analysis had a conformity 
rate of approximately 73% in area ratio. As shown in 
Section 4.4, the accuracy improvement of the resin flow 
simulation caused the conformity rate to improve to 
approximately 90%, and the accuracy improvement of 
the non-impregnation occurrence positions and their 
areas was also verified.

5. Conclusion

In this study, by applying the resin impregnation 
simulation using the C-RTM method, the mechanism of 
resin flows in a space part between a mold and a fiber 
layer in the initial stage of forming was clarified, and the 
modeling considering the viscosity resistance was 
verified. This consideration also improved the accuracy of 

the impregnation simulation. The results obtained and 
perspectives for future work are listed below.
1.  The impregnation simulation of C-RTM forming was 

performed by using the RTM impregnation simulation 
software as a base. R resin flows were divided into a 
space part and a fiber layer, and the fiber layer was 
allowed to take over the resin flow from the space part.

2.  From the experiments of fiber densities and 
impregnation-system coefficients, it was found that 
resin flows in a space part in the initial stage of forming 
cannot be reproduced with the impregnation 
coefficients of the space part estimated; it was also 
found that the resistance received from the interface 
when resin flows on the fiber layer must be considered 
as viscosity resistance.

3.  It was shown that the viscosity resistance received by 
the resin in a space part can be determined by 
substituting an experimentally measured pressure 
difference between two points into the calculation 
formula for the viscosity resistance of the flow between 
parallel plates; the calculation can be performed by 
replacing the viscosity resistance with the resin fluidity 
in the simulation.

4.  Regarding the viscosity resistance of resin flowing in a 
space part, which was clarified in this study, its effects 
caused by the differences in the height of the space 
part or the types of carbon-fiber base materials (fiber 
layer) will be verified in future work.
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1. Abstract

In electronic equipment, there is a slight probability of 
accidental short-circuit failures in electronic devices even 
with high-quality design. A typical method to interrupt 
an abnormal current in such a case is the blowout of a 
fuse. However, in 12-V power source systems used for 
vehicles, an electronic board may cause abnormal heating 
with a current lower than the fusing current of a fuse. 
This study indicates that a simple calculation model of 
heat transfer can represent actually measured heating 
characteristics of a phenomenon where an abnormal 
current causes a pattern on the printed circuit board 
(PCB) to generate heat and/or fuse. A method to estimate 
the safety range of an overheated PCB that must prevent 
carbonization from spreading, leading to smoke/fire 
generation, was presented as a design technique.

2. Framework of safety design

The flow of a safety design against an abnormal current 
due to an accidental failure is shown in Fig.1. If an abnormal 
current occurs, the copper foil generates heat first. The 
generated heat flows into and heats the substrate. The 
heated substrate exceeds its glass transition point, gets 
overheated, and causes thermal decomposition. In the area 
where thermal decomposition progresses into carbonization 
in this process, insulation of the substrate cannot be expected. 
Therefore, estimating a carbonized area is necessary to 
prevent a secondary short circuit between power and the 
ground. Any gas generated during thermal decomposition 
may ignite with a spark caused by fusing; thus, estimating 
the ignition area, checking the fire power by testing, and 
designing the fire resistance of the case are required.

3. Calculation model

An abnormal current flowing through a PCB causes a 
copper foil to generate heat, which heats the substrate. 
This mechanism is illustrated in Fig.2 using a heat flow. 
Due to this heat flow, a calculation model was created. 
The model was divided into two steps: heat generation of 
the copper foil and heating of the substrate. Using the 
model, the fusing characteristics of the copper foil and 
the carbonization area of the substrate were predicted. In 
the model of this study, thermal radiation is not 
considered to simplify the calculation.

3.1. Heat generation model of copper foil
Assuming that the heat transfer route is as shown in 

Fig.3, the temperature rise ΔTCu caused by energizing 
the copper foil with a heat capacity of CCu for s seconds 
can be expressed by Eq. 1.

Here, heat flow QCE from the copper foil to the substrate 
can be expressed by Eq. 2 using the substrate’s thermal 
resistance θCE. ΔTCE is the temperature difference 
between the copper foil and the substrate.
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Fig.1 Safety design flow against abnormal current

Fig.2 Diagram of the model
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In addition, heat radiation QCA due to convection from 
the copper foil to the air is expressed in Eq. 3. 

Here, h refers to the convection heat transfer 
coefficient, and A refers to the area of the copper foil. The 
heat transfer to the cables QCC was considered as a 
constant to provide a good agreement with the results of 
actual measurement.

Eq. 1 can be re-expressed as Eq. 4 with a fusing time sm 
until the copper foil reaches a fusing temperature Tm.

At this point, fusing limit current that causes an 
equilibrium state between heat radiation and heat 
generation can be a condition for Eq. 5. Under this 
condition, the copper foil is heated at fusing temperature.

3.2. Heating model of substrate
Heat QCE flows from the heating copper foil to the 

substrate beneath the foil. The heat that flew in is divided 
into the heat radiated into the air QEA and the heat 
transferred through the substrate QEE (see Fig.4).

Here, discretizing the volume of the substrate can 
provide numerical solutions without the need to solve 
heat conduction equation. Fig.5 illustrates the inputs 
and outputs of heat QCE that flows into the substrate 
beneath the copper foil. QCE is given by Eq. 2. Thermal 
resistance θCE is determined by Eq. 6 from thermal 
conductivity λEP, contact surface area A0, and substrate 
thickness t.

Then, assuming that the thickness of the adjacent 
volume is δ, heat QEE flew into the adjacent volume with 
contact area A1 (Fig.6) is given by Eq. 7. Here, ΔTE01 is 
the temperature difference between the substrate 
beneath the copper foil and its adjacent volume.

In addition, the radiation from the i-th volume into the 
air is given by Eq. 8, in which the area exposed to the air 
is expressed as Bi. Here, it was assumed that the 
convection heat transfer coefficients of the upper/lower 
surfaces were the same.

By discretizing the substrate volume through which 
heat is transferred, the heat conduction of the substrate 
can be solved as a thermal resistance ladder (see Fig.7) 
between the temperature of  copper foil TCu and ambient 
temperature Tam.

Fig.3 Heat transfer route of heat generated in copper foil

Fig.4 Transfer route of heat flew into substrate

Fig.5 Inputs/outputs of the heat flew into the substrate beneath 
the copper foil

Fig.6 Discretized substrate volume in inner circumference 
direction
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4. Comparison between actual 
measurement and model calculation

The sample shown in Fig.8 was energized at room 
temperature until the copper foil was fused. The fusing 
time was compared with that of the model calculation.

Here, as a sample substrate, Panasonic R-1566 with a 
thickness of 1.6 mm was used. The fusing characteristics 
of the copper foil and the width of the substrate carbonized 
area (Fig.9) were adopted as comparison items between 
the calculation model and the actual measurement. In 
this case, a detailed investigation is necessary to verify 
whether a black-discolored area was thermally 
decomposed into carbonization. However, in this study, a 
black-discolored area was considered to be carbonized.

4.1. Fusing characteristics of copper foil
Eq. 4 is used to determine fusing time when current is 

applied. The parameters used for calculation are listed in 
Table 1. Here, QCE and QCA values were obtained by an 

approximation calculation using a value of constant at 
the maximum heat flow at the melting point temperature 
of Cu foil. In addition, cable-related parameter QCC and 
the net heat capacity of the test board CCu were  adjusted 
based on the test results considering the effect of the 
cable fixing points. The resistivity of copper foil ρ was 
determined using Eq. 9 and V and I measured. 　

The resistivity of the copper foil while fusing was in 
agreement with the resistivity at the melting point 
temperature of Cu (1085°C), and it fused when reached 
the melting point. Thus, it is thought that Cu has a 
significant change in resistivity as it changes from solid 
to liquid state, as the melting area is locally heated, and 
a spark is generated.

The calculation results, represented as dotted lines, 
and the actual measurement results, represented as 
plotted dots, are shown in Fig.10. It was verified that 
even with a simple calculation considering only the 
amount of the heat transferred from the copper foil can 
sufficiently represent fusing characteristics. Here, the 
vertical solid lines represent fusing limit current Ilimit 
for calculation, which is a current value determined by 
making the denominator in Eq. 4 zero. At the fusing limit 
current value, the copper foil does not fuse, and the PCB 
remains heated.

Fig.7 Thermal resistance ladder for four-way split discretization

Fig.8 Shape of sample

Fig.9 Example of carbonized substrate after being fused

Table 1 Calculation parameters
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4.2 Width of carbonized substrate
The heating of the substrate can be estimated by 

solving the simultaneous equations of the thermal 
resistance ladder illustrated in Fig.7. Here, it was 
considered that heating was continued at the fusing limit 
current, which was regarded as the maximum condition 
under which carbonization occurs. Then, a system in an 
equilibrium state at the Cu melting point temperature 
was used for calculation (see Fig.11).

Here, as the calculation conditions, for the copper foil 
of 1 × 10 mm and discretization width of 1 mm, to 
determine δ, an area over 300°C of substrate 
decomposition temperature was estimated to have 
approximately 1.3 mm as a carbonization width. In this 
case, the carbonization width as a result of calculation is 
one-side distance from the copper foil edge, thus two 
times the carbonization width should be added to the 
copper foil width to determine actual carbonization width 
(see Fig.12). Therefore, net carbonization width was 
estimated to be 3.6 mm. Fig.13 shows the actual 
measurement results of the substrate carbonization 
width with a fused copper foil (1 × 10 mm and 35 µm 
thick).

The peak of the carbonization width appeared at a 
slightly higher current than the fusing limit current (15.8 
A), which is a condition for continued heating. It was 
verified that carbonization width becomes narrower 
because fusing time becomes shorter after the peak. The 
case where ignition occurred during the test was excluded 
from the data because carbonization width cannot not be 
measured. 

5. Behavior at ignition of substrate

Fire resistance of a casing that is resistant to fire 
power when the substrate is ignited is required for safety, 
and it is necessary to verify fire power by testing. In this 
study, the behavior during ignition was investigated.

Fig.14 illustrates the heating characteristics until the 
substrate was ignited.  The characteristics were measured 
with thermocouples attached on the back side of the 
substrate. Here, a copper foil (35 µm thick and 2 × 10 
mm) was adopted as a sample.

Fig.10 Dependence of current on fusing time 

Fig.11 Estimated result of heating of substrate  

Fig.12 Calculated estimation and carbonization width measured 

Fig.13 Fusing current and substrate carbonization width
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From the results of measuring temperatures, it was 
verified that an increase of only 0.3 A from 27.5 to 27.8 A 
causes the heating characteristics to sharply change. In 
addition, at 27.8 A or more, the temperature starts to rise 
sharply after it is heated to approximately 150°C. This 
sharp temperature rise is thought to be the heating mode 
causing the substrate to ignite.

Considering the process until ignition occurs , it is 
thought that the epoxy resin is heated, the molecular 
chains of the high polymers are gradually cut and 
thermally decomposed into a combustible gas that is 
ignited by a spark while fusing of copper foil (Fig.15).

Fig.16 shows the conditions for ignition occurrence 
during the measurement of fusing characteristics. The 
marks colored in red indicate the occurrence of ignition. 
Because the ignited samples appear to be at random, it is 
thought that the ignition of the PCB due to fusing current 
is not directly caused by heating over the fire point, but 
by a mode where combustible gas is ignited by a spark 
while fusing.

6. Future prospects and conclusion 

This study presents a method to estimate a dangerous 
current area. The model improves calculation accuracy 
by considering the heat radiation from the copper foil and 
the substrate. With a sample for this time, a heat 
radiation of approximately 1 W was estimated. 
Additionally, QCE and QCA were determined by 
approximating them as constants in this study, but QCE 
and QCA can be dynamically handled by discretizing time 
and temperature distribution, which improves the 
calculation accuracy of the fusing characteristics and 
carbonization widths. The calculation flow for discretizing 
time is shown in Fig.17. When this flow is used for 
calculation, it is necessary to repeatedly solve thermal 
resistance ladder; thus, a dedicated calculation tool 
should be prepared.

In order to secure the safety of printed circuit board, it 
is crucial to estimate a dangerous current region. And it 
is also important to take measures for design that ensures 
sufficient safe region by reviewing fuse capacity and 
detecting any abnormal current/heating based on correct 
estimation results. 
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Fig.14 Heating characteristics of substrate

Fig.15 Thermal decomposition process of substrate

Fig.16 Fusing time characteristics and ignition presence/
absence

Fig.17 Calculation flow including transient analysis
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1． Introduction

Over recent years, the research and development of 
automated driving has accelerated owing to its 
advantages, such as reducing accidents and driver 
workload and providing assistance to people suffering 
from mobility difficulties. Although the development of 
this technology is anticipated, many drivers still perceive 
automated driving as unreliable (1). Hence, promoting the 
feelings of security and acceptability among drivers is 
necessary for the penetration of this technology into 
society. For everyday drivers, the standards of appropriate 
driving are based on their respective driving styles. 
Therefore, adapting automated driving control to 
individual driving styles is important in terms of 
promoting the feelings of security and acceptability 
toward the technology.

A few previous studies have focused on adapting the 
vehicle control to individual driving styles. These include 
a study to investigate the relationship between scores on 
the driving style questionnaire (DSQ) developed by 
Ishibashi et al. (2) and the distance to the preceding 
vehicle and the braking behavior in a car-following 
situation (3), as well as a study to investigate the individual 
differences in the deceleration behaviors on ordinary 
roads (4). These studies revealed individual differences in 
terms of the distance to the preceding vehicle and the 
deceleration behavior with respect to the preceding 
vehicle or the intersection. It is considered that there 
exist large individual differences in the driving styles 
under situations without imminent collision risks; 
therefore, most users would expect automated driving to 
adapt the control parameters to their own driving styles 
in such situations.

To this end, this study developed a method of modeling 
individual driving styles to realize automated driving 
that learns the driving styles of individuals during 
manual driving and adapts the automated driving control 
accordingly. In this work, “driving style” is defined as the 
personal characteristics of driving behavior. The car-
following situation was the focus of this study, and a 
method of modeling the personal characteristics of the 
distance to the preceding vehicle was devised.

The following steps were performed in this study: 
collecting driving data for ordinary roads, identifying 
driving situations in which the personal characteristics 
of distance to the preceding vehicle are well observed, 
determining a variation factor such as a driving 
environment characteristic, proposing a method for 
modeling the personal characteristics corrected by the 
variation factors, and validating the proposed method by 
using a test vehicle equipped with an automated driving 
function on a proving ground.

It should be noted that the experiments reported 
herein were approved by the human research ethics 
committee of Nissan Motor Co., Ltd., and were performed 
with participants to whom the experimental conditions 
were explained and who signed written consent forms in 
advance.

2. Collection of driving data on a public road

2.1. Selection of participants
Several drivers with various driving styles were 

selected before data collection using the DSQ (2). The DSQ 
consists of 18 questions to assess eight driving styles. It 
was previously reported that the distance to the preceding 
vehicle was correlated with scores of “impatient driving 
tendency” and “careful driving tendency” (3). Therefore, 
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the DSQ survey was attempted by 19 employees who 
drove frequently, and five participants who had different 
tendencies in the two scores were selected. Their ages 
ranged from 25 to 59 years.

The DSQ results of the five participants are shown in 
Fig. 1. Driver A has average impatient and careful 
tendencies; driver B has a lower impatient tendency, 
whereas this tendency is higher for driver C; and driver 
D has a higher careful tendency, whereas this tendency is 
lower for driver E.

2.2. Driving route
Data collection was performed on a 32 km circular 

route between our facility in Atsugi City, Kanagawa, and 
SOTETSU Sagamino Station in Ebina City via Route 
246, which took 1–1.5 h. The course was considered to 
include various environmental factors that affect the 
driver’s distance to the preceding vehicle, such as road 
type; speed limit; number of lanes; and presence of traffic 
lights, curves, and sloping roads. As Route 246 is an 
arterial road with considerable traffic involving large 
vehicles, situations in which the preceding vehicle was a 
large vehicle or traffic congestion were also included.

2.3. Measurement method
Driving data were collected using a standard passenger 

vehicle equipped with measurement instruments 
(hereinafter referred to as the “measurement vehicle”). 
CAN, GPS, camera recognition, and video images (front 
view, side views, rear view, driver face, and foot area) 
were synchronously collected. Output data from a forward 
radar for the ACC were used to measure the distance to 
the preceding vehicle. The road type; speed limit; number 
of lanes; and presence of intersections, curves, and slopes 
were identified using location data and map information. 
Traffic congestion was identified as the number of 
vehicles detected by the front camera within 50 m ahead. 
The indications of traffic signals ahead and the types of 
preceding vehicles were manually classified using the 
images captured by the front camera.

The drivers first drove through the course with an 
operator to familiarize themselves with the measurement 
vehicle and the course. Thereafter, they were asked to 
complete six trials by themselves as everyday driving to 
collect the driving data.

3. Method of modeling the distance to
the preceding vehicle

3.1. Extraction of distance data
Data were extracted in the car-following situation to 

capture the personal characteristics of distance to the 
preceding vehicle. The car-following situation was defined 
as a situation in which a preceding vehicle had existed 
continuously for 5 s, the relative speed was 2 m/s or less, 
and the steering angle was 15° or less; this was to 
eliminate transient situations involving the temporary 
existence of preceding vehicles, such as cutting in/out, 
lane changing, or driving on a curved road. The data were 
extracted in 1 s intervals when the required situational 
characteristics were present. In addition, data were 
extracted once the measurement vehicle completely 
stopped covering the stopping scene in the car-following 
situation.

3.2. Distance while stopping
The distance to the preceding vehicle while stopping 

was investigated, and the results for each driver are 
shown in Fig. 2. The most frequent distances for each 
driver range from 3 to 5 m, and all the distances range 
from 2 to 8 m.

Driver C, who has a higher impatient tendency, and 
driver D, who has a prevailing careful tendency, have 
shorter stopping distances than the other drivers. Driver 
D also had the lowest standard deviation. These results 
are similar to those of a previous study (3).

 

3.3. Distance while moving
As it is known that the distance to the preceding 

vehicle depends on the traveling speed, the relationship 
between speed and distance was investigated first. A 
previous study showed that the distance to the preceding 
vehicle at low or medium speeds was different between 
cruising and staring/accelerating scenarios (5). Therefore, 
the distance data were classified into three phases: 
cruising, accelerating, and decelerating. Cruising was 
defined as moving with no braking and an acceleration 
less than 0.05G, accelerating was defined as moving with 
an acceleration of 0.05G or more, and decelerating was 
defined as moving with braking.

Fig.1 DSQ score of participants

Distance at stopping(m)

Fig.2 Frequency of distance at stopping (N=5)
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The results for drivers A and C are shown in Figs. 3–5. 
The distance while decelerating in Fig. 5 exhibits less 
variation than the cruising distance in Fig. 3 and the 
distance while accelerating in Fig. 4. The regression line 
for driver C, who had an impatient tendency, has a 
smaller slope than that of driver A, who had average 
tendencies. The slopes are remarkably different during 
cruising, followed by deceleration. The coefficient of 
determination, R2, for the regression increases in the 
order of decelerating, accelerating, and cruising, which 
was consistently observed for all five participants.

It is considered that drivers actively apply braking to 
maintain a constant distance to the preceding vehicle 
during deceleration in a car-following situation, as 
compared to cruising or accelerating. The results show 
that the target distance to the preceding vehicle during 
deceleration is clearly different among the individuals.

3.4. Proposed model for the distance to
the preceding vehicle

From the results in Sections 3.2 and 3.3, it is considered 
that the distance to the preceding vehicle during stopping 
or deceleration reflects personal driving characteristics; 
therefore, the data obtained during stopping and 

deceleration were used to model the personal target 
distance characteristics. It should be noted that only the 
data corresponding to stopping distances between 2 and 
8 m were used for modeling; this was to exclude 
deceleration or stopping at a red signal at the 
intersections, which was observed in the video analysis, 
as most of the outlier data deviated from the regression 
line, as shown in Fig. 5.

The basic model of individual vehicle speed, Vf, and 
distance to the preceding vehicle, Df, can be expressed as 
shown in Equation (1):

Df = a Vf + b                                       (1)
Here, the slope a represents the time to travel the 

distance (Df–b), and the intercept b corresponds to the 
stopping distance. Thus, the time gap (a) to point Df–b 
and the stopping distance (b) are personal characteristics. 
Hereinafter, the coefficient a = (Df–b)/Vf is described as 
the time gap.

To include variation factors such as the road 
environment in the basic model of Equation (1), a multiple 
regression model was proposed, as expressed in Equation 
(2):

Df = (a0 + a1x1 + a2x2 + …) Vf + (b0 + b1y1 + …)       (2)

3.5. Candidate factors affecting the distance to 
preceding vehicle

It is assumed that the distance to the preceding vehicle 
varies with both the internal factors of the driver, such as 
their sense of hurriedness, and the external factors, such 
as the road or traffic environments. Nine independent 
variation factors were selected from all the possible 
factors that were encountered or had an influence on the 
distance-keeping behavior: trip, number of lanes, traffic 
light indication, preceding vehicle type, slope, curve, 
presence of congestion, distance to intersection, and turn 
signal condition at an upcoming intersection (going 
straight or turning right/left). Multiple levels for each 
factor were set, and the distributions of the distance to 
the preceding vehicle were compared among the levels. 
As the distance depends on the traveling speed, a t-test 
for the difference in average values was performed for the 
stopping distance and the distance during deceleration.

3.6. Factors affecting stopping distance
The t-test results for the difference in the average 

stopping distance for each variation factor and each 
driver are presented in Table 1. The asterisks in the table 
represent the significance levels of the t-test. It was 
decided to incorporate the distance to the intersection in 
the model as a variation factor, as it exhibits a significant 
influence over three of the five drivers (denoted by the 
shaded cells in the table). 

Drivers A and E had longer stopping distances when 
the distance to the intersection was longer, but driver D 
had the opposite results. The stopping distance 
distributions of drivers A and E are shown in Fig. 6. Both 
the drivers exhibit tendencies to have longer stopping 
distances at a distance to the intersection of 100 m or 
more. It is considered that drivers tend to use larger 

Fig. 3 Distance during cruising (drivers A and C)

Fig. 4 Distance during acceleration (drivers A and C)

Fig. 5 Distance during deceleration (drivers A and C)
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stopping distances to better assess the situation in front 
or to accommodate lane changing when the distance to 
the intersection is longer, which is caused by traffic 
congestion, parked vehicles on the shoulder, or the 
anticipation of unexpected circumstances.

3.7. Factors affecting the time gap during 
deceleration

The variation of the average time gap during deceleration 
with respect to each factor was examined in the same 
manner as that of the stopping distance. Data regarding the 
deceleration for reasons other than the preceding vehicle 
were excluded prior to calculating the time gap, which was 
determined based on the difference between the distance to 
the preceding vehicle and the average stopping distance of 
each driver, divided by the traveling speed when it was 10 
km/h or higher. Data corresponding to traveling speeds less 
than 10 km/h were also excluded because the time gap 
became unstable. 

The test results, which indicate significant differences in 
the time gap during deceleration with respect to the 
variation factors, are shown in Table 2. Significant 
differences with respect to the trip are observed for drivers 
A–C and E. It is considered that these difference are caused 
by both the internal factors of drivers, such as their state of 
hurriedness, and the environmental factors, such as weather 
conditions. A previous study revealed that the time gap was 
shortened during hurried driving (6), and some drivers could 
have been in a hurried driving state during the data 
collection. There was only one rainy trip, in which the time 
gap was longer than those under other conditions.

The effects of the number of lanes are illustrated in Fig. 

7. Drivers A and E had longer time gaps in the case of 
multiple lanes, as compared to those in the case of a single 
lane. Driver C had the opposite results. It is possible that 
drivers A and E may have been preparing for other vehicles 
to cut in from the adjacent lanes. Meanwhile, driver C, 
who has a prevailing impatient tendency, appeared to 
intend to prevent other vehicles from cutting in; thus, 
shorter time gaps were noted even during deceleration in 
the case of multiple lanes.

Drivers A, C, and D had longer time gaps at red traffic 
lights. It is considered that these drivers take margins in 
situations that required complete stops. By contrast, their 
time gaps were reduced in certain situations other than 
red signals owing to unexpected situations or the 
requirement for temporary deceleration. Drivers A, D, and 
E had shorter time gaps with respect to large preceding 
vehicles, as compared to that with standard-sized vehicles. 
Drivers A–D had longer time gaps for a greater degree of 
congestion. Furthermore, drivers A and E had longer time 
gaps at points far from the intersection, whereas drivers B 
and D showed opposite results. Drivers A and E also had 
shorter time gaps for the turn signals (right/left turns), 
whereas driver C had the opposite results. 

From the abovementioned observations, the following 
seven factors were incorporated, for which three of the 
five drivers exhibited differences in the model: trip, 
number of lanes, type of preceding vehicle, congestion, 
traffic light, distance to intersection, and turn signal 
conditions at the approaching intersection. The distance 
data used in this study may have included data 
corresponding to events of braking unintentionally 
applied by the drivers. Developing exclusion criteria for 
unintentional braking events will be the focus of future 
work.

*** p<.001, ** p<.01, * p<.05

Factor Influence Dr. A Dr. B Dr. C Dr. D Dr. E

Trip
Difference between

trip
*

Lane number
Single lane vs.
Multiple lanes

** < *** <

Signal Red signal vs. Others

Type of preceding
vehicle

Normal vs. Track * <

Slope Uphill vs. Downhill * >

Curve Curve vs. Straight

Congestion Few vs. Congestion ** <

Distance to
intersection

Close vs. Far ** < *** > * <

Turning at
intersection

Turning vs. Straight ** < ** <

Table 1 Factors affecting stopping distance (N = 5)

Fig. 6 Stopping distance versus distance to intersection
(drivers A and E)

*** p<.001, ** p<.01, * p<.05

Factor Influence Dr. A Dr. B Dr. C Dr. D Dr. E

Trip
Difference between

trip
** *** *** ***

Lane number
Single lane vs.
Multiple lanes

*** < *** > ** <

Signal Red signal vs. Others *** > *** > *** >

Type of preceding
vehicle

Normal vs. Track *** > *** > * >

Slope Uphill vs. Downhill

Curve Curve vs. Straight ** <

Congestion Few vs. Congestion *** < ** < *** < * <

Distance to
intersection

Close vs. Far ** < *** > ** > ** <

Turning at
intersection

Turning vs. Straight ** < *** > ** <

Table 2 Factors affecting the time gap during
deceleration (N = 5)

Fig. 7 Comparison of time gaps with different numbers of lanes 
(drivers A and C)
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3.8. Modeling of distance to the preceding vehicle 
considering the variation factors

A multiple regression model of Equation (3) was 
developed using the selected variation factors.

D f = ( a 0 + a 1 x 1 + a 2 x 2 + a 3 x 3 + a 4 x 4 + a 5 x 5 + a 6 x 6 )
Vf+(b0+b1y1) (3)

A value of 1 or 0 is assigned to each factor from x1 
through x6 and y1 according to whether or not the factor 
exists. The coefficients of the terms were defined as 
follows: 

a0:  Standard value of the time gap in each trip 
a1:  Correction coefficient in the multilane case
a2:  Correction coefficient when there is a red traffic 

light ahead
a3:  Correction coefficient when the preceding vehicle is 

large
a4:  Correction coefficient when there is dense traffic
a5:  Correction coefficient when the distance to the 

intersection is less than or equal to a predefined 
threshold

a6:  Correction coefficient when a signal is operated 
before an intersection

b0:  Standard value of the distance to the preceding 
vehicle at stopping

b1:  Correction coefficient when the distance to the 
intersection is less than or equal to a predefined 
threshold

Modeling was performed by determining the average 
value of a0 with no variation factors (a1 through a6) for 
each trip and applying all the driving data regarding a1 
through a6, b0, and b1.

The coefficients of the multiple regression model are 
listed in Table 3. R2 is presented in the bottom row, and 
the number of datasets used to create the model is 
provided above. R2 is within the range of 0.74–0.84 for all 
five drivers, which indicates the validity of the model. 
The P-values of a0, a2, and b0 are less than 1%, and those 
of a0, a2, a3, and b0 are less than 10% for all five drivers. 
The P-values of the other coefficients are less than 10% 
for three or four drivers. Thus, the results indicate that 
the influencing factors differ among the drivers.

The range of the time gap was 1.42–1.76 for single-
lane roads and 0.97–1.51 for multilane roads. The time 
gap of driver C, who showed an impatient tendency, was 
the longest on the single-lane roads. On multilane roads, 
the time gap of driver C was the shortest, followed by 
that of driver D, who had a careful tendency. These 
results are consistent with those of previous studies.

4. Evaluation of the modeling method with 
an automated test vehicle

4.1. Test vehicle
To validate the modeling method presented in Section 

3, evaluation experiments with an automated test vehicle 
were performed on a proving ground.

The automated test vehicle was an electric vehicle 
with right-hand drive, and it was possible to switch 
between automated and manual driving. The driver 
could override the automated driving function by steering 
and/or braking at any time. An operator in the passenger 
seat could also perform an override by using a brake 
pedal installed on the passenger-side. The longitudinal 
and lateral control functions could be turned on/off 
independently; in this study, the lateral control function 
was turned off, but the longitudinal control function was 
turned on to eliminate the effect of the automated lateral 
control on drivers who evaluated the longitudinal control, 
including the speed and distance control.

4.2. Proving ground
A course comprising simulated city roads at the Japan 

Automobile Research Institute was used, and the route 
shown in Fig. 8 was set as a test route such that the long 
straight sections could be used. Only one preceding 
vehicle was included in the test route, and the automated 
test vehicle always followed this vehicle during the test 
drive. The test route contained single- and double-lane 
roads in each direction, a signalized intersection, and a 
stop sign intersection for the experiment. The traffic 
signal at the intersection was controlled to turn red when 
the automated test vehicle approached such that it 
always stopped at the intersection; this was to learn the 
distance to the preceding vehicle while decelerating as 
well as that at the stop sign intersections.

4.3. Evaluation method
Based on the survey results of the DSQ, which was 

conducted as described in Section 2, 10 employees with 
different driving styles were selected as the participants 
for the experiments.

The evaluation procedure was as follows: the 
participant manually drove through the test route for 
approximately 15 min while following the preceding 
vehicle in order to acquire learning data; a personal 
distance model was created using the method detailed in 
Section 3, and various coefficients were applied to the 
distance control parameters of the automated test 

Dr. A Dr. B Dr. C Dr. D Dr. E

Time Gap a0 Individual baseline 1.42 1.58 1.76 1.42 1.62

 (sec) a1  Multiple lanes 0.03 -0.11 -0.79 -0.11 -0.11

a2  Red signal in front 0.19 -0.14 0.20 0.29 0.34

a3  Behind truck -0.22 0.09 0.17 -0.25 -0.09

a4  Congestion -0.18 0.10 0.56 0.23 0.13

a5  Close to intersection 0.00 0.12 -0.18 0.12 -0.08

a6
 Turning at 
intersection

-0.46 0.29 -0.14 -0.06 -0.16

Distance at 
standstill

b0 Individual baseline 4.36 3.87 3.42 2.06 4.66

 (m) b1  Close to intersection -0.32 -0.39 0.02 0.12 -0.85

Number of data 1519 1283 1008 935 1027

0.80 0.84 0.74 0.81 0.77

Factors

　Prediction accuracy   R2

Table 3 Model of the distance to the preceding vehicle (N = 5)

Fig. 8 Test course used to evaluate the personal distance 
model (JARI city road)
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vehicle. Subsequently, the distance to the preceding 
vehicle was evaluated using the automated test vehicle, 
to which the personal distance model had been applied.

Because a variation factor other than the number of 
lanes could not be applied to the personal distance model 
owing to the limitations of the test course, a simplified 
version of the multiple regression model, as shown in 
Equation (4), was used; this only included the number of 
lanes (a1) as a variation factor:

Df = (a0 + a1x1) Vf + b0                              (4)
Automated following was performed only in the 

straight sections, which are represented in green in Fig. 
8, and the participants turned on the automated following 
function using a steering wheel switch when the 
designated speed was achieved in the straight sections. 
The preceding vehicle set the speed within the range of 
30–50 km/h according to the length of the straight section.

Subjective ratings were assigned by the participants. 
The distance to the preceding vehicle during automated 
car following was verbally rated when driving through 
each straight section, with seven stages ranging from 
very short to very long while stopping. In addition, the 
feeling of conformity to the distance used by the driver, 
the feeling of security, and the acceptability were rated 
based on seven stages after a set of test drives had been 
completed. For the acceptability rating, the participants 
were asked to evaluate how pleased they were with the 
level of conformity.

After the model of automated car following reflecting 
the personal distance was evaluated, a model of car 
following considering the time gap offset was assessed. 
The time gap was set to 0.2 s shorter or 0.2 s longer if the 
evaluation results of the personal distance model were 
moderate/long or short, respectively.

4.4. Evaluation results
The personal distance models for the 10 participants 

are shown in Table 4. R2 is listed in the bottom row, and 
the number of data sets used for model creation is listed 
in the next higher row. R2 ranges from 0.82 to 0.96 for all 
the models. The P-values of coefficients a0 and b are less 
than 5% for all the drivers, and those of a1 are less than 
5% for seven drivers. The standard value of the time gap 
and the distance to the preceding vehicle while stopping 
exhibit individual differences, ranging from 1.28 to 2.67 s 
and 1.38 to 4.38 m, respectively.

Thereafter, the subjective ratings were calculated as 
average values according to the speed range and for each 
participant, as shown in Fig. 9. “Slightly short but 
acceptable,” “moderate,” and “slightly long but 
acceptable” corresponded to conformity ratings of 3, 4, 
and 5, respectively, and the results for all the drivers 
were within the acceptable range, regardless of the speed 
conditions. It was revealed that the automated car 
following the personal distance model conformed to the 
feelings of each participant.

A comparison of the personal models and the models 
with offset time gaps is presented in Fig. 10. Eight 
participants had time gaps that were 0.2 s shorter than 
the actual time gaps of the drivers. For the condition of 

30–40 km/h, two participants, C and I, changed their 
evaluations from “slightly long” to “moderate,” while 
participant A changed the evaluation from “moderate” to 
“slightly short.” For the condition of 40–50 km/h, two 
participants, A and J, changed their evaluations from 
“moderate” to “slightly short.” Two participants, B and 
G, had time gaps that were 0.2 s longer, and they did not 
change their evaluation. The results indicated that some 
drivers could distinguish time gaps that were 0.2 s 
shorter than those during their own driving, and they 
indicated that a shorter distance may be unacceptable. 

Subsequently, the relationship between the feeling of 
conformity, feeling of security, and acceptability was 
investigated. The results are shown in Fig. 11. Here, the 
evaluation results of both the personal and offset models 
are incorporated to include various conformity levels 
from high to low. In Fig. 11, the left side shows the 
relationship between the feeling of conformity and the 
feeling of security, whereas the right side shows the 
relationship between the feeling of conformity and 
acceptability. Both display positive correlations, revealing 
that higher conformity leads to a stronger feeling of 
security or acceptability.

A B C D E F G H I J

a0 Time Gap baseline 1.84 1.28 2.67 1.96 2.22 2.16 1.72 1.34 2.32 1.33

a1     Multipul lanes -0.08 0.05 -0.26 0.13 0.39 0.22 0.29 0.30 0.42 0.15

b Distance at standstill 3.34 2.66 3.61 3.24 1.93 1.89 1.38 2.57 2.88 4.38

Number of data 75 109 41 59 43 72 67 75 73 99

Prediction accuracy R
2 0.92 0.88 0.96 0.83 0.92 0.89 0.82 0.90 0.92 0.82

Factors

Table 4 Model of distance to the preceding vehicle (N = 10)

Fig. 9 Feeling of conformity during automated following
(N = 10)

Fig. 10 Feeling of conformity during offset following (N = 10)

Fig. 11 Feeling of conformity versus feeling of security
and acceptability
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5. Conclusion

In this study, a method for modeling the personal 
characteristics of distance to a preceding vehicle were 
examined to realize automated driving that learns the 
driving style of an individual during manual driving and 
adapts the automated driving control accordingly.

Data pertaining to driving on ordinary roads were 
collected from drivers who had different driving styles, 
and it was found that the distance from the preceding 
vehicle in the stopping/decelerating phase reflected the 
personal driving styles. Thus, the distance data from this 
phase is expected to be appropriate for modeling personal 
distance-keeping behaviors.

Because the distance to the preceding vehicle depends 
on the individual vehicle speed, the time gap was 
examined to investigate the factors affecting the distance 
model. It was revealed that the time gap was affected by 
factors such as the trips, number of lanes, traffic light, 
and distance to an intersection. The effects of these 
variation factors differed between the drivers. These 
factors were further simplified into a few variables, and a 
multiple regression model reflecting personal 
characteristics and environmental variation factors was 
developed.

Evaluations with an automated test vehicle on a 
proving ground were performed to validate the modeling 
method; the results showed that automated car following 
reflecting the personal distance model conformed with 
the driving feelings of the participants. In addition, it 
was found that a higher conformity improved the feelings 
of security and acceptability. Furthermore, some drivers 
could distinguish time gaps that were 0.2 s shorter than 
those during their own driving; for such drivers, a shorter 
distance to the preceding vehicle may be unacceptable.

As the next step, further evaluations of the personal 
distance model under various driving conditions and 
different environments are necessary. The extension of 
this method to other personal characteristics and the 
development of more sophisticated detection methods for 
environmental variation factors in order to improve the 
accuracy of modeling remain as topics for future works.
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1. Introduction

Over recent years, emission regulations have become 
more stringent, including those pertaining to actual 
driving emissions. The particulate number (PN), which is 
one of the regulated factors, has attracted increasing 
interest. In particular, for direct-injection engines 
particulate matter (PM) suppression and PN reduction 
are significant concerns. 

According to previous studies, the main causes of PM 
generation in direct-injection gasoline engines are pool 
fires(1), caused by the fuel on the wall surface and the 
combustion at locations where the fuel in the air–fuel 
mixture is locally rich(2). Given that the processes of PM 
generation and emission are complicated, these 
phenomena have been actively studied in recent years. 
Many studies have focused on these phenomena, 
including investigations of the effects of fuel(3-5) and oil(6) 

on the PM/PN and PM behaviors in exhaust pipes(7).
Before an engine warms up, as the temperature of 

engine oil, coolant water and the inner walls of the engine 
cylinders are low, the fuel directly injected into the 
cylinders adheres to the inner walls of the cylinder, and a 
fuel-rich air–fuel mixture is easily formed locally on these 
walls. It has been reported that, when this fuel-rich air–
fuel mixture formed as detailed above is exposed to 
burned areas, pool fires are created, resulting in PM 
generation(8). 

With regard to PM generation, various technological 
developments for operation under conditions involving 
low temperatures of the engine oil and coolant have been 
studied, such as multi-stage fuel injection(9) and 
increasing the fuel pressure to suppress the adhesion of 
fuel onto walls.

As the wall temperature increases, reduced the 
adhesion of fuel onto walls leads to lower PM generation. 
However, this does not imply that the PM emissions are 
completely eliminated. It has been confirmed that the 
generation mechanism of injector tip-soot is a major 
cause of PM emissions during operation (hot) after 
warm-up and also the key parameter for reducing soot, 
by analyzing the phenomena occurring inside engine 
cylinders(10–12).

Most previous studies on PN reduction technology 
have focused on means of understanding and reducing 
the phenomena under steady engine operation conditions. 
However, an increase in the PN has been identified under 
actual engine operation conditions, including transient 
conditions(13); this was not considered in previous studies, 
and thus far, there are no detailed reports on this aspect. 
An example of this phenomenon is presented in Fig. 1; 
the PN from an engine under the Worldwide harmonized 
Light duty driving Test Cycle (WLTC) and its distribution 
are shown in Fig. 1(a). The state prior to applying PN 
reduction technology is represented by the leftmost bar. 
The bar at the center represents the state after applying 
the PN reduction technology that was proven under 
steady operation conditions and involves calculating the 
PN in the operating mode of WLTC by accumulating the 
results under steady conditions. Furthermore, the 
rightmost column represents the state after applying the 
same technology as that applied to obtain the center 
column under transient conditions. The PN behavior 
under transient conditions at the first peak of the WLTC 
and the PN generation history for each operation 
condition/coolant temperature, which was calculated 
from a test under steady conditions, are shown in Fig. 
1(b). Under actual engine operation conditions, the PN 
increases when the engine starts in a manner that is not 

Abstract　　The mechanism of in-cylinder phenomena, which are the main sources of particulate matter (PM) 
emission under low-temperature transient conditions before a warm-up, was analyzed in this study. As a result, a 
key parameter for the particulate number (PN) under low-temperature transient conditions was clarified. A larger 
cycle-to-cycle carryover fuel film on the combustion chamber wall results in a higher PN, which was confirmed 
via PN evaluations considering transient conditions. For PN reduction, a cycle-to-cycle carryover fuel film should 
be considered. Therefore, a carryover fuel prediction tool was developed, and countermeasures were subsequently 
identified based on these phenomena.
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assumed under steady conditions. Consequently, 
technologies to reduce the transient PN in this situation 
have been studied using the following approaches: visual 
evaluation of the in-cylinder state under low-temperature 
transient conditions, evaluation of the transient state of 
an actual engine under these conditions, and investigation 
of the generating mechanism and key parameters.

2. Test method

Considering that the results of previous studies on the 
increase in the PN, as described in the previous section, 
might have been affected by inappropriate control or 
incorrect evaluation methods, the operations and evaluation 
methods were assessed prior to commencing this study.

As a result, it was confirmed that the operation and 
control of each engine device were assumed as those under 
steady conditions and that the results were not affected by 
incorrect evaluation methods or measurement variations. 
Accordingly, it was concluded that the PN increase under 
low-temperature transient conditions in the engine cylinders 
occurs due to phenomena that are not assumed under steady 
conditions, which are the cause of PM generation and 
emission. The following evaluations were conducted to 
elucidate the abovementioned unknown phenomena and 
identify the reasons for the increase in the PN.

2.1 Evaluation of the engine under transient 
conditions

In this study, the PN from an actual multi-cylinder 
engine during low-temperature transient operation 
under the WLTC was assessed to simulate the actual 
operation conditions. The PN measurement was 
performed at the tailpipe. The PN was measured using 
the HORIBA MEXA-2300SPCS and evaluated via direct 
sampling. Table 1 lists the specifications of the engine 
used in this study. When using a 4-cylinder, 1.6 l direct-
injection turbo engine, the effects of various settings, 
such as the fuel injection settings and the valve and 
ignition timings, on PN are visualized and verified. 
Vehicle-equivalent driving is evaluated using an engine 

bench that enables driving under transient conditions. 
For the operation, a CVT-equipped conventional vehicle 
weighing 1470 kg was used. Initially, the engine water 
temperature was set as that at the start of the cooling 
facility, and during the engine evaluation, temperature 
was controlled in the same manner as for a vehicle. 
Gasoline, with a research octane number of 95 and a PM 
index of 1.85, was used for the evaluation.

2.2. Borescope observation of in-cylinder luminous 
flames under transient conditions

To evaluate the behavior of the PN emitted from the 
engine under different conditions, including the transient 
conditions, a borescope was installed on the multi-
cylinder engine mentioned above, and a visual evaluation 
of the in-cylinder state was conducted using a high-speed 
camera (Photron FASTCAM SA-X). The engine used for 
the visual evaluation and the visualization system are 
depicted in Fig. 2. A borescope system (SMETEC BS-NIR) 
that allowed for coaxial irradiation was employed, and a 
green LED (SMETEC LED-P40) was used as the light 
source. The borescope was set on the sidewall of cylinder 
No. 4 of the multi-cylinder engine by using a probe 
(SMETEC NIR-PROBE), in order to ensure a suitable 
field of view for observing the top of the piston, bore, 
intake valve, ignition plug, and injector tip inside the 
engine cylinder.

(a) PN under WLTC

(b) PN under WLTC: first hill
Fig.1 Example of PN under WLTC

Table 1. Engine specifications

(a) Visualization system

(b) Layout of the borescope and in-cylinder view

Fig. 2 Visualization system
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3. Clarification of the PN increase under low-
temperature transient conditions

3.1 Occurrence of luminous flames under transient 
conditions

To elucidate the in-cylinder state of the engine under low-
temperature transient conditions, it was observed under 
different conditions, including the transient conditions, by 
using the visualization system described in Section 2.2. A 
visualization test of the in-cylinder state was conducted, 
focusing on the state after the engine started and that 
during the first acceleration (one-peak acceleration) under 
the WLTC driving conditions, as shown in Fig. 1. The 
in-cylinder states of the engine under transient and steady 
conditions are compared in Fig. 3. The in-cylinder state 
under transient conditions is shown in Fig. 1, where the PN 
increases during the first acceleration under the WLTC. 
Under steady conditions, the in-cylinder state remains the 
same as that in the steady operation case, with the 
revolution, load, and water temperature equivalent to those 
used to obtain the PN increase visualized above. In this 
evaluation, vigorous luminous flames were observed in the 
broad area of the top of the piston under transient conditions. 
By contrast, almost no luminous flames were observed 
under the steady conditions. To understand the occurrence 
of luminous flames under transient conditions, in-cylinder 
luminous flames were observed under the PN increase 
conditions mentioned above on a time-series basis. The 
time-series visualization results are presented in Fig. 4. 
Photographs of the in-cylinder state were captured at 2000 
fps for one cycle when the PN increased. The results for 
every five frames are displayed. After ignition, vigorous and 
broad luminous flames occurred in the cavity of the piston 
near the top dead center. Subsequently, the luminous flame 
range moved downward as the piston moved downward. 
According to the evaluation results, it was found that the 
luminous flames originate from the top of the piston, 
particularly at the cavity, during the period from combustion 
to the expansion stroke.

3.2. Hypothesis for the PN increase mechanism
Next, a hypothesis explaining the mechanism of PN 

increase under low-temperature transient conditions was 
analyzed. As strong luminous flames occurred in the piston 
cavity, it was assumed that a large amount of fuel film 
adhered to the piston cavity. Furthermore, because almost 
no luminous flames were observed under the steady 
conditions, it was concluded that the generation of the fuel 
film was specific to the transient conditions.

Thus, the following hypothesis was developed. 
Immediately after the engine is started, the wall temperature 
of the combustion chamber is similar to the temperature of 
the environment. Accordingly, it was assumed that the fuel 
that temporarily adhered to the wall of the combustion 
chamber did not completely evaporate within one cycle until 
approximately 15 s after the start of the engine owing to the 
slow evaporation and thus remained until the next cycle. 
The number of cycles during idling was 100 or more. 
Therefore, it was assumed that the amount of the fuel film 

accumulated during this period would reach a certain level, 
based on the fuel injection volume per cycle. It was assumed 
that a large amount of the accumulated fuel film could lead 
to strong luminous flames during acceleration, that is, PM 
generation. This hypothesis that the accumulated fuel film 
before acceleration affects the acceleration also agrees with 
the fact that no luminous flames were observed under the 
steady conditions. This hypothesis is illustrated 
schematically in Fig. 5. It was also hypothesized that the PN 
increases when the fuel (carryover fuel) that accumulates on 
the wall over multiple cycles immediately after the engine 
starts results in a pool fire during the first acceleration.

3.3. Verification of the hypothesis for the PN 
increase under low-temperature transient conditions

To verify the hypothesis for the PN increase mechanism, 
which is detailed in Section 3.2, it was determined whether 
the carryover fuel was responsible for PN generation by 
varying the injection patterns and their durations during 
the transition. The injection patterns used for this 
verification are listed in Table 2. When fuel is injected after 
the piston has ascended during the compression stroke, the 
amount of the adhered fuel film increases because the 
sprayed fuel directly collides with the piston wall. By 
contrast, when fuel is injected after the piston has descended 
and reaches the bottom dead center during the intake 
stroke, the amount of fuel adhered to the piston wall 
decreases.

Fig. 3 Comparison of in-cylinder visualization between transient 
and steady conditions

Fig. 4 Luminous flame at first acceleration under transient 
conditions (camera speed: 2000 fps)
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Consequently, verification was conducted by combining 
two injection patterns in an actual engine: in case 1, fuel was 
injected during the compression stroke, and in case 2, fuel 
was injected only after the piston had descended during the 
intake stroke. A schematic comparison of the injection 
settings used in this verification is shown in Fig. 6. During 
the idling before acceleration, the durations after engine 
start in cases 1 and 2 were varied and combined in order to 
verify the PN behavior during subsequent acceleration. The 
evaluation results are presented in Fig. 7, where the 
horizontal axis represents the time rate for case 1; the closer 

the value to 100%, the longer is the injection pattern in case 
1, whereas the closer the value to 0%, the longer is the time 
rate in case 2. The vertical axis shows the PN at the first 
acceleration (13–25 s). The rate in case 1 is large when the 
compression-stroke injection is performed. In other words, 
the greater the amount of fuel adhered to the piston wall, 
the higher is the PN generated during the first acceleration. 
The verification results clearly indicate that the fuel 
injection conditions before acceleration (0–13 s) affect the 
PN during acceleration (13–25 s). In addition, based on the 
result that the PN during acceleration increases linearly 
with respect to the time rate in case 1, it was confirmed that 
the carryover fuel at low temperatures was the key 
parameter that led to an increase in the PN. 

3.4. Analysis of transient condition with a fuel film 
prediction tool

A tool for predicting the carryover fuel was configured 
with the objective of predicting the PN emitted by an engine 
under transient conditions. This tool predicts the amount of 
fuel film using 0-dimensional models, according to the 
injector tip position and the injection direction layout.

3.4.1. Outline of models for carryover fuel
prediction tool

The models used for the prediction tool and the tool itself 
are described in this section. The configuration of the fuel 
film prediction tool models is shown in Fig. 8. The tool 
consists of a spray model, spray evaporation model, and fuel 
film mode. The calculations are outlined in Fig. 9. The 
amount of fuel film adhered to the wall per cycle was 
calculated using the layout, with the direction and timing of 
the injection employed as input values. The calculations 
were performed in three stages. (I) First, the collision rates 
of the fuel spray droplets were calculated according to the 
spray calculation and the geometric relationship. (II) Next, 
the adhesion rate of the fuel film was calculated based on 
the fuel film model. (III) Finally, the evaporation rate of the 
fuel film was calculated. In the first stage, based on the 
calculation of the collision rates in (I), the subsequent fuel 
spray calculation was performed. The spray breakup length 
and spray droplet breakup within the breakup length were 
calculated using the Kelvin–Helmholtz model(14), and the 
spray particle size distribution in the slipstream of the 
breakup length was calculated using the Nukiyama–
Tanasawa equation(17). Subsequently, the amount of 
evaporation for each droplet was calculated using the Ranz–
Marshal model(15). In addition, the spray number density in 
each spray penetration region was calculated by accounting 
for the conservation of momentum by using Hiroyasu’s 
equation(18) and Wakuri’s equation(16) in order to calculate 
the collision with the wall geometrically. The entire amount 
of fuel does not adhere to the wall upon collision; instead, 
some splashing occurs due to reflection and other factors. 
Therefore, the wall adhesion amount in (II) was calculated 
using the Senda model(19), while accounting for the amount 
of splash. Thereafter, for determining the amount of 
evaporation of the fuel film in (III), experimental sensitivity 
was used. The evaporation amounts for each wall and the 
environmental temperature were measured when the fuel 

Fig. 5 Hypothesis of PN emission mechanism under low-
temperature transient conditions

Fig. 7 PN emission for each injection pattern ratio

Fig. 6 Duration ratio for each injection pattern

Table 2 Injection timing under idle conditions immediately
after engine start
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spray collided with the fuel film formed in a constant-volume 
vessel, and temperature-specific amounts of evaporation 
were compiled in a database.

The database of the evaporation velocities of the fuel 
film, which was obtained based on the intake temperature, 
the residual burned gas inside the cylinders, and the 
history of the piston wall temperature after starting the 
engine in order to calculate the residual carryover fuel on 
the piston wall during acceleration after several cycles, 
was assessed. An example of the calculation results based 
on the difference in the wall temperature history is shown 
in Fig. 9. It was confirmed that the slower the increase in 

the piston wall temperature, the greater is the amount of 
carryover fuel approximately 15 s after starting the 
engine.

3.4.2. Verification of carryover fuel by Hydrocarbon 
(HC) measurements at low temperature

A measurement method for qualitatively determining 
the amount of carryover fuel in an actual engine was 
derived. Idling continued for 15 s, which was similar to 
the initial idle time after the engine started under the 
WLTC. Thereafter, fuel injection was cut. It was 
concluded that the HC emitted after cutting the fuel 
injection was the unburned HC contained in the residual 
gas, the HC from the carryover fuel remaining as liquid 
fuel, or from other oils. In addition, it was determined 
that the HC emission from oil and other sources was 
approximately 400 ppm, which was equivalent to that 
before the engine started, and the HC emission from 
residual gas was 100 ppm or less. Accordingly, it was 
concluded that the carryover fuel accounts for a large 
portion of the HC emissions after cutting the fuel 
injection; thus, it was used for a qualitative comparison. 
An example of the results of this evaluation is shown in 
Fig. 10. Because the HC emission after the fuel cut 
increased with the decreasing water temperature (Tw), it 
was assumed that its tendency was the same as that of 
the carryover fuel.

Fig. 8 Model configuration

Fig. 9 Carryover fuel prediction tool

Fig. 10 HC emission after fuel cut

Fig. 11 Comparison between calculated amount of carryover 
fuel and measured HC

0

20

40

60

80

100

120

140

0 10 20 30 40 50

C
ar

ry
ov

er
 fu

el
 m

g

Time sec.

Piston1

Piston2

Piston3

Piston4

Piston5

0
10
20
30
40
50
60
70
80

0 10 20 30 40 50

Tw
al

l

Time sec.

Piston1

Piston2

Piston3

Piston4

Piston5

TDC

BDC

BDCTDC TDC

BDCTDC TDC

Int.-valve
opening

Inj.
Inj.

IT selection No 54

Tin [℃] 25

Int EGR ratio [%} 5

Wall temperature history

Conditions

Input

Output
Carryover fuel amount

Piston temp. 
difference

Piston temp. 
difference

Start of 
1st acceleration

Injection pattern

0
1000
2000
3000
4000
5000
6000
7000
8000

0 10 20 30 40 50 60

H
C

 p
pm

Time sec.

Fast Idle Fuel cut (Motoring)

Tw=40℃

Tw=10℃

3000

4000

5000

6000

7000

8000

9000

0 40 80 120 160

M
ot

or
in

g 
pe

ak
 H

C
 p

pm

Calculated Carryover fuel mg



138 No.87 (2021)   NISSAN TECHNICAL REVIEW

Technical Awards - Study of Engine-Out PM Emission Mechanism under Low-Temperature Transient Condition and PN Reduction Technology for Direct Injection Gasoline Engines

3.4.3. Verification of the prediction tool using 
measured carryover fuel

The results of the measurement method described in the 
previous section and those of the carryover fuel prediction 
tool detailed in Section 3.4.1 were compared and verification 
was performed. The comparison results are shown in Fig. 
11. The horizontal axis represents the calculated carryover 
fuel amounts, whereas the vertical axis indicates the peak 
HC emissions after the fuel cut, as obtained from a test/
evaluation. The calculated amounts of the carryover fuel 
showed an almost linear correlation with the actual peak 
HC emissions of the engine after the fuel cut, that is, the 
residual HC during idling. Fig. 12 shows the relationship of 
the peak HC after the fuel cut with the PN during the first 
acceleration (13–25 s) when driving under the WLTC, where 
the same injection settings as in the peak HC measurement 
conditions were applied to the initial idling. As is evident, 
both the parameters are almost linearly correlated with 
each other. Based on these results, the validity of the 
proposed prediction tool was confirmed. The results also 
showed that the measured peak HC can be used as an 
interim index describing the amount of carryover fuel and 
that the low-temperature transient PN at one-peak 
acceleration can be predicted by setting the carryover fuel as 
a parameter. 

4. Transient PN reduction technology and 
verification

It was confirmed that the carryover fuel was the key 
parameter affecting the transient PN. In this section, 
measures for reducing the PN under low-temperature 
transient conditions are presented. The two following 
measures were studied: measures for suppressing PM 
generation during acceleration, assuming that there exists a 
fuel film due to the carryover fuel at low temperatures, and 
measures for reducing the carryover fuel itself prior to 
acceleration.

The first measure, i.e., PN reduction, is an example of 
reducing the PN during acceleration, assuming the existence 
of carryover fuel. When a fuel film was present at the top of 
the piston due to the carryover fuel, it was concluded that 
this film caused a severe pool fire and then resulted in PM 
generation, as described in Section 3.2. To suppress this PM 
generation, the fuel film must be kept away from the flame; 

alternatively, the amount of PM must be reduced even if a 
pool fire occurs due to a temperature reduction or other 
factors. In the former case, the occurrence period of pool fires 
can be reduced by retarding the ignition timing in order to 
delay the hot flame from reaching the top of the piston. In 
the latter case, PM generation can be suppressed by reducing 
the combustion temperature of the exhaust gas recirculation 
(EGR)(20). To confirm these effects, the in-cylinder state was 
visualized, and the PN emitted from the engine under the 
WLTC when the ignition timing at one-peak acceleration 
was retarded by 17° was evaluated. Furthermore, the valve 
overlap was increased by 40°, thereby increasing the amount 
of residual gas. The visualized in-cylinder states with one-
peak acceleration prior to implementing these measures 
and after modifying the engine as described above are 
presented in Fig. 13. A comparison with the state prior to 
implementing the measures demonstrates that the 
in-cylinder flame propagation is delayed, the occurrence 
timing of the luminous flame at the top of the piston is 
retarded, and the occurrence of the luminous flame is 
suppressed.

The PN generation history with one-peak acceleration 
is shown in Fig. 14. As visualized in the figure, the peak 
PN at one-peak acceleration is significantly reduced.

In addition to the abovementioned measures, this 
effect was verified by reducing the carryover fuel itself. 
Using the carryover fuel prediction tool, the fuel injection 
settings that cause the amount of carryover fuel to reduce 
to zero were analyzed. Accordingly, the fuel injection 
conditions were set, and the carryover fuel amount was 

0.00E+00

2.00E+07

4.00E+07

6.00E+07

8.00E+07

1.00E+08

1.20E+08

3000 5000 7000 9000

PN
(1

3~
25

s 
av

e.
) #

/c
c

Motoring peak HC ppm

Fig. 12 Relationship between motoring peak HC and WLTC PN 
during 13–25 s

(a) Without transient PN reduction technology

(b) Ignition retardation and larger overlap

Fig. 13 In-cylinder visualization for ignition retardation with 17° 
CA and larger overlap with 40° CA during the first acceleration 

under transient conditions (Frame speed: 2000 wfps)

Fig. 14 PN emission for ignition retardation with 17° CA and 
larger overlap with 40° CA during the first acceleration



139NISSAN TECHNICAL REVIEW   No.87 (2021)

Technical Awards - Study of Engine-Out PM Emission Mechanism under Low-Temperature Transient Condition and PN Reduction Technology for Direct Injection Gasoline Engines

set to zero, for the idling condition of an actual engine. 
Next, the in-cylinder state was visualized under the 
WLTC, and the PN emitted by the engine was measured. 
The results obtained for the visualized in-cylinder state 
with one-peak acceleration before and after implementing 
the measures are compared in Fig. 15. On modifying the 
engine as described above, almost no luminous flame was 
observed at the top of the piston. The PN generation 
history with one-peak acceleration is presented in Fig. 
16. The peak PN, which is unique to one-peak acceleration, 
almost disappears after the engine is started.

The ignition, fuel injection, and valve timing settings 
for each PN reduction measure are shown in Fig. 17. The 
settings varied between idling or acceleration. Because 
the ignition timing and fuel injection with acceleration 
vary according to the rotational load, a schematic diagram 
for typical conditions is presented. The effects of PN 
reduction under the WLTC are shown in Fig. 18. The 
state after applying the PN reduction technology under 
steady conditions is represented by the leftmost bar, and 
the state after retarding the ignition timing with 
acceleration and increasing the valve overlap is 
represented by the bar at the center. The state after 
setting the carryover fuel amount to zero, as in the idling 
condition, is represented by the rightmost bar. Compared 
to the leftmost state, before implementing measures 
where the PN unique to the transient condition was not 
considered, PN was reduced by 40% on retarding the 
ignition timing and increasing the valve overlap and by 
65% on setting the carryover fuel amount to zero. The PN 
was significantly reduced when considering the carryover 
fuel through the measures for reducing the PN with 
one-peak acceleration and reducing the amount of the 
carryover fuel during idling after starting the engine.

5. Conclusion

The following insights were obtained by evaluating the 
effects of the key parameters for clarifying the causes of 
the increase in the PN under transient conditions in 
direct-injection engines:
(1)  During the acceleration after low-temperature idling, 

a notable PN increase was identified; this increase did 
not occur under any other acceleration conditions.

(2)  Through visualization with a borescope, the PM 
generation/emission from the top of the piston during 
the first acceleration after staring the engine was 
observed. This phenomenon is unique to actual 
engines under transient conditions and was not 
observed in the evaluation under steady conditions.

(3)  It was clarified that the key parameter affecting the 
PM generation/emission from the top of the piston 
during the first acceleration after starting the engine 
is the fuel film (carryover fuel); this fuel film 
accumulates over several cycles when the piston is 
cold during the idling before one-peak acceleration.

(4)  After elucidating the PM generation/emission 
phenomena caused by the carryover fuel and by 
visualizing the in-cylinder state and evaluating the 
PN emitted from an engine, it was demonstrated that 
the amount of PN can be significantly reduced by 
introducing the following PN reduction technologies: 
retarding the ignition timing at acceleration and 
reducing the combustion temperature, and reducing 
the amount of carryover fuel during idling after 
starting the engine.

To reduce the PN further in order to achieve zero-
emission, it is essential to reduce the low-temperature 
transient PN. Consequently, technologies must be 
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developed to reduce the amount of carryover fuel, which 
is the key parameter influencing the low-temperature 
transient PN. In addition, to further reduce emissions 
and promote the creation of innovative technologies, 
mechanism-based technologies must be developed by 
quickly and flexibly utilizing measurement and analysis 
technologies, as stated when explaining the reduction of 
the PN from the injector tip-soot under hot conditions in 
a previous report(10) and when explaining the reduction of 
PN under low-temperature transient conditions herein.
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1. Introduction

ISO 14505-2(1) defines equivalent temperature as an 
index for evaluating the thermal environment in a vehicle 
cabin. It is a type of sensible temperature that expresses 
the key factors of the thermal environment in a vehicle 
cabin, that is, the air temperature, air velocity, and 
radiation effect, through a single index. Owing to its 
usability, equivalent temperature was recently adopted 
by the Architectural Institute as an environmental 
standard(2). The use of equivalent temperature has also 
been increasing in the construction industry(3), (4).

In the automobile industry, implementing simulation-
based evaluations of the equivalent temperature during 
the design phase before vehicle prototyping is useful for 
improving the technological developments related to the 
efficiency and quality of air conditioning. However, ISO 
14505-2 only covers equivalent temperature measurements 
based on thermal manikins and does not provide sufficient 
information regarding the methods of calculating the heat 
transfer of clothing, which is required when performing a 
simulation. Thus far, there has been no report comparing 
the equivalent temperature obtained from measurements 
in vehicles using clothed thermal manikins with the 
equivalent temperature obtained from ISO 14505-2-based 
precise simulations in vehicle environments. Shinozuka et 
al.(3) and Yumino et al.(4) measured and simulated 
equivalent temperatures using clothed thermal manikins. 
However, because the setting was a room under moderate 
conditions, the analysis environment was different from 
that inside a vehicle cabin.

Meanwhile, Nilsson(5) measured and simulated 
equivalent temperatures using a clothed thermal 
manikin for a vehicle cabin. However, because the 

thermal manikin used in the simulation was fabricated 
by combining 18 cubic blocks and the shape was 
considerably different from that of an actual manikin, 
the simulation results cannot be compared with the 
measurement results directly. Kawanago et al.(6) studied 
a model for the heat transfer of clothing in a vehicle cabin 
but did not apply the model to a simulation of a vehicle 
cabin. Thus, the objective of this study was to establish a 
method for simulating the equivalent temperature in a 
vehicle cabin under clothed conditions.

This study yielded two reports. The first report (this 
report) describes an equivalent temperature measurement 
experiment performed using a vehicle and the development 
of a thermal manikin model incorporated with a practical 
clothed heat transfer model in order to reproduce the 
clothed thermal manikin used in the experiment.

The second report discusses the equivalent temperatures 
simulated in a vehicle cabin by using the thermal manikin 
described in the first report. For the simulation, a mesh-free 
simulation that did not require filling or the deletion/
correction of unnecessary shapes was utilized. The accuracy 
of the simulation was verified by comparing the results with 
the experimental results obtained in the first report.

This paper was prepared by revising a speech(7)–(9) 

presented at the JSAE Spring Congress in 2018. This study 
was a collaborative work with AGC Inc.

2. Definition of equivalent temperature

Equivalent temperature is defined as the air 
temperature in a standard environment (under quiescent 
air flow in which the average radiant temperature is 
equal to the air temperature), where the sensible heat 
loss (convection + radiant heat loss) from a human body 
at a certain skin temperature becomes equal to the 
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environment of the evaluation object. The equivalent 
temperature, teq, according to ISO 14505-2 is defined in 
Equation (1)(1). The variable names and units used in this 
work are collectively listed at the end of this paper.

According to ISO 14505-2, the parameters of Equation (1) 
are measured using a thermal manikin. A thermal manikin 
is a human-shaped thermal measurement instrument. By 
splitting a thermal manikin into body segments, the body 
segment-specific equivalent temperatures can be measured 
and used to evaluate the nonuniform environment in a 
vehicle cabin.

Among all the parameters in Equation (1), the skin 
surface temperature of the manikin, tsk,n, and the sensible 
heat loss from the manikin surface, Qsk,n, can be measured 
by placing the thermal manikin in a vehicle cabin. The 
heat transfer coefficient between the manikin surface 
and a standard environment, hcal,n, can be measured by 
setting the thermal manikin in an environment that 
satisfies the conditions of a standard environment. For 
accuracy, the value of hcal,n varies according to the 
relationship between the skin surface temperature of a 
manikin and the environmental conditions. However, 
given that it can be considered as a constant if the 
clothing and posture remain the same, a body segment-
specific constant was used in this research.

3. Experimental measurement of equivalent 
temperature

3.1. Experimental method
3.1.1. Experimental overview

To verify the accuracy of the equivalent temperature 
simulation (second report), an equivalent temperature 
measurement experiment was conducted using an actual 
vehicle in a climate chamber. An R/H middle-sized 
crossover SUV was used as the experimental vehicle, and 
a thermal manikin was set in the driver seat. Photographs 
of the experimental setup are shown in Fig. 1.

The thermal factors in the vehicle cabin were measured 
once per second. The following instruments were used: 
(1) a K-type thermocouple to measure the air temperature 
in the vehicle cabin and around the thermal manikin (30 
mm from the surface) (33 points), the temperatures at 
the air conditioner outlets (8 points), and the surface 
temperatures of individual portions inside and outside 
the vehicle cabin (26 points); (2) a heat flux sensor to 
measure the heat flux at the vehicle cabin surfaces (9 
points); and (3) a hot-wire anemometer to measure the 
air velocities around the thermal manikin (30 mm from 
the surface) (22 points).

Two types of experimental conditions were set: summer 
cooling conditions and winter heating conditions, as 
shown in Table 1. Under both sets of experimental 
conditions, measurements were taken until the 

measurements of the environment in the vehicle cabin 
and thermal manikin became steady, and the average 
value obtained from the last 3 min of the experiment was 
used for the analysis.

3.1.2. Equivalent temperature measurement
The equivalent temperatures were obtained from 

Equation (1). The sensible heat loss Qsk,n was obtained 
using the thermal manikin set in the vehicle cabin. The 
thermal manikin was split into 24 body segments. 
Eighteen body segments other than those in contact with 
the seat were analyzed. The thermal manikin was 
dressed in a T-shirt (short sleeve), dress shirt (long 
sleeve), trunks, cotton pants, socks, and shoes. The 
surface of the thermal manikin was controlled to remain 
at a constant temperature of 34 °C.

As explained in Section 2, hcal,n can be directly 
measured from the thermal manikin; however, Equation 
(2) is suggested herein to calculate this value based on 
the database of the thermal insulation of clothes. In this 
equation, a temperature difference of 1 °C between the 
manikin surface and the environment and the convective 
heat transfer coefficient/radiant heat transfer coefficient 
in a standard environment are assigned(10), which are 
conditions that describe the sensible heat loss of a human 
body.

In this study, a common value of 8.1 W/m2°C was set for 
the total heat transfer coefficient in a standard 
environment, i.e., hcs,n + h,n, regardless of the body segment. 
Equation (3) was used for the assumption of the area 
factor, i.e., the surface area difference with clothing, fcl,n.

Fig.1 Vehicle (left) and thermal manikin (right) used for the 
experiment.

Table1 Experimental conditions
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For obtaining Equation (3), the units of the equation 
for fcl from literature(10) were converted into the equivalent 
SI units. By assigning hcs,n + hrs,n = 8.1 and using 
Equations (2) and (3), hcal,n can be expressed as a function 
of the thermal insulation of clothing.

3.1.3. Measurement of the thermal insulation of 
clothing

For Equation (2), an experiment was conducted to 
obtain the thermal insulation of clothing, which is 
required to determine hcal,n. In a climate chamber, under 
a radiant temperature that was approximately equal to 
the air temperature (~20 °C) and an air velocity less than 
0.2 m/s, the thermal manikin wearing the clothing used 
for the vehicle experiment (hereinafter referred to as the 
clothed manikin) and a naked thermal manikin 
(hereinafter referred to as the naked manikin) were 
placed; in this manner, the thermal resistance between 
the manikin surface and the environment was measured. 
Subsequently, the thermal insulation of the clothing was 
calculated based on the thermal resistances of the clothed 
and naked manikins. The surface of the thermal manikin 
was maintained at a constant temperature of 34 °C.

Equations (4) and (5) were used to obtain the thermal 
resistances between the manikin surface and the 
environment of the clothed and naked manikins:

To obtain the thermal insulation of clothing in a simple 
manner, the difference between these values was 
calculated (Equation (6)):

However, because the increase in surface area due to 
the clothing is not considered in this calculation method, 
the thermal insulation of the clothing would be 
underestimated. Accordingly, in this research, the 
thermal insulation of the clothing was calculated by 
considering the increase in surface area due to the 
clothing. The heat transfer models of the clothed and 
naked manikins are presented in Fig. 2. Assuming that 
the thermal resistance between the clothing surface and 
the environment of the clothed manikin (per unit clothing 
surface area) is equivalent to the thermal resistance 
between the manikin surface and the environment of the 
naked manikin (per unit body surface area), the thermal 
insulation of the clothing considering the increase in 
surface area can be expressed as shown in Equation (7):

By solving Equations (3) and (7) as a set of simultaneous 
equations, the thermal insulation of clothing could be 
obtained, as shown in Equation (8):

3.2. Experimental results and considerations
3.2.1. Thermal insulation of clothing

The thermal insulation of the clothing according to the 
body segment, as obtained from Equations (6) and (8), is 
shown in Fig. 3. For symmetric body segments (such as 
the right and left upper arms), the average values of the 
right and left segments were used.

The comparison results show that the thermal 
insulation of clothing when neglecting the increase in 
surface area (Equation (6)) was underestimated by 16% 
on an average, as compared to the thermal insulation of 
clothing obtained when considering the increase in 
surface area (Equation (8)). This finding indicates that 
the sensible heat loss from the thermal manikin is 
overestimated by approximately 8% when the conditions 
of the “thermal insulation of clothing” and “thermal 
resistance between clothing surface and environment” 
are at the same level. This error further increases when 
the thermal resistance between the clothing surface and 
the environment is low (i.e., when the air velocity is high).

This report and the subsequent report describe the use 
of the thermal insulation of clothing, where the increase 
in the surface area due to clothing is considered (Equation 
(8)). Considering the increase in the surface area due to 
clothing enables the calculation of the heat transfer and 
the equivalent temperature under actual environmental 
conditions.

 

Fig.2 Cross-sections of a part of manikin, indicating the heat 
transfer between the manikin surface and the environment 

when the air temperature is equal to the radiant temperature: 
clothed manikin (left) and naked manikin (right).
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3.2.2. Equivalent temperatures
Figs. 4–7 show the distributions of the air temperatures 

and air velocities around the thermal manikin, the 
surface temperatures of individual interior components 
in the vehicle cabin, and the equivalent temperatures of 
individual body segments of the thermal manikin, 
respectively. The measurement results for summer 
cooling and winter heating conditions are described in 
the following subsections. First, the measurement results 
for each thermal element are presented; thereafter, the 
validity of the measured equivalent temperature results 
is assessed by comparing them with the air temperature.

3.2.2.1. Summer cooling conditions
Under summer cooling conditions, the air temperatures 

at the feet of the thermal manikin (Fig. 4) are slightly 
higher than those at the upper body segments; however, 
no significant difference is observed among the body 
segments. By contrast, the air velocities around certain 
body segments of the thermal manikin (Fig. 5) exhibit 
significant differences. High air velocities (>1.5 m/s) were 
measured at the face, chest, left upper arm, and left 
hand; however, the air velocities at the lower body 
segments remained low and equivalent to those under 
natural convection. Generally, the surface temperatures 
of individual interior components of the vehicle cabin 
(Fig. 6) exceed the air temperatures around the thermal 
manikin, owing to the influence of the ambient 
temperature.

The equivalent temperatures (Fig. 7) vary widely 
among the body segments. The equivalent temperatures 
at the feet are higher than the air temperatures. This 
difference was likely because, although the air velocities 
at the feet were close to zero and the effect of convection 
was relatively weak, the surface temperatures of the 
individual interior components in the vehicle cabin were 
higher than the air temperatures and radiation increased 
the equivalent temperatures.

Fig.3 Clothing insulation on each body segment
Fig.4 Air temperature around each body segment

Fig.5 Air velocity around each body segment

Fig.6 Inner surface temperature of each component

Fig.7 Equivalent temperature around each body segment
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For the upper body segments, the equivalent temperatures 
are low, as compared to the air temperatures, and the 
temperatures vary among the body segments. In particular, 
the equivalent temperatures of the face, upper chest, and 
left hand, which were exposed to high air velocities, are 
significantly decreased. It is assumed that the equivalent 
temperatures are low owing to the cooling effect of 
convection.

 
Furthermore, radiation likely increased the equivalent 

temperatures at the upper body segments. However, it is 
assumed that, because the air velocities at the upper 
body segments were high, the lowering of the equivalent 
temperatures due to convection surpassed the effect of 
radiation, and the equivalent temperatures remained 
lower than the air temperature. Based on the 
abovementioned findings for summer cooling conditions, 
body segment-specific equivalent temperatures that 
appropriately reflected the effects of air temperature, air 
velocity, and radiation could be measured.

3.2.2.2. Winter heating conditions
Under winter heating conditions, the air temperatures 

around the lower body elements of the thermal manikin 
(Fig. 4) are slightly higher than those around the upper 
body segments; however, no significant difference is 
observed among the body segments. The air temperatures 
at the lower body segments are approximately 33–35 °C, 
which are similar to the surface temperature of the 
thermal manikin (34 °C). The overall air velocities around 
the thermal manikin (Fig. 5) are low and close to zero; 
however, the value at the left foot is measured to be 
approximately 1 m/s because it was exposed to the air 
from the outlet. Generally, the surface temperatures of 
individual portions in the vehicle cabin (Fig. 6) are lower 
than the air temperatures around the thermal manikin, 
owing to the influence of the ambient temperature. In 
particular, the surface temperature of the glass is 
approximately 15–20 °C, which is lower than the air 
temperature of 15 °C.

The equivalent temperatures (Fig. 7) do not vary 
among the body segments as much as those under the 
summer cooling conditions. However, the equivalent 
temperatures at the upper body segments are lower than 

the air temperatures, which likely because the surface 
temperature of the glass is lower than the air temperature 
and the upper body segments are affected by the cold 
radiation from the glass. Unlike those under the summer 
cooling conditions, the equivalent temperatures under 
the winter heating conditions are almost identical, 
regardless of the air velocity. It is assumed that this 
similarity is observed because the surface temperature of 
the body segment of the thermal manikin exposed to high 
air velocities (i.e., the left foot) is almost the same as the 
surrounding air temperature, and the heat loss due to 
convection remains relatively constant, even when the 
air velocity is high. Based on the abovementioned findings 
under the winter heating conditions, body segment-
specific equivalent temperatures that appropriately 
reflected the effects of air temperature, air velocity, and 
radiation could be obtained.

4. Modeling of clothed thermal manikin

For the simulation-based calculation of the equivalent 
temperature, the manikin used in the experiment was 
reproduced as a digital model.

Fig.8 Measurements using 3D Handy laser scanner

Fig.9 Modeling of clothed manikin (example)

Fig.10 Geometric model of 
the manikin

Fig.11 Heat transfer model for 
the numerical thermal manikin
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4.1. Creation of a geometric model via 3D laser 
measurements

A geometric model was created by measuring the 
shape of the clothed thermal manikin used in the 
experiment, with a precision of 1 mm. The laser scanner 
(Ametek 3D HandySCAN 700) used for the measurements 
and the measurements conducted using a vehicle are 
depicted in Fig. 8. As a distance of approximately 20–30 
cm from the target is required during the measurements, 
some areas of the manikin, such as the feet, could not be 
measured in the vehicle. Accordingly, the shape of the 
manikin was measured separately by laying it on its back 
and on its abdomen, as shown in Fig. 9, in order to 
compensate for the areas that could not be measured in 
the vehicle. Subsequently, the details were added, the 
manikin was split into body segments (24 segments) in 
the same manner as in the experiment, and a geometric 
model of the manikin was created, as depicted in Fig. 10. 

4.2. Heat transfer calculation model
In the simulation, it was difficult to reproduce and 

analyze the multi-layer structure formed by the manikin 
surface and clothing and the inner structure of the 
clothing; therefore, a practical heat transfer calculation 
model was developed based on two parameters: the 
thermal insulation of the clothing, Icl, and the area factor, 
i.e., the surface area difference due to the clothing, fcl,n. In 
this method, the heat transfer between the clothing 
surface and the environment is calculated by considering 
the clothing surface as a boundary surface. Subsequently, 
the result is converted into the heat transfer from the 
manikin surface via post-processing.

Fig. 11 shows the heat transfer model with the clothing 
surface as the boundary surface. As the thermal 
insulation of the clothing, Icl, is the thermal resistance of 

the manikin per unit surface area, it was converted into 
the thermal insulation of the clothing per unit surface 
area (=fcl,n × Icl,n) to be used as an input to the thermal 
manikin model. The heat capacity of the clothing was set 
to zero. The temperature under the thermal insulation of 
the clothing was fixed at 34 °C, which was the surface 
control temperature of the thermal manikin; this was to 
calculate the convective heat loss from the clothing 
surface, Qc,n; the radiant heat loss from the clothing, Qr,n; 
and the solar heat absorption of the clothing, Qs,n, in the 
simulation. Thereafter, the total heat loss from the 
clothing surface, Qcl,n was calculated using Equation (9) 
and converted into the heat loss from the manikin 
surface, Qsk.n, using Equation (10). Here, fcl,n was 
determined using Equation (3).

4.3. Equivalent temperature calculation
The clothed thermal manikin model described in this 

section enables the evaluation of the equivalent 
temperature in the simulation. The equivalent 
temperatures can be calculated using Equation (1), based 
on ISO 14505-2. The equivalent temperatures of the 
individual body segments can be calculated using 
Equation (1) by assigning tsk,n = 34 °C, Qsk,n obtained from 
Equation (10) based on the simulation results, and hcal,n 
obtained from Equation (2). Fig. 12 shows the steps 
involved from parameter setting to the developed thermal 
manikin model and up to the calculation of the equivalent 
temperature.

The second report describes the application of the 
clothed thermal manikin model discussed in this section 
to the 3D geometry of the vehicle cabin used for the 
experiment detailed in Section 3; the second report also 
presents the calculations of the thermal environment and 
equivalent temperatures in the vehicle cabin. In addition, 
the results are compared with the experimental results 
in Section 3 to verify the simulation accuracy.

5. Conclusion

(1)  A method of measuring the thermal insulation of 
clothing while considering the area factor, i.e., the 
increase in surface area due to the clothing, was 
developed, and the thermal insulation of the clothing 
used for the experiment was measured.

(2)  A method of obtaining hcal (the heat transfer coefficient 
between the manikin surface and a standard 
environment) from the thermal insulation of clothing 
measured in (1) was also proposed.

(3)  The equivalent temperatures in a vehicle were 
measured using (1) and (2). In this manner, equivalent 
temperatures that appropriately reflected the effects 
of air temperature, air velocity, and radiation could be 

Fig.12 Equivalent temperature calculation procedure
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determined. These experimental results were used to 
verify the simulation accuracy, as described in the 
second report.

(3)  The thermal manikin used for the experiment was 
converted into a digital model using 3D laser scanning 
measurements, in order to develop a thermal manikin 
model incorporated with a clothed heat transfer 
model. This model was used to simulate the equivalent 
temperatures, as described in the second report.
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1. Introduction

An increasing number of studies have focused on 
evaluating the thermal environments as well as the 
thermal sensation and comfort of occupants in a vehicle 
cabin through numerical simulations. These simulations 
have been widely used, ranging from the early design 
stage before vehicle prototyping to the final stage, for 
purposes such as evaluating the streamlining of air 
conditioning technology development and improving fuel/
electric economics. Various models and methods have 
been proposed for studying the thermal sensations of 
occupants, including (1) human thermal models in which 
the thermoregulatory function of a human body is 
modeled to evaluate the skin temperature, other 
physiological quantities, and the thermal sensation 
indices, and (2) methods that evaluate heat loss, 

equivalent temperature, and other physical quantities 
by modeling the control of thermal manikins. Equivalent 
temperature is a physical quantity that is distinct from 
human physiological quantities, and its measurement 
and evaluation methods are defined in ISO 14505-2(1). 
Owing to its usability, it has been widely employed not 
only in the automobile industry but also in other 
industries such as the construction and aircraft 
industries. However, ISO 14505-2 only covers the 
measurement of the equivalent temperature based on 
thermal manikins and does not include sufficient clear 
information regarding the measurements when applied 
in simulations. Although simulations of the equivalent 
temperatures in a vehicle cabin have been performed 
previously(2)–(8), few researchers have compared the 
simulated equivalent temperatures in a vehicle cabin 
with the experimental values. Thus, the validity of the 

numerical calculation results has not been sufficiently 
verified. Moreover, an appropriate method for handling 
clothing has not been reported thus far.

Nilsson(2) measured and simulated equivalent 
temperatures using clothed thermal manikins in a 
vehicle cabin. However, because the thermal manikin 
used in the simulation was expressed by combining 18 
cubic blocks and the shape was significantly different 
from that of an actual manikin, it is difficult to use the 
results for a close comparison with the experimental 
results. To study the air conditioning system in a low-
pressure aircraft cabin, Stancato et al.(3) calculated the 
body segment-specific equivalent temperatures using a 
numerical thermal manikin, for which the skin 
temperature was set as 34 °C, and the amount of clothing 
was specified for each body segment. However, they used 
an occupant composed of cubic blocks and did not compare 
the results with the experimental results. Using 
computational fluid dynamics (CFD), Kaushik et al.(4) 

studied the effects of cooler air on the body segment-
specific equivalent temperatures by varying the manner 
in which the body segments were exposed to cooler air, 
and they compared the results with experimental values. 
They also modeled the shape of an occupant and analyzed 
it by applying the thermal insulation of clothing in order 
to demonstrate that the sensitivity of the experiment was 
ensured under each condition. However, they did not 
refer to the validity of the human body shape or consider 
the clothing shape; instead, they only applied the thermal 
resistance. For the heat transfer of clothing in a vehicle 
cabin, Nagano et al.(5) modeled the clothing shape to 
study the heat transfer mechanism; however, they did 
not apply the model to the simulation of a vehicle cabin. 
Thus, none of the previous studies have reproduced the 
human body and clothing shapes to closely compare the 

Abstract　　This report (i.e., the second report) provides an outline of the proposed mesh-free simulation method; 
it also presents comparisons between the equivalent temperature (teq) obtained via calculations and measurements 
under summer cooling and winter heating conditions, based on the mesh-free simulation of the 3D laser scanned 
clothing surface of a thermal manikin in a vehicle cabin. Overall, the calculations results for teq and the thermal 
environment of the cabin well reproduced the measurements. The key factors for evaluating the value of teq for 
each body segment of the clothed thermal manikin under cooling and heating conditions are also discussed.
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experimental summer and winter vehicle equivalent 
temperature results with simulation results on a body 
segment basis.

The objective of this study was to establish a method 
for simulating the equivalent temperatures in a vehicle 
cabin under clothed conditions. The first report described 
an equivalent temperature measurement experiment 
based on a vehicle and the modeling of a clothed thermal 
manikin. This report provides an analysis of the 
equivalent temperatures in a vehicle cabin by means of a 
mesh-free simulation, which is to be proposed in a 
separate report, and closely compares the results with 
the experimental results in order to verify the simulation 
accuracy. The accuracy of the equivalent temperature 
prediction with respect to the heat loss from the clothing 
surface was also assessed.

This paper was prepared by revising the speech(9)–(11) 
presented at the JSAE Spring Congress in 2018. This 
research was a collaborative work with AGC Inc.

2. Overview of mesh-free simulation

Typically, analyses with conventional CFD code 
require the deletion/correction of unnecessary shapes by 
filling or using tools such as a lapping tool, which 
increases the workload and time. By contrast, the 
developed method enables analyses even if holes or 
unnecessary shapes are present. Accordingly, users do 
not need to explicitly consider the creation of the fluid 
meshes required for regular CFD code, which significantly 
reduces the analysis workload.

The discretization of the Navier–Stokes equations 
using one of the typical CFD code, the finite volume 
method (FVM), requires the vertex coordinates (vertex) 
and vertex connectivity (connectivity), as shown in Fig. 1 
(a). However, this method is described using the area and 
normal line vectors at the interface of the control volume 
depicted in Fig. 1 (b), such that it does not require the 
vertex coordinates and vertex connectivity of regular 
mesh information. Therefore, the flow can be analyzed by 
automatically generating information regarding the 
control volumes and their interfaces (area and normal 
line vectors) with the point cloud (particles) automatically 
arranged in the space.

In this method, as shown in Fig. 2, the control volumes 
can have any shape. This free shape can be applied to 
equation systems that express all the fields, including the 
flow field. In this method, control volumes are generated 

in such a manner that a given control volume and an 
adjacent control volume satisfy the geometric conditional 
equation, i.e., Equation (1), to fulfill the conservation law 
of physical quantities between themselves. Thus, they 
satisfy laws such as the conservation of mass, momentum, 
and energy and always behave naturally. Because the 
automatically generated point cloud of particles is fixed, 
this method is different from conventional particle 
methods such as the moving-particle semi-implicit 
method(12), (13). For further details and a verification of the 
validity, refer to separate reports(14), (15) and patents(16), (17).

3. Equivalent temperature analysis

A clothed thermal manikin shape was set in the three-
dimensional computer-aided design (3D-CAD) of a 
middle-sized crossover SUV. The interior thermal 
environments under summer cooling and winter heating 
conditions in an environmental experiment chamber 
were analyzed by performing a mesh-free simulation. 
The equivalent temperature distribution for the occupant 
in the driver seat was also assessed through a coupled 
calculation with the clothed thermal manikin model that 
was described in the first report.

3.1. Vehicle body and clothed thermal
manikin shapes

For the vehicle body shape, the vehicle body surface 
data based on the 3D-CAD vehicle body shape were 
utilized, as shown in Fig. 3. An analysis was conducted 
by utilizing the features of the mesh-free simulation, 
without correcting the 3D-CAD data and including the 
deletion of the surface crossings and protrusions. For the 
clothed manikin shape, a clothed thermal manikin shape 
obtained via 3D laser measurements was used; this 
model was obtained after reproducing the arrangement 
in the experiment by placing the clothed thermal manikin 
in the driver’s seat of the experimental vehicle. When 
obtaining the shapes via 3D laser measurements, the 
shapes of other components nearby, such as the seats and 
steering wheel, were also acquired in addition to the 
shape of the clothed thermal manikin. The shape data 
obtained from the 3D laser measurements do not 
necessarily agree with the 3D-CAD vehicle shape data. 

(a) Conventional FVM (b) Geometric free cell

Fig.1 Comparison of control volume between conventional FVM 
and geometric free cell

Fig.2 Conservation law for control volume
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To reproduce the experimental conditions, part of the 
3D-CAD vehicle body shape data pertaining to the side of 
the vehicle body was moved/corrected based on the 3D 
data obtained from the 3D laser measurements. Both 
these sets of data were integrated in this work, and the 
experimental conditions were reproduced.

3.2. Analysis conditions
As described in the first report, an analysis was 

conducted under summer and winter conditions, as listed 
in Table 1. Under the summer cooling conditions, the 
ambient temperature was set to 35 °C, which was the 
temperature during the experiment; furthermore, the 
vent recirculation mode was set, and the cooling air flow 
rate was set to the maximum level. As the inflow 
conditions, the duct shapes were set to reproduce the 
state in which air is blown into the vehicle cabin according 
to the shape and orientation of the vent louver. Discharge 
air flow rates were set for the ducts at four of the front 
vents and one rear vent. The discharge temperatures 
measured under stable conditions were specified for 
individual ducts. As an outflow condition, the air outflow 
rate was set equal to the air inflow rate from the HVAC 
blower. Moreover, the outflow air flowed out from the 
cabin through the HVAC blower.

For the thermal conditions of the vehicle body 
members, the surfaces of the inner vehicle body members 
were divided into the floor, front and rear, right and left 
doors, roof, etc., according to their thermal performance. 

Each member was specified using a heat transfer 
condition (thermal conductance) under one-dimensional 
heat flow in the thickness direction, accounting for the 
structure in which various members are stacked over 
each other. For the surfaces of the outer vehicle body 
members, heat transfer conditions were set considering 
the air velocities at the outer panels of the members. The 
thermal conductance of the air layer inside the vehicle 
body members was set according to the direction of heat 
flow. To analyze the equivalent temperature at each body 
segment of the manikin, the clothing surface of the 
manikin was divided into 24 sections. To adjust the 
manikin control conditions to match those in the 
experiment, the temperature of the manikin skin surface 
was set to 34 °C, which was the temperature used in the 
experiment. For the thermal insulation of the clothing at 
each body segment of the manikin, the thermal resistance 
measured considering the increase in surface area due to 
the clothing, as described in the first report, was specified 
for each body segment.

Under winter heating conditions, the ambient 
temperature was set to 0 °C, which was the experimental 
temperature. The foot fresh-air mode was set, and the 
heating air flow rate was set to the maximum level. For 
the inflow conditions, the duct shapes were set in the 
same manner as those under the cooling conditions, in 
order to reproduce the state in which air is blown into the 
vehicle cabin according to the shapes of the foot and 
defroster ducts. Discharge air flow rates were applied to 
individual ducts. The discharge temperatures that were 
measured under stable conditions were specified for 
individual ducts. With regard to the outflow condition, 
the leakage of warm air through the gaps in the vehicle 
body must be considered because the ventilation is set in 
the fresh-air mode. Therefore, a vehicle body leakage 
ratio was introduced to model the leakage from the gaps 
in the vehicle body.

The thermal conditions of the members were set in the 
same manner as those under the cooling conditions. 
However, because the door and roof feature door 
ventilation and the sunroof, respectively, the thermal 
conductance obtained from the heat flux was set for their 
thermal conditions. The manikin conditions were the 
same as those specified for the cooling conditions. When 
comparing the manikin measurements and analysis 
values, 18 body segments excluding those in contact with 
the seat were evaluated, as described in the first report.

3.3. Analysis method
The temperature and airflow properties in the vehicle 

cabin were analyzed using the mesh-free simulation, as 
described in Section 2. This simulation can analyze 
thermal liquids by automatically generating information 
on the control volumes and their interfaces (area and 
normal line vectors) with the point cloud (particles) 
automatically arranged in the space. For the surfaces of 
the vehicle body members, a thermal fluid analysis was 
coupled considering thermal radiation. In the thermal 
radiation analysis, the S2S method based on view factors 
was used(18), and in the thermal fluid analysis, a standard 

Fig.3 Surface data of the vehicle cabin

Cooling Heating
Outside temperature 35oC 0oC
Relative humidity 50% Not controlled
Solar lamp OFF OFF
Vehicle speed IDLE IDLE
A/C temperature setting 25oC 24oC
Blower fan speed MAX MAX
Mode VENT FOOT
Air flow direction Neck Neck
REC/FRE Recirculation Fresh

Table1 Experimental conditions
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k–ε two-equation model was used(19). Regarding the thermal 
manikin, the heat balance of the clothed thermal manikin 
was reproduced using a heat transfer model, considering 
the thermal insulation of the clothing and the area factor. 
The equivalent temperature at each body segment was 
calculated based on ISO 14505-2. The steps ranging from 
the parameter setting to the development of the thermal 
manikin model and the measurement of the equivalent 
temperature are summarized in Fig. 4.

4. Equivalent temperature analysis results

The physical quantities and the equivalent temperatures 
at individual body segments of the manikin, as obtained 
from the thermal fluid analysis with the mesh-free 
simulation, were compared with the experimental results 
described in the first report in order to verify the accuracy 
of the simulation-based analysis.

4.1. Thermal environment in a vehicle cabin
The velocity distribution and isosurface at a scalar 

velocity of 3 m/s under the summer cooling conditions are 
presented in Fig. 5. As the cold air from the vent outlet 
blows toward each occupant, high velocities are distributed, 
centering on the front seats. When the recirculation mode 
is used, the air returns to the foot area. The distribution of 
the surface temperatures of the individual portions in the 
vehicle cabin is depicted in Fig. 6. The temperatures are 
low at the front seats, which are exposed to cold air, 
whereas those at the rear seats tend to be high.

The velocity distribution and isosurface at a scalar 
velocity of 2 m/s under the winter heating conditions are 
presented in Fig. 7. Warm air rises from the foot area at 
the front seats; as the fresh-air mode is used, the velocity 
distribution flows toward the rear. The distribution of the 
surface temperatures of the individual portions in the 
vehicle cabin is shown in Fig. 8. High temperatures are 
centered on the front seats, which are exposed to warm 
air, whereas the temperatures at the rear seats tend to be 
lower. However, the temperature reduction at the rear 
seats is suppressed due to the rear seat foot heater.

  

  

  

  

Fig.4 Calculation procedure of equivalent temperature
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Fig.5 Scalar velocity distribution (cooling)

Fig.6 Inner surface temperature distribution on each
body part (cooling)

Fig.7 Scalar velocity distribution (heating)

Fig.8 Inner surface temperature distribution on each
body part (heating)
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4.2. Comparison between analysis and 
experimental results

The surface temperatures of individual portions in the 
vehicle cabin under the summer cooling conditions are 
compared in Fig. 9. The analysis values for the door are 
generally high and differ from each other; however, the 
values of the glass and roof show a relatively good 
agreement with each other. 

The temperatures around the thermal manikin are 
shown in Fig. 10. The analysis values were obtained from 
the same points as those measured in the experiment. 
Although the air temperatures at the lower body 
segments are slightly higher, the difference in the air 
temperatures of the other body segments is relatively 
small. Considering these and other circumstances, the 
analysis values correspond with the experimental values. 

The air velocities around the thermal manikin are 
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Fig.12 Equivalent temperature around each body segment 
(cooling)
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Fig.10 Air temperature around each body segment (cooling)

Fig.11 Air velocity around each body segment (cooling)

Fig.14 Air temperature around each body segment (heating)

Fig.15 Air velocity around each body segment (heating)

Fig.16 Equivalent temperature around each body
segment (heating)

Fig.13 Inner surface temperature on each part (heating)
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depicted in Fig. 11. Although the air velocities for the 
face, left hand, and left forearm do not correspond, the 
characteristics of vent-mode cooling air conditioning, in 
which the velocities at the upper body segments are 
relatively high and those at the lower body segments 
tend to be low, are reproduced well in the calculation. 
Considering these and other circumstances, the values 
generally correspond with each other. It was assumed 
that the differences for the left hand and left forearm 
occurred because the left hand and left forearm were 
located close to the vent outlet when the steering wheel 
was held; thus, they were significantly affected by the 
direction of the airflow from the vent outlet. It was 
assumed that the face was affected by the small 
differences in the orientation of the vent outlet. 

The equivalent temperatures are compared in Fig. 12. 
Considering the distribution tendency and other 
circumstances, the analysis values correspond relatively 
well with the experimental values. The abovementioned 
findings indicate that the analysis values correspond 
with the experimental values. In particular, considering 
that the equivalent temperature differences are 3 °C or 
less, the thermal sensation votes could be predicted with 
an accuracy of one-point on the seven-point ISO scale.

The surface temperatures of individual portions in the 
vehicle cabin under the winter heating conditions are 
presented in Fig. 13. The analysis values of the door are 
slightly lower than the experimental values. The probable 
reason for this difference is as follows. In the experiment, 
warm air flowed toward the back of the door trim from 
the vehicle cabin, and the sunroof-type roof was affected 
by this. It was assumed that the windshield was affected 
by the set temperature of the defroster outlet. 

The temperatures around the thermal manikin are 
shown in Fig. 14. The temperatures are slightly higher at 
the feet, which are exposed to warm air, and the 
distribution is generally small. Considering these and 
other circumstances, the values correspond well with 
each other.

The air velocities around the thermal manikin are 
depicted in Fig. 15. Considering the distribution tendency 
of the air velocities and other circumstances, the analysis 
values correspond well with the experimental values. 

The equivalent temperatures are compared in Fig. 16. 
Although the distribution is generally small, as compared 
to that under the summer cooling conditions, the 
temperature tends to increase from the head toward the 
feet. Considering these and other circumstances, the 
analysis values correspond well with the experimental 
values. These findings indicate that, as in the case of the 
summer cooling conditions, the analysis values 
correspond well with the experimental values under the 
winter heating conditions. In particular, considering that 
the differences in the equivalent temperature are less 
than 1 °C, the thermal sensation votes could be predicted 
within a one-point level.

5. Consideration

The differences between the clothing surface 
temperatures of the upper body segments of the manikin 
and the air temperatures in the surrounding area were 
large under the cooling conditions, as compared to those 
under the heating conditions. In addition, under the cooling 
conditions, the amount of convective heat transfer varies 
easily owing to the large fluctuations in the convective heat 
transfer coefficients due to the airflow of the vent. 
Accordingly, it was assumed that the back of the head and 
the upper chest were likely to be affected by components 
such as the vent outlet, which easily resulted in differences 
between the experimental and analysis values. For a 
higher prediction accuracy, the orientation of the vent 
outlet, the analysis resolution including particle 
arrangements, and the turbulence model must be improved

For the shapes that need to be analyzed because the 
positional relationship between the manikin and the 
vehicle body is adjusted by the 3D laser measurements, it 
was assumed that the predicted configuration factors 
were not significantly different from those under the 
actual conditions. Meanwhile, the differences between 
the surface temperatures of the manikin and the 
individual members were small, as compared to the air 
temperature differences. Accordingly, it was assumed 
that the effect of the prediction accuracy of the amount of 
radiant heat transfer on the equivalent temperatures 
was relatively weak.

Under the heating conditions, the differences between 
the clothing surface temperatures of the manikin and the 
air temperatures in the sounding area were small. In 
addition, because the air velocities around the manikin 
were generally low, except for the feet exposed to warm 
air, the convective heat transfer coefficients were also 
small. Thus, the effect of the convective heat transfer on 
the prediction accuracy of the equivalent temperatures 
was relatively weak. The feet were directly exposed to 
warm air from the foot duct, which could easily affect the 
convective heat transfer coefficients. However, because 
the differences between the clothing surface temperatures 
of the manikin and the air temperatures in the 
surrounding area were small, it was assumed that the 
effect on the amount of convective heat transfer was 
generally weak.

Meanwhile, considering the differences between the 
surface temperatures of the members and the skin 
surface temperature of the manikin, the differences for 
the door area were small, whereas those for the glass 
area were large. Thus, it was assumed that the prediction 
accuracy of the amount of radiant heat transfer at 
portions where the surface temperatures varied 
significantly affected the equivalent temperatures. In 
this study, the calculated door area and windshield (WS) 
area were rather low. However, for the door glass area, in 
which the view factors of the manikin were relatively 
large and the temperatures were considerably different 
from those of the manikin, the analysis values for the 
surface temperatures corresponded well with the 
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experimental values. Accordingly, it was assumed that 
the differences between the equivalent temperatures of 
the analysis and the experimental values were small.

In general, the differences between the surface 
temperatures of individual components in a vehicle cabin 
and the skin surface temperature of a manikin increase 
under heating conditions. Therefore, it was assumed that 
the following aspects were important: (1) the prediction 
accuracy of the surface temperatures of the glass area, 
where the surface temperatures were low and the view 
factors were large, and the roof, where the view factors 
were relatively large; and (2) the positional relationship 
with the manikin centered on the feet, which are located 
close to the outlet of warm air.

6. Conclusion

(1)  In a mesh-free simulation, a clothed thermal manikin 
shape was set in an SUV shape to analyze the thermal 
environment and equivalent temperatures in a vehicle 
cabin under summer cooling and winter heating 
conditions. 

(2)  General information regarding mesh-free simulations 
was provided.

(3)  The analysis and experimental results were compared 
under the summer cooling and winter heating 
conditions. The equivalent temperatures of the 
individual body segments of the thermal manikin 
were reproduced with sufficient accuracy; this enabled 
the prediction of the thermal sensation votes of the 
individual body segments of the thermal manikin 
within a one-point level.

(4)  The prediction accuracy of the equivalent temperatures 
was considered based on the heat loss from the 
clothing surface of the thermal manikin. The 
prediction accuracy of the amount of convective heat 
transfer from the upper body segments affected the 
equivalent temperatures under the summer cooling 
conditions, whereas that of the amount of radiant 
heat transfer affected the equivalent temperatures 
under the winter heating conditions.
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1. Description of technological development

1.1 Introduction
Downsizing turbo (DST) and high compression ratios 

have been increasingly adopted as measures of improving 
the fuel economy of future high-efficiency powertrains. 
However, because they increase the exciting force of the 
engine, the mount weight must be increased under 
conventional technologies, which, in turn, decreases the 
fuel economy. Therefore, it has become necessary to 
create a new mount that suppresses the weight input 
into the body.

Torque rods strongly affect the booming and 
acceleration noises that influence vehicle ride comfort. 
This study developed an active torque rod that utilizes 
the resonance of the torque rod itself to prevent high-
frequency engine exciting forces and addresses the 
trade-off peak resonance by providing a damping force for 
the reciprocal actuator.

This work can be summarized as follows. (1) Various 
functions required for a torque rod were realized in a 
balanced manner by employing independent design 
variables. (2) Simple, automatic, and robust controls 
were implemented by incorporating the acceleration-
integrating function of the controller into the actuator in 
order to realize direct velocity feedback for the damping 
rod resonance.

1.2 Effects of fuel economy improvement 
technologies on vibration noise characteristics

Many well-known approaches exist for improving the 
fuel economy of internal combustion engines, such as 
downsizing by replacing a V-type six-cylinder engine 
with an inline four-cylinder engine that is effective in 
reducing pumping loss and friction losses. However, the 
engine vibration increases in the range between low and 
middle frequencies, because the per-cylinder torque increases 
when an engine with fewer cylinders generates the same 
engine torque as that of an existing engine (Fig. 1).

Moreover, if the compression ratio is increased or rapid 
combustion such as homogeneous charge compression 
ignition is applied to improve the combustion efficiency, 
the engine vibration increases owing to the high-
frequency component generated by the combustion 
pressure. An example of the effect of increasing the 
compression ratio is depicted in Fig. 2. As described 
above, the technology for fuel economy improvement 
results in a trade-off between noise and vibration, and 
these phenomena may increase in the range between low 
and high frequencies in downsizing-type engines with 
improved combustion efficiencies, such as variable 
compression ratio (VCR) engines. To address this issue, 
an engine mount with a high vibration cutoff performance 
must be developed.
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Fig. 1 Increase in torque fluctuations due to downsizing

Fig. 2 Increase in combustion exciting force with increasing 
compression ratio
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1.3 Newly developed mount system
A large vibration-isolating subframe was developed as 

a conventional measure for preventing the excitation 
force of the engine from being transmitted to the body 
(Fig. 3). For low frequencies of 100 Hz or less, an active 
control mount (ACM) was employed to eliminate the 
effect of the rigid-body resonance of the subframe. The 
ACM increases the force using the resonance of the liquid 
inside the hydraulic mount because it requires a high 
control force. Consequently, the ACM increases in size, 
which raises concerns regarding weight gain.

 

By contrast, a simple solenoid actuator is commonly 
used for reducing the cost. A controlled force is required 
to nullify the excitation force of the engine, in order to 
suppress the booming noise caused by the basic order of 
the engine. Because the harmonics resulting from the 
driving principle of the solenoid are suppressed by the 
fluid orifice, the actuator control force corresponding to 
frequencies of approximately 100 Hz or higher is 
significantly small, and the control ability on the high-
frequency side is limited.

1.3.1 Invention of a new mount system
A VCR engine that realizes ideal combustion under all 

driving conditions was developed, with the aim of 
realizing a high torque (390 Nm) exceeding that of a V6, 
which will help improve driving comfort and fuel economy 
(to approximately 30% or more than that of a V6) 
simultaneously (Figs. 4 and 5). This ideal engine fulfills 
the dreams of engineers. However, it raises more concerns 
regarding noise and vibration than the conventional 
DST, as described above.

Typically, engines with good fuel economies cannot 
provide high torque outputs owing to their high 
compression ratios. Nevertheless, when the torque 
demand is high, the VCR engine, which features good 
fuel economy and in which a high-frequency exciting 
force acts as an input under partial loads, is operated at 
a low compression ratio, thereby enabling full-throttle 
turbocharging. Accordingly, its mount must support the 
engine in a more rigid and secure manner than 
conventional engines. Thus, a greater high-frequency 
engine exciting force is transmitted to the body (Fig. 2).

Consequently, a completely new mount concept was 
invented. An outline of the concept is presented in Fig. 6. 
As the conventional torque rod was required to support a 
high engine torque, the insulator was considerably stiff, 
and the resonance frequency of the torque rod was 
approximately 700 Hz. By designing the insulator as 
detailed later in this paper, the exciting force transmitted 
to the body was significantly reduced by lowering the 
natural frequency of the rod and setting the acceleration 
noise region as a vibration-isolating region, while also 
supporting the high torque.

However, if the resonance lowered to the booming 
noise region is addressed by increasing the damping of 
the insulator itself, the improved vibration-isolation 
region will disappear. To prevent this issue, active control 
measures were implemented to dampen the resonance. 

First, the vibration input from the engine was reduced 
using an engine-side insulator, as shown in Fig. 6. 
Thereafter, the resonance was absorbed by increasing 
the damping of the torque rod electrically, rather than 
physically, by providing a controlled force proportional to 
the vibration velocity of the torque rod.

Fig. 3 Conventional vibration-isolating subframe
and active mount

Fig. 4 Mechanism of the VCR engine

Fig. 6 Concept of the new active mount

Fig. 5 Satisfactory VCR performance and fuel economy
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1.3.2 Axiomatic design
Axiomatic design is useful for this development. The 

following three functions are required for the torque rod:
1.  Secure support of the torque generated by the 

engine;
2.  Improved prevention of the transmission of the 

high-frequency exciting forces generated by rapid 
combustion to the body;

3.  Prevention of the excitation of rod resonance due to 
engine torque fluctuations.

However, the design solutions (variables) for realizing 
these benefits are mutually related, and the functions 
conflict with each other. Therefore, an equation that 
meets the requirements was developed using independent 
design solutions (variables), where the functions and 
design variables have a one-to-one correspondence. 
Furthermore, to realize a single functional requirement 
using several design variables, the design variables were 
integrated to the extent possible in order to satisfy the 
functional requirement automatically (utilization of the 
independence axiom and information axiom).

Examples of the abovementioned equations are 
presented in Figs. 7 and 8. To support the high torque 
generated by the engine, an engine-side insulator was 
utilized, and a body-side insulator was used to lower the 
rod resonance. In this manner, Equations (1) and (2) 
were satisfied. A careful observation of Fig. 8 indicates 
that the contours in Fig. 8 (a) are horizontal with respect 
to k2 (body-side stiffness), whereas those in Fig. 8 (b) are 
vertical to k2, which indicates that they are orthogonal 
and independent of each other. By developing Equations 
(1) and (2) to define this relationship, these characteristics 
could be identified.

In addition, the rod resonance was damped with an 
inertial mass actuator based on Equations (1)–(3), without 
using the damping characteristics of the insulator. This 
approach also makes the design independent (Fig. 9). In 
other words, the control force only affects the resonance 
amplitude and does not deteriorate the vibration-isolation 
performance at high frequencies.

The following describes the method of reducing the 
resonance amplitude of the torque rod using equations. 
The structure of the velocity feedback control that 
suppresses resonance was studied by generating the 
control force F_cont as a damping force that is proportional 
to the measured vibration velocity of the torque rod, 
which is indicated in Equation (5), due to the inertial 
mass actuator built in the torque rod.

By applying this control force to Equation (3), Equation 
(6) can be obtained. Furthermore, organizing Equation 
(6) yields Equation (7). The numerator, which affects the 
vibration-isolation region, does not include the feedback 
gain G, and the feedback gain G proportional to the 
velocity can be applied to the damping term in the 
denominator on the right side and the resonance can be 
suppressed.

Fig. 7 Vibration model of the torque rod

(a) Map of the torque
support stiffness

Fig. 8 Satisfying the torque supporting function (high
stiffness) and vibration-isolation function (low stiffness)

(b) Map of the rod resonance 
frequency

Fig. 9 Diagram of the active torque rod model
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2. Usability of technology

The adoption of DST and a high compression ratio to 
improve the fuel economy increases the engine exciting 
force and deteriorates the booming and acceleration 
noise. This concept was verified based on the active 
damping mechanism, where an actuator was built in a 
single torque rod, as shown in Fig. 10.

 

The test was conducted by inputting specific exciting 
forces into the engine-side insulator of a single torque rod 
to compare the displacement of the torque rod caused by 
each exciting force with or without control. By lowering 
the natural frequency of the torque rod to 200 Hz or less, 
the frequency range in which transmissibility was 
increased by the higher resonance in the conventional 
torque rod formed a vibration-isolation region, which 
considerably improved the transmissibility.

Furthermore, although damping was increased at the 
resonance frequency, the transmission characteristic at 
300 Hz or higher was the same as that without control 
(denoted by the red solid line in Fig. 11). Accordingly, this 
was confirmed using an actual engine, and the resonance 
peak could be lowered without sacrificing the vibration-
isolation performance. This technology is epochal because 
it enables a single system to cover the range from low to 
high frequencies.

Next, the sound pressure at the ear position of the 
driver was measured by setting an active torque rod 
(ATR) on a vehicle equipped with an L4-VCR engine, 
which outputs a V6-equivalent torque. The interior noise 
under full-throttle acceleration is depicted in Fig. 12. The 
vibration cutoff effect of the ATR achieves the same noise 
level as that in a V6-equipped vehicle. The weight of the 
engine mount system was also reduced by 40% (8 kg), as 
compared to that of the conventional ACM technology.

Because the exciting force transmitted to the body was 
significantly reduced, the zone for the pendulum mount 
system was considerably enlarged, as compared to that 
under the previous setting (Fig. 13).

This technology utilizes a control force proportional to 
the rod velocity for damping; however, by assuming that 
the control force generated by the actuator is proportional 
to the displacement, the stiffness of the insulator can be 
varied. Furthermore, because the control force 
proportional to the acceleration allows for mass 
variations, the natural frequency of the rod can be flexibly 
varied in the future (Fig. 14).

Consequently, the potential for improving quietness 
will be enhanced under any scenario in which the high-
frequency exciting force is increased through the ultimate 
pursuit of thermal efficiency. The former constraints 
associated with the natural frequency layout design, 
such as the efforts required to avoid overlap between the 
resonance frequencies of individual components at the 
time of platform change, will be overcome. Thus, it will be 
feasible to focus on and share target controls, and 
quietness will eventually be improved.
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Fig. 10 Structure of the active torque rod (specifications)

Fig. 11 Concept verification with a single torque rod

Fig. 12 Effect of the active torque rod on interior noise
during acceleration

Fig. 13 Enlargement of the engine mount system range
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3. Novelty, originality, and innovativeness of 
technology

3.1 Realization of the first compact inertial mass 
actuator in the world built in a torque rod

The solenoid actuator for conventional ACM suffers 
from issues pertaining to its high-frequency output 
characteristics. First, solenoids can only generate 
attractive magnetic forces; moreover, owing to their 
nonlinearity, the output force waveform is distorted. As 
they also generate higher-order forces at frequencies 
other than the target frequency, they must be designed 
such that these forces are not transmitted to the target 
structure. To realize a superior actuator, a new reciprocal 
actuator was developed as an inertial mass actuator that 
showed excellent linearity even at high frequencies. The 
frequency characteristics of the control force are depicted 
in Fig. 15. The control force of the solenoid decreases 
considerably at high frequencies. By contrast, the 
reciprocal actuator developed in this study exhibits high 
output and linearity.

 

To achieve the control target force with a limited input 
energy of 12 V up to 200 Hz, it is significantly important 
to optimize the magnetic circuits and reduce the coil 
inductance for realizing sufficient currents at high 
frequencies. To maximize the electromagnetic force of the 
permanent magnet based on the condition of reducing 
the number of coil turns, the actuator was downsized by 
optimizing the gap and the gap shape between the moving 
element and the magnet. Furthermore, to improve the 
quality of the generated thrust, magnetic steel sheets 
(i.e., laminated steel sheets) were used for all the 
magnetic circuits of the reciprocal motor. This approach 
helped solve the major concerns associated with the 
solenoid, which were the deterioration of current-
generated thrust due to iron loss in the high-frequency 
region and the phase lag of the generated thrust for the 
thrust command. Thus, an ideal actuator with improved 
linearity was realized. 

The finalized structure is shown in Fig. 16. The moving 
element was fixed to the stator with a leaf spring, and the 
actions of both the magnetic field generated by the stator 
coil and the magnet were applied. The electromagnetic 
forces and control forces generated in the moving element 
are depicted in Figs. 17 and 18, respectively. The function 
of the inertial mass actuator can be fulfilled by alternating 
the orientations of the current applied to the coil in order 
to alternate the uneven distribution of the magnetomotive 
forces of the magnetic fluxes of the magnet.

Regarding the supporting method, the moving element 
was changed to a leaf spring from a general bearing or a 
slide bearing. This change facilitated downsizing, 
improved durability, and reduced the additional power 
required for positioning the moving element.

However, although downsizing was achieved, an 
inertial mass of approximately 400 g was necessary for 
the required control force. Therefore, it was found that it 
was impractical to build this mass into the torque rod. 
This issue was solved by reversing the positioning of the 
moving element and the stator (Fig. 19).

 

Fig. 14 Increase of control flexibility

Fig. 15 Improvement in the linearity of the reciprocal actuator, 
as compared to the solenoid

Magnetic pole 
of stator

Permanent 
magnet

Shaft

Coil

Stator (laminated core)

Flat spring 
(bearing)

Moving element
（laminated core）

Fig. 16 Operating principle of the actuator (inner type)
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An optimally shaped leaf spring was devised after 
thoroughly analyzing the structure and mechanism in 
order to set a lower axial natural frequency for the 
moving element; this strongly affects the control and sets 
the natural frequency of pitching beyond the control 
frequency. Using this approach, the intended layout for 
important modes was realized by utilizing the anisotropic 
stiffness, although the yaw mode that does not affect the 
control was within the control frequency range (Figs. 20 
and 21). As shown in Fig. 21, the stiffness in the vertical 
direction was increased to bring the pitching resonance of 
the moving element to the high-frequency side, while also 
lowering the stiffness in the depth direction.

3.2 Damping control of the rod
The resonance amplitude of the torque rod can be 

reduced by applying a control force that is proportional to 
the vibration velocity of the torque rod by using the 
actuator.

Magnetic flux (Φm 
- Φc) The 
magnetomotive 
forces of the coil 
and the magnet 
are oppositely 
oriented to 
each other.

Magnetic flux 
(Φm + Φc) The 
magnetomotive 
forces of the coil 
and the magnet 
are oriented in 
the same 
direction.

Magnetomotive
force of magnet Φm

Magnetomotive
force of coil Φc

Magnetic flux (Φm 
- Φc) The 
magnetomotive 
forces of the coil 
and the magnet 
are oppositely 
oriented to 
each other.

Magnetic flux 
(Φm + Φc) The 
magnetomotive 
forces of the coil 
and the magnet 
are oriented in 
the same 
direction.

Magnetomotive
force of magnet Φm

Magnetomotive
force of coil Φc

Fig. 17 Magnetic fluxes of the magnet

Fig. 18 Principle of control force generation by the magnetic 
fluxes of the magnet and the coil

Fig. 19 Inner and outer types of moving elements

(a) Inner type (b) Outer type

Conventional 
structure

Optimized 
structure

Fig. 20 Structure of the leaf spring for supporting
the moving element

Fig. 21 Optimization of the leaf spring structure
(realization of anisotropic stiffness)

Fig. 22 Incorporation of the integrating function
into the actuator



163NISSAN TECHNICAL REVIEW   No.87 (2021)

Technical Awards - Development of the First Active Torque Rod in the World

Typically, velocity is obtained using a speed sensor or 
by integrating the acceleration with a controller. 
However, the former approach leads to upsizing and 
increases the cost, whereas the latter method decreases 
controllability owing to the calculation delay or constrains 
the control frequency. In this work, the coil for the 
actuator was emphasized. The current output 
characteristics of the coil with respect to the voltage 
input exhibit a simple integrating function at or above a 
certain frequency. By sensing the acceleration of the 
torque rod and inputting it as a voltage to the coil, a 
control that automatically becomes proportional to the 
velocity was realized without using a controller.

 

4. Reliability of the technology

As described above, the support stiffness of the torque 
rod was realized by utilizing the stiffness of the engine-
side insulator, and the rigid-body natural frequency of 
the torque rod was reduced by utilizing the stiffness of 
the vehicle-side insulator. Ideally, only the axial natural 
frequency of the torque rod should be decreased. However, 
as the stiffness in other directions decreased, the pitching 
mode of the torque rod decreased as well (Figs. 24 and 
25). As the actuator can only control the axial direction, 
the vibration characteristics of the torque rod must be 
designed such that they do not create practical issues.

The vertical excitation force of the vehicle caused by 
the reciprocal inertial force of the engine significantly 
excites the pitching mode of the torque rod. The VCR 
engine with the optimized link geometry can nullify the 
vertical force to a greater extent than balance-shaft-
equipped engines. However, as it was difficult to perfectly 
match the vector of the exciting force caused by the 
rolling vibration of the engine in the axial direction of the 
torque rod, measures were implemented to prevent the 
pitching mode of the torque rod from being excited. First, 
a moderate damping force was added to the vehicle-side 
insulator to suppress the pitching resonance. 
Furthermore, a sensor installation position that would 
prevent the sensor from incorrectly identifying the 
generated pitching vibrations as the vibrations at the 
front and rear of the torque rod was determined (Fig. 24).

Next, the important factors were identified by 
developing an equation for the pitching mode using the 
major dimensions of the rod. As the center distance of the 
torque rod varies according to the preload of the engine, 
the most complicated aspect of the equation that 
expresses the pitching amplitude is that it is a nonlinear 
equation of the preload function. Subsequently, 
optimization analysis was conducted by performing 
numerical analyses of the developed equation; this 
involved employing the moment of inertia (l) and mass 
(m) of the torque rod and the distance from the center of 
gravity of the torque rod to the installation points of the 
engine and the body (a and b) as variables. By satisfying 
the relationship l = m·a·b under any load condition as a 
basic concept, an insulator shape that achieved the target 
dynamic spring constant was identified (Figs. 26 and 27).

Fig. 23 Frequency range for 90° phase lag in the
acceleration sensor output

Fig. 24 Installation position of the acceleration sensor

Fig. 25 Reduction of rod vibration via appropriate installation
of the acceleration sensor

Fig. 26 Torque rod vibration model for pitching vibration 
calculation
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As the control detects the vibration velocity of the rod 
to provide a damping force, the damping force can be 
flexibly applied even if the resonance frequency of the rod 
varies owing to the engine load, thus confirming that this 
control system is robust.

Fig. 27 Load-specific frequency characteristics of pitching 
dynamic stiffness
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1. Introduction

e-POWER is a new electric power train that was  
developed in Nissan’s electrification program, which 
forms  one axis of the company’s technology strategy. It 
was  developed for application to compact cars and is 
mounted  on the latest generation of the NOTE. This 
article explains  the development aims set for e-POWER, 
presents an  overview of the system, and describes its 
design and the  newly developed e-POWER Drive mode.

2. Development Aims

The Nissan LEAF pure electric vehicle that was  
released in 2010 has continued to evolve through  
extension of its driving range and improvement of  
driveability, among other attributes. Cumulative global  
sales have reached more than 200,000 units. The Nissan  
LEAF is highly acclaimed for its excellent driving  
performance achieved with a motor-drive system. It takes  
advantage of the drive motor (e-Motor)’s ability to 
generate  maximum torque from a vehicle speed of 0 
km/h and to  generate driving force directly at a fixed 
gear ratio over a  wide range of vehicle speeds. The 
e-POWER powertrain  was developed with the aim of 
providing this outstanding  driving experience to larger 
numbers of customers. To  accomplish that, it was develop 
for application to the  compact car class in terms of both 
cost and packaging.

3. Overview of e-POWER

3.1 System configuration and principal 
specifications

Classified as a series hybrid, one of e-POWER’s most  
significant features is that the drivetrain system and 
power  generation system are mechanically separated. 
The system  configuration is shown in Fig.1. The 
e-POWER system is  controlled by the vehicle control 
module (VCM), which is  linked to the motor controller 
(MC), generator controller  (GC), battery management 
system (BMS) and the engine  control module (ECM). 
VMC performs energy management  and driving force 
control at all times though optimal  power generation.

The distinct feature that the drivetrain system and  
power generation system are mechanically separated  
provides the following significant advantages. (1) EV  
technologies can be shared for the basic components and  
control of the drivetrain system, and all driving force can  
be generated by the e-Motor. (2) The speed and torque of  
the engine used for power generation can be set flexibly  
regardless of the operating state of the vehicle. The first  
advantage enables the provision of excellent driving  

Abstract　　We developed a new powertrain, called e-POWER, for the new Nissan NOTE to provide the pleasure 
of a motor-drive experience for larger numbers of customers. The drive motor (e-Motor)  and control system were 
originally developed for the Nissan LEAF electric car. The newly developed  e-POWER Drive mode provides a new 
driving experience for customers. In this mode, the driver can  easily control the vehicle speed just by operating the 
accelerator pedal alone.

Naoki Nakada*     Tomoyuki Hanyu*     Makoto Kimura*

Development of New-generation e-POWER
Hybrid Powertrain

Technical Awards：2020 The Ichimura Prize in Industry for Distinguished Achievement
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Fig.1 Configuration of e-POWER system
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performance obtained with the same motor drive as that  
of an EV. The second advantage enables fuel economy to  
be improved by operating the engine at the point for the  
best fuel economy, and it also allows engine operation  
advantageous for noise, vibration and harshness (NVH)  
performance. The appearance of e-POWER is shown in  
Fig.2, and the major specifications of the constituent  
units are listed in Table 1.

The maximum motor power and torque specifications  
are the same as those of the current Nissan LEAF. Figure 
3  compares the acceleration characteristics of the NOTE  
e-POWER system and two other types of hybrid vehicles 
A  and B. It is seen in the figure that the NOTE e-POWER  
system provides better acceleration response than the  
other types of hybrid vehicles A and B. Acceleration G  
rises quickly to provide smooth acceleration, like the  
performance of the Nissan LEAF.

The power generation system consists of an internal  
combustion engine (ICE) modified specifically for power  
generation use combined with a generator. The engine 
was  developed based on the HR12DE  engine mounted 
on ICE-powered NOTE models. The battery is of the 
lithium-ion  type. A high-output type was adopted to 
provide quick  acceleration response. The e-Motor, 
generator and inverter  have an independent water 
cooling system separate from  that of the engine. The 
Li-ion battery has a dedicated air  cooling system provided 
inside the battery pack.

3.2 Packaging
Figure 4 shows the in-vehicle layout of the e-POWER  

system including the battery pack. The gearbox houses  
two gear trains within one package; one serving as the  
motor-drive reducer and the other as the multiplier for  
engine-based power generation. The drivetrain system 
and  the power generation system including the engine 
are  integrally assembled via the gearbox. The inverter is  
attached to the vehicle body as a separate unit from the  
powertrain. It is connected to both the e-Motor and the  
generator via a  three-phase wiring harness.

The battery pack features a compact design, enabling  
it to be positioned below the front seats. This position does  
not affect the occupant space and allows virtually the 
same  cabin space and luggage area as the ICE-powered 
NOTE  models. In addition, positioning the batter y inside 
the  frame shared with the ICE-powered models achieves 
both  protection for the high-voltage components and 
occupant  safety without adding any new frame parts. 
This made it  possible to mount e-POWER on the compact 
B-segment  platform of the NOTE.

Fig.2 Appearance of e-POWER

Table 1 Specifications of e-POWER components

Fig.3 Acceleration G at standing start
(wide open throttle, WOT)

Fig.4 In-vehicle layout of e-POWER system
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3.3 Configuration of e-POWER control system
The basic concept for the e-POWER system  

configuration was to add an engine as the energy source  
for power generation and a generator, thereby enabling  
the battery capacity to be reduced and the battery charger  
to be discontinued. This is in contrast to an EV that is  
configured with an  e-Motor, an  inverter, a  Li-ion battery  
and a charger. The str ucture of the control system  
designed on the basis of this concept is shown in Fig.5 in  
comparison with that of the Nissan LEAF.

In this comparison of control system structures, in  
order to replace the Nissan LEAF’s charging system with  
a power generation system, the on-board charger (OBC)  
was discontinued and replaced with the ECM and GC. 
The  drivetrain system has the same control configuration 
as  that of the Nissan LEAF. The structure of this control  
system shares the motor-drive technology and components  
honed with the Nissan LEAF.

4. System Design

4.1 Basic system design concept
The e-POWER system has the ability to propel the  

vehicle on the power provided only by the Li-ion battery 
in  typical driving situations (blue and green points in 
Fig.6).  The system is designed such that power for 
propelling the  vehicle is also supplied by the generator 
under continuous  high-load operation such as when 
traveling on mountain  roads, among other situations 
(red points in Fig.6).  Combining the power supplied by 
the Li-ion battery and  that of the generator delivers 
powerful acceleration like  that of the Nissan LEAF.

4.2 Top-level fuel economy
Figure 7 shows the fuel consumption rate of the  

HR12DE engine used in the e-POWER system and the  
frequency of engine operation in the practical fuel  
economy mode (representative of customers’ driving style  
in real-world driving). The fact that the drivetrain system  
and the engine are completely separated is used 
effectively  to select the operating point for the best fuel 
economy  within the allowable range for various 
requirements. These  include power performance, 
driveability, NVH, emissions,  heat, cabin heating, brake 
negative pressure, par ts  protection and diagnosis, 
among others. For that purpose,  the VCM calculates the 
target per formance for each  component. As a result, 
e-POWER operates at the point  of the best fuel economy 
(near 2400 rpm and 70 Nm) with  an overwhelmingly 
high frequency compared with other  vehicles in this 
class.

4.3 EV-like quietness
To ensure EV-like quietness, the EV-mode driving  

region, i.e., operation on power supplied by the Li-ion  
battery alone, has been defined to encompass the low- to  
medium-speed range where vehicles are frequently 
driven  in the Japanese market. In addition, it has also 
been  defined wider than that of other hybrid vehicles 
(Fig.8).  Moreover, in the high-speed region as well, 
EV-mode  driving is continued as long as possible when 
the battery  state of charge (SOC) is high. When the SOC 
falls, power  is generated to charge the Li-ion battery to 
the extent that  engine noise does not become overly 
conspicuous, which  is a measure taken against noise.

Figure 9 shows the share of EV-mode driving in each  
vehicle speed range for typical driving modes used by  
customers in the real world, including driving on city,  
mountain, congested and high-speed roads, among other  

Fig.5 Comparison of control systems

Fig.6 Energy consumption and power generation balance

Fig.7 Operating point for real-world fuel economy
(Nissan's definition)
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situations. EV-mode driving accounts for a high 
percentage  of the driving time, for approximately 90% at 
speeds below  25 km/h and for approximately 50% in the 
medium- to  high-speed range.

4.4 Engine speed suitably designed for various  
driving situations

Figure 10 shows the target engine speed designed to  
match the vehicle speed and  acceleration G. In  all 
vehiclespeed ranges, the engine speed is designed to 
remain near  2400 rpm as much as possible for excellent 
fuel economy.  When the driver presses the accelerator 
pedal hard, the  engine speed is designed to rise to a high 
level to match  the increase in vehicle acceleration. In 
addition, in  the high-speed range where large power is 
needed for  acceleration, the engine speed is held high in 
preparation  for the next acceleration event.

5. e-POWER Drive Providing
a New Driving Feel

A new drive mode has been defined that takes  
advantage of the e-Motor used as e-POWER’s only source  
of motive power. Called e-POWER Drive, this mode  
combines a new strong power regeneration system, slope  
assist, slip-suppression control on low-μ surfaces and  
other advanced features intended to appeal to customers.  
The following sections explain the control procedures and  
their effects in this drive mode.

5.1 New driving style provided by e-POWER Drive
Approximately 90% of real-world driving can be  done 

in the e-POWER Drive mode by just operating the  
accelerator pedal alone, thus providing a new driving 
style.  This requires the provision of the following two 
elements. (1) Coasting torque generated by the driver’s 
operation of  the accelerator pedal must be designed for 
decelerating  the vehicle. (2) It must be easy to control 
deceleration until  the vehicle stops.

With regard to the first element of designing coasting  
torque, effective use is made of the design flexibility that  is 
one strength of e-Motor propulsion. As shown in Fig.11,  that 
makes it possible to cover more than 90% of the  deceleration 
events that occur in real-world driving. As a  result, operation 
of the accelerator pedal alone provides  suf ficient deceleration, 
thereby reducing the need to  switch the foot to the brake 
pedal to depress it when  decelerating the vehicle.

As for the second element of easy control of deceleration, 
an analysis was made of drivers’ operations when decelerating 
by operating the accelerator pedal. The results revealed 
three patterns that were focused on. One is operation by 
ankle motion to produce slight acceleration

when following a preceding vehicle. Another is accelerator  
pedal operation by using knee action to produce deceleration  
for stopping at intersections, for example. The third one is 
to lift the foot off the accelerator pedal to decelerate  when 
the distance to a preceding vehicle is too close. As  shown in 
Fig.12, these operating patterns are combined with the 
driver’s demanded deceleration to achieve easy control of 
deceleration with e-POWER Drive through operation of the 
accelerator pedal alone, similar to deceleration of an ICE-
powered vehicle by depressing the brake pedal.

Fig.10 Target engine speed Fig.11 Real-world deceleration frequency and deceleration  G 
characteristic of e-POWER Drive

Fig.9 Ratio of engine stop time (EV time) in each vehicle  speed 
range

Fig.8 Scope of EV driving depending on vehicle speed and  
battery state of charge
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The neutral position of the accelerator pedal with  
acceleration of 0 km/h was designed on the basis of the  
concepts noted below. This achieves the three points of  
easy control of acceleration/deceleration, ease of steady-  
speed driving, and little feeling of fatigue when continuing  
to depress the accelerator pedal.
   ・  Acceleration pedal ef for t allowing a stable driving  

posture when accelerating.
   ・  A suf ficient accelerator pedal angle for controlling  

deceleration.
   ・  Attaining a natural acceleration pedal angle when  

depressing the accelerator pedal.
To further enhance its attractiveness, slope assist  

control, slip-suppression control on low-μ surfaces, and  
gliding control were also incorporated in e-POWER 
Drive.

5.2 Various control features supporting
e-POWER  Drive

5.2.1 Slope assist control
The driving force control system detects constantly  

changing road surface information, estimates the slope 
on  that basis, and provides torque compensation. This 
feature  is called slope assist control. This control enables 
the  vehicle to be launched and stopped on uphill/downhill  
slopes with the same operation of the accelerator pedal as  
on flat road. On downhill slopes in particular, deceleration  
may be insufficient if torque compensation control is not  
performed, thus requiring operation of the brake pedal 
for  controlling the vehicle speed. However, with this 
control  feature, the vehicle speed can be controlled by 
operating  the accelerator pedal alone up to a downhill 
slope of -3%.

Figure 13 shows the effect of this slope assist control.  
The results in (a) show that the driver’s demanded 
driving  force and the vehicle’s driving force coincided, 
resulting in  zero vehicle velocity and the vehicle stopped. 
These results  are for complete release of the accelerator 
pedal on a flat  road. In contrast, the results in (b) are for 
complete release  of the accelerator pedal on a -2% 
downhill slope. Owing to  slope assist control, the vehicle’s 
driving force was smaller  than the driver’s demanded 
driving force (due to torque  matching with the slope), 
resulting in zero vehicle velocity.

5.2.2 Slip-suppression control low-μ road
surfaces

The e-POWER Drive mode provides larger coasting  
torque than the Nissan LEAF, so the control system was  
improved to maintain stability on low-μ road surfaces.  
Specifically, as shown in Fig.14, the previous system  
limited coasting torque according to the slip rate. The  
e-POWER Drive mode uses a reference model to vary the  
coasting torque even at the same slip rate so that it 
matches  the change in the slip rate. As shown in Fig.15, 
this  improved control procedure provides stable 
deceleration  even in cases involving larger deceleration 
than that of  the Nissan LEAF.

Fig.12 Deceleration profiles

Fig.13 Experimental results for effect of slope assist

Fig.14 Slip rate-coasting torque characteristic
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5.2.3 Gliding control
Repeated acceleration/deceleration by slight  operation 

of the accelerator pedal causes charging/  discharging of 
battery power. Attention was focused on  improving fuel 
economy by eliminating these tiny  conversions of energy. 
Specifically, the system detects the  desire for slight 
deceleration in steady-speed driving,  such as when 
following a preceding vehicle, based on the  driver’s 
operational inputs and vehicle data and makes  the motor 
torque 0 Nm. This control suppresses wasteful  charging/
discharging of battery power and also suppresses  
unnecessary deceleration, which leads to improved fuel  
economy. It has the effect of improving fuel economy by  
approximately 3-4% in real-world city driving compared  
with that without the control. Figure 16 shows the  
difference in the frequency of a 0-Nm increase in e-Motor  
torque with/without gliding control.

As described here, the e-POWER Drive mode was  
achieved through the coasting torque design, which takes  
advantage of the design flexibility that is one strong point  
of motor drive, and the addition of various control 
features.  This drive mode delivers a new driving feel and 
improved  fuel economy in the new-generation NOTE.

6. Conclusion

The e-POWER system was developed and implemented  
on the new NOTE with the aim of enabling larger numbers  
f customers to enjoy an excellent driving experience  based 
on the features of motor drive. Toward that end, the drive 
system shares the same control system structure and  
motor drive control technology and parts with the Nissan 
LEAF. It addition, the e-POWER Drive mode that 
facilitates driving just by operating the accelerator pedal 
alone provides a new driving feel, thanks to its easy 
control of  vehicle acceleration/deceleration.

Finally, the authors would like to thank ever yone  
involved within and outside Nissan for their invaluable  
cooperation with the development of the new e-POWER  
electric powertrain.
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1. Introduction

The variable compression ratio (VCR) refers to the 
compression ratio of an engine changed according to 
driving scenarios to meet the universal needs of engines, 
combining good thermal efficiency and high power. 
However, the practical use of this idea has not been 
realized due to the complexity of the mechanism and its 
control. The variable compression turbo (hereinafter 
referred to VC-Turbo) engine (model: KR20DDET) 
introduced here is the first mass production VCR engine. 
It achieves both fuel economy and output performance at 
high levels with its unique VCR system and supercharged 
downsizing technology.

2. Purpose of development and effect in 
performance

Fuel economy- and power-oriented engines have higher 
and lower compression ratios, respectively (left side of 
Fig.1).

This technology variably controls the compression 
ratio according to the driving conditions of the vehicle. 
Therefore, a higher compression ratio is achieved for 
higher thermal efficiency when driving in city roads, 
where better fuel economy is required; lower compression 
ratio is temporarily achieved by avoiding a high pressure 
of combustion chambers, due to supercharging for safe 
vehicle acceleration, when deeply pressing the accelerator 
pedal for explosive high power, such as an entry to an 
expressway or during overtaking (right side of Fig.1). The 
VC-Turbo engine has only 2.0 L of displacement, but 
realizes high torque, exceeding a V6 3.5-L engine, as 
shown in Fig.2, with high supercharging at a compression 
ratio of 8. Furthermore, as a result of downsizing (from 
3.5 to 2.0 L of displacement; from six to four of cylinder 
count) and improvement of the thermal efficiency due to 
a compression ratio of 14, the fuel economy in actual 
traffic is improved by 27% in comparison with a V6 3.5-L 
engine (Fig.3).In addition, as the covered operation range 
is extended from low to high output compared with 
existing engines with fixed compression ratios, the flow-
rate ranges of fluids (air, fuel, lubricant, and coolant) 
passing/circulating through an engine are also extended.
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Fig.1 Concept of performance improvement with VCR

Fig.2 Torque curve of VC-Turbo engine

Fig.3 Performance advantages of VCR

Fig.4 Primary technological items installed to VC-Turbo engine
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Accordingly, to synergistically enhance the performance 
using VCR, it is equipped with technological aspects such 
as electric valve timing control (VTC), a wide-range 
turbocharger with an electronically-controlled waste 
gate, a fuel injection system using both direct and port 
injections, a variable displacement oil pump, and a 
coolant passage changeover valve (Fig.4).

3. System configuration and features

3.1 Multilink mechanism and compression ratio 
changing method

In the VC-Turbo engine, a conventional crank mechanism 
(hereinafter referred to “conventional mechanism”) is 
replaced with a unique multilink mechanism (Fig.5). Its 
compression ratio is simultaneously adjusted in all 
cylinders by changing/maintaining the rotational attitude 
of a control shaft with an eccentric shaft (Fig.6). The 
rotational attitude of the relevant shaft is controlled by a 
compression-ratio controlling actuator composed of an 
electronically-controlled electric motor and a small-sized, 
highly-reduced, and silent strain wave reduction gear set 
by Harmonic Drive® Systems Inc., according to engine 
operation conditions.

3.2 Characteristic piston stroke
The piston movement of the conventional mechanism 

becomes fast at the top dead center and slow at the 
bottom dead center due to the oscillation of the connecting 
rod. The imbalance causes inertial second-order 
oscillation.

In this mechanism, inertial second-order oscillation 
due to the oscillation of the U-link corresponding to the 

connecting rod of the conventional mechanism is almost 
canceled by antiphase inertial second-order oscillation 
due to another inverted oscillating link (C-link) to reduce 
the imbalance described above (Fig.7). This eliminates 
the need for a second-order balancer, which has been used 
in an inline four-cylinder engine with the convectional 
mechanism as a measure to avoid booming noise.

3.3 Friction control effect
In this mechanism, the U-link just below the piston 

maintains an almost upright attitude during the descent 
of the piston. In this process, the combustion pressure 
acts on the piston so that a load in its lateral direction 
decreases, and the friction generated in that area also 
drastically reduces (Fig.8). This cancels an increase in 
friction caused by more bearing points due to multilink 
mechanism application, resulting in the achievement of a 
friction level less than or equal to that of the conventional 
mechanism.

4. Summary

The VC-Turbo engine accelerated the evolution of the 
automotive-engine crank mechanism, unchanged since 
the nineteenth century, into a unique multilink 
mechanism and established the first mass production 
VCR engine in the world. It provides the maximum 
potential of supercharging output performance while 
significantly improving fuel economy performance. The 
mass production of this engine should accelerate the 
pursuit of thermal efficiency, which has been restricted 
due to contradictions with output performance, and 
diversify applied fuel types, which has been restricted by 
compression ratios. This engine is expected to extend the 
potential of internal combustion engines in the future.

Source
公益社団法人自動車技術会
自動車技術
Vol.73NO.6　文献番号:20194478

Fig.5 Arrangement of multilink mechanism

Fig.6 Compression ratio changing method

Fig.7 Piston movement of VC-Turbo and existing engines

Fig.8 Piston-side thrust friction of VC-Turbo and existing 
engines
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1. Introduction

Control using a pressure valve and a cylinder is applied 
to various sections in construction machinery, 
automobiles, and other applications, because it provides a 
smaller size and larger force generation. Typical examples 
include engine valve-timing control (Toyoda, Tanaka in 
2006) and CVT shifting control (Wakahara and others in 
2005). The associated instability of this pressure valve 
has motivated several studies (Kumagai and others in 
2014), and its design method is also used widely.

In recent years, to downsize hydraulic systems and 
reduce their losses, another pressure valve has been 
placed in the downstream section of the pressure valve to 
amplify the control pressure to a cylinder. This 
combination of two pressure valves and one cylinder is 
also a factor to cause instability to the system, and the 
occurrence of unstable vibrations has been reported. 
However, there are few examples covering the design 
method of combined pressure valves, and the mechanism 
of such vibration phenomenon is not yet clear. This study 
focuses on a problem in which a stable pressure valve as 
a single part becomes unstable after incorporated into a 
hydraulic system. This problem is a vibration phenomenon 
due to combination, and it is empirically well-known that 
there is a Coulomb frictional force acting on the spool of a 
pressure valve. The practical issue is that a minimum 
Coulomb frictional force to prevent such vibration cannot 
be theoretically predicted. Accordingly, this study will 
elucidate the principle of unstable vibration due to 
Coulomb frictional force and report the results of the 
evaluation of a design method for stabilization.

An issue to be addressed for elucidating the mechanism 
is to clarify how the Coulomb frictional force, which 

should lead to a damping factor in general, leads to a 
destabilizing factor in a combined state. Thus, an issue 
for a design method is to manage the strong nonlinear 
characteristics of the Coulomb frictional force. In a linear 
model analysis based on the  existing knowledge, the 
Coulomb frictional force is expressed as a constant by 
which a speed term is multiplied. Therefore, the analysis 
of the destabilization only using a linear model is difficult 
because the characteristics caused by the Coulomb 
frictional force cannot be completely represented.

In this study, three methods of experiment, nonlinear 
simulation, and stability analysis were applied to manage 
and check for any problems and verify the conformity of 
vibration frequencies and the conditions of unstable 
vibration occurrence among the methods. Details are 
described below.

2. Hydraulic circuit and experimental results

Figure 1 illustrates the structure of a hydraulic circuit. 
The function of this hydraulic system is to regulate the 
internal pressure of the hydraulic cylinder to control the 
piston. The hydraulic circuit has a structure commonly 
applied, in which an inflow-throttling pressure 
proportional valve is placed in the downstream of an 
electromagnetic proportional valve, and a piston is placed 
in the downstream of this valve. As a larger thrust is 
necessary for controlling the spool of the pressure 
proportional valve, by utilizing supplied oil pressure and 
providing the electromagnetic proportional valve in the 
upstream section instead of adding a solenoid to the 
pressure proportional valve, a smaller thrust  can be used 
to control the larger pressure. To adjust the internal 
pressure of the hydraulic cylinder, an electric current is 
applied to the solenoid to generate a thrust and control 
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the spool of the electromagnetic proportional valve to 
adjust the discharge pressure. Then, the discharge 
pressure of the electromagnetic proportional valve 
controls the spool of the pressure control valve placed at 
the tip.

In this structure, unstable vibration can be measured 
experimentally with a section into which an/ a stable  
electromagnetic proportional valve is incorporated as a 
single part. The results are shown in Fig.2. An input 
applied in this case is an external force from the piston 
side. flow is opposite, from the downstream to the 
upstream side, and the flow rate is small compared to the 
piston volume. The pressure sensor is placed between the 
piston and the pressure proportional valve. The results 
show that the pressure in the downstream section of the 
pressure proportional valve vibrates at a frequency of 8 
to 10 Hz.

To clarify the conditions of unstable vibration 
occurrence, a unit test of the electromagnetic proportional 
valve was performed. The results are shown in Fig.3. In 
this test, ramp inputs were applied as currents to the 
solenoid to compare between the occurrence and the 
nonoccurrence of unstable vibration. The test confirmed 
that the single part does not cause unstable vibration 
and also revealed that a part causing unstable vibration 
has larger Coulomb frictional force and is hard to move.

The experiment results in Figs. 2 and 3 show that the 
Coulomb frictional force of the electromagnetic 
proportional valve causes unstable vibration in the 
combined structure.

3. Nonlinear analysis

3.1 Effects of Coulomb frictional force
To investigate the effect of the Coulomb frictional force 

on the transient response, nonlinear simulation was 
performed focusing only on the spool of the electromagnetic 
proportional valve without a hydraulic circuit. The 
calculation method considers that sine-curve thrust is 
forcibly input to the spool to obtain the displacement of 
the spool as an output. Equation (1) is used for calculation.

Here, 𝑚𝑠 indicates the spool’s mass [kg]; 𝑅𝑠 indicates 
viscosity [N·s/m]; 𝑘𝑠 indicates  spring constant [N/m]; 𝑥 
indicates  the moving displacement of the spool valve [m]; 
𝐿𝑠 indicates  the length of the spool sliding section [m]; 𝐷𝑠 
and 𝛿𝑠  indicate the spool valve’s diameter radial 
clearance, respectively [m]; and 𝜇 indicates  the viscosity 
coefficient of the hydraulic oil [Pa·s]. The results are 
shown in Fig.4. Displacement becomes moderate as the 
difference between the external force and the Coulomb 
frictional force decreases, and sticking occurs in the 

Fig.1 Analysis model of the self-excited vibration valve system. 
An electromagnetic proportional valve and pressure 
proportional  valve are arranged in series.

Fig.2 A result of experiment that has coulomb frictional forces 
more than the rated value. The data on the downstream 
pressure shows unstable vibration. As the FFT analysis result, 
the frequency of Self-excited oscillation is from 8 to 10 Hz.

Fig.3 A result of electromagnetic proportional valve experiment. 
The vibration does not happens in a unit test result. 
Furthermore,  the coulomb frictional force of the instable valve 
is big.
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range where the external force has the same value as the 
Coulomb frictional force or less. This demonstrates that 
the effect of the Coulomb frictional force causes a phase 
delay and a reduction in amplitude.

Then, the entire hydraulic system shown in Fig.1 is 
focused. The hydraulic circuit on the discharge side of the 
valve has a structure in which a feedback is provided for 
the spool, such that a closed-loop circuit is established. 
From the viewpoint of control engineering, which 
manages the stability of a closed-loop system, it is 
supposed that the unstable oil-pressure vibration in Fig.2 
is caused by the phase delay (insufficient phase margin) 
of the closed loop system. It seems that the phase delay 
due to the Coulomb frictional force causes a phase 
difference of 180º between the spools of the electromagnetic 
proportional valve and the pressure proportional valve, 
resulting in a limit cycle. However, a general phase delay 
due to the Coulomb frictional force does not exceed 90º. 
That is to say, there seems to be any factor causing a 
phase delay other than the Coulomb frictional force.

Accordingly, consideration is given to the elastic 
deformation of oil in the oil pressure chamber placed in 
the downstream section of the pressure proportional 
valve. It is well-know that as hydraulic systems for 
transport equipment also provide a function as lubricants 
for rotational machinery, gears’ stirring causes the oil to 
contain approximately 10 to 20% of air. Oil in a high-
capacity oil pressure chamber containing considerable 
air content is softer and its deformation is longer, 
resulting in delays. Accordingly, it is hypothesized that 
the Coulomb frictional force causes the electromagnetic 
proportional valve to have a phase delay of 90º, the air 
causes the pressure proportional valve to have a phase 
delay of 90º, and these phase delays are combined in the 
control chamber of the pressure proportional valve, 
resulting in 180º of phase difference between the spools of 
the electromagnetic and pressure proportional valves. 
This hypothesis will be verified with nonlinear simulation.

3.2 Derivation of nonlinear-model equation
The motion equation of the hydraulic system for 

nonlinear simulation (Tanaka in 1987) (Tanaka in 1974) 

will be derived. First, the calculation formula of the 
electromagnetic proportional valve is derived. The motion 
equation of the spool can be represented as Equation (3). 
As the phenomenon in this case has a vibration frequency 
of 8 to 10 Hz, which is lower than a fluid-caused vibration 
frequency, unsteady fluid force is neglected. Discharged 
oil pressure acts through the feedback circuit on the 
thrust of the spool.

Here, 𝜌𝑉𝑠 indicates the mass of fluid in the valve [kg]; 
𝐹𝑚 indicates cyclic external force [N]; 𝑃𝑠𝑟 indicates 
feedback pressure [Pa]; 𝐴𝑠𝑟 indicates the area of return 
pressure section of the electromagnetic proportional 
valve spool [m2]; 𝐹𝑠𝑗 indicates the axial force component 
caused by jet force [N]; 𝑃𝑠𝑜 indicates spool valve discharge 
pressure [Pa]; 𝑣𝑠𝑜 indicates  jet ejecting speed [m/s]; 𝜃 
indicates the ejecting angle [rad]; 𝜌 indicates the density 
[kg/m3]; 𝑄𝑠𝑜 indicates the valve discharge flow rate [L/s]; 
𝑄𝑠𝑟 indicates the flow rate to the feedback section [L/s]; 
𝐶𝑠𝑟 indicates the flow coefficient of the orifice section; and 
𝐴𝑠𝑟𝑜 indicates the orifice area on the downstream side of 
the electromagnetic proportional valve [m2]. The relation 
of the flow on the discharge side of the electromagnetic 
proportional valve can be represented in Equation (6).

Here, 𝑄𝑠𝑣 indicates the flow rate into the control 
chamber of the pressure proportional valve, and 𝑄𝑠𝑜 
indicates the discharge flow rate from the valve.

Then, the motion equation of the oil flowing in the 
valve is derived. The flow in the valve is regarded as a 
network orifice, as shown in Fig.6.

Here, 𝐶𝑠𝑜  indicates  the flow coefficient on the valve 
discharge side; 𝐴𝑠𝑜 indicates the opening area of the 
spool-valve discharge side [m2]; 𝑃𝑠𝑖 indicates the pressure 
in the valve [Pa]; Q𝑠𝑖 indicates the supplied flow rate 
[L/s]; 𝑄𝑠𝑒𝑥ℎ indicates the leak flow rate [L/s]; 𝐶𝑠𝑒𝑥ℎ indicates 
the flow coefficient in the leak section; 𝐴𝑠𝑒𝑥ℎ indicates the 
opening area of spool valve in the leak section [m2]; 𝑃𝑠𝑒𝑥ℎ 
indicates the atmospheric pressure [Pa]; 𝐶𝑠𝑖 indicates the 
flow coefficient on the supply side; 𝐴𝑠𝑖 indicates the 
opening area on the supply side of the spool valve [m2]; 
and 𝑃𝑠𝑠 indicates the  supply oil pressure [Pa].

Fig.4 Phase lag due to the fixing strength of the coulomb 
frictional force.
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The control order pressure from the electromagnetic to 
the pressure proportional valve is represented as 
Equation (9).

Here, 𝑃𝑠𝑐 indicates the control order pressure to the 
pressure proportional valve [Pa]; 𝑄𝑠𝑐 indicates the 
amount of change in volume of the control chamber [L/s]; 
𝑉𝑠𝑜 indicates the volume of piping on the discharge side of 
the electromagnetic proportional valve [m3]; and 𝐵 
indicates the bulk modulus of the oil [Pa].

The calculation formula of the pressure proportional 
valve is shown below. Unsteady fluid force is also 
neglected on the side of the pressure proportional valve.

Here, 𝑚𝑐 indicates the spool mass [kg]; 𝜌𝑉𝑐 indicates 
the mass of fluid in the valve [kg]; 𝑅𝑐 indicates the 
viscosity [N·s/m]; 𝑘𝑐 indicates the spring constant [N/m]; 
𝑦 indicates the moving displacement of the spool valve 
[m]; 𝑃𝑠𝑐 indicates the control pressure from the 
electromagnetic proportional valve [Pa]; 𝑃𝑐𝑟 indicates  the 
feedback pressure [Pa]; 𝐴𝑐𝑟 indicates the area of return 
pressure section of the spool valve [m2]; 𝐹𝑐𝑗 indicates  the 
axial force component by jet force [N]; 𝐿𝑐 indicates  the 
length of spool sliding section [m]; 𝐷𝑐 indicates the spool 
valve diameter [m]; 𝛿𝑐 indicates the radial clearance of 
the spool valve [m]; 𝑃𝑐𝑜 indicates the spool valve discharge 
pressure [Pa]; 𝑣𝑐𝑜 indicates the jet ejecting speed [m/s]; 
𝑄𝑐𝑜 indicates the valve discharge flow rate [L/s]; 𝑄𝑐𝑟

indicates the flow rate in the feedback section [L/s]; 𝐶𝑐𝑟 
indicates the flow coefficient of the return orifice; 𝐴𝑐𝑟𝑜

indicates  the return orifice area [m2]; 𝑄𝑠𝑠 indicates the 
flow rate into the control chamber [L/s]; 𝐶𝑐𝑐 indicates the 
flow coefficient of the orifice on the side of the 

electromagnetic proportional valve; and 𝐴𝑐𝑐𝑜 indicates the 
orifice area on the side of the electromagnetic proportional 
valve [m2].

The influence of the flow on the discharge side of the 
pressure proportional valve can be represented as 
Equation (15). 

Here, 𝑄𝑐𝑣 indicates the flow rate into the piston [L/s], 
and 𝑄𝑐𝑜 indicates the flow rate discharged from the valve 
[L/s].

Then, the motion equation of the oil flowing in the 
valve is derived. The flow in the valve is regarded as a 
network orifice similarly to the electromagnetic 
proportional valve.

Here, 𝐶𝑐𝑜 indicates the flow coefficient on the valve 
discharge side; 𝐴𝑐𝑜 indicates the opening area of the 
spool-valve discharge side [m2]; 𝑃𝑐𝑖 indicates the pressure 
in the valve [Pa]; 𝑄𝑐𝑒𝑥ℎ indicates the leak flow rate [L/s]; 
𝐶𝑐𝑒𝑥ℎ indicates the flow coefficient in the leak section; 
𝐴𝑐𝑒𝑥ℎ indicates the opening area of the spool valve in the 
leak section [m2]; 𝑃𝑐𝑒𝑥ℎ indicates the atmospheric pressure 
[Pa]; 𝑄𝑐𝑖 indicates the flow rate on the supply side [L/s]; 
𝐶𝑐𝑖 indicates the flow coefficient on the supply side; 𝐴𝑐𝑖 
indicates the opening area on the supply side of the spool 
valve [m2]; and 𝑃𝑐𝑠 indicates the supply oil pressure [Pa].

Here, focusing on the results in Fig.2, where unstable 
vibration occurs, the amount of backflow from the 
cylinder is 0.01 L/s, which is a small value. If converted 
into a change in volume in the cylinder per amplitude of 
unstable vibration, it becomes 1×10-3 to 1.25×10-3 [L], 
which can be neglected as an extremely small value 
compared to a cylinder volume of 0.385 L. Accordingly, 
the hydraulic cylinder is treated as a large oil chamber 
for simplification of the calculation formula. Therefore, 
the control order pressure from the pressure proportional 
valve to the piston is represented as Equation (18).

Here, 𝑃𝑐𝑐 indicates the supply pressure to the oil 
pressure chamber [Pa]; 𝑄𝑐𝑣 indicates the flow rate into 
the oil pressure chamber [L/s]; 𝑄𝑐𝑐 indicates the amount 
of leak from the oil pressure chamber [L/s]; and 𝑉𝑝 
indicates the piston-chamber volume [m3].

The electromagnetic and pressure proportional valves 
are combined in Equation (19).

Fig.5 The oil flow rate in the valve is expressed as network 
orifice.
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3.2 Nonlinear simulation
The results of performing the nonlinear simulation 

applying Equations (3) – (19) are shown in Fig.6. Tables 
1 and 2 show the parameters related to the electromagnetic 
proportional valve used in the calculation and the 
parameters of the pressure proportional valve and the oil 
pressure chamber placed on the downstream side, 
respectively. Both the applied electromagnetic and 
pressure proportional valves have under-lap 
characteristics. Their characteristics are shown in Figs. 7 
and 8, respectively. For the applied oil, the calculated 
values of bulk moduli by pressure (Imagine in 2007) are 
shown in Fig.9. Figure 6 shows that the spools of the 
electromagnetic and pressure proportional valves have a 
maximum phase delay of 180º. Additionally, vibration 
frequency is approximately 8 Hz, conforming to the 
experimental results. Furthermore, similarly to the 
actual unit, such results also agree regarding the 
occurrence of unstable vibration with larger Coulomb 
frictional force and no occurrence with smaller one. The 
relationship between air content rates and unstable 
vibration occurrence were also examined with the 
nonlinear simulation, but not with the actual unit. As a 
result, it was revealed that the occurrence/nonoccurrence 
of vibration varies with air content rates and that 
vibration frequency also varies. If the air content rate is 
10%, vibration frequency is approximately 10 Hz. If the 
air content rate decreases, no vibration occurs. In 
contrast, if the air content rate is approximately 15% or 
more, no vibration occurs as well. The cause seems that a 
lower air content rate makes a phase delay insufficient (a 
larger phase margin), and a higher air content rate 

makes the restoring force of the oil pressure chamber 
insufficient.

Fig.6 The nonlinear simulation result in the analysis model of 
Fig.1. The phase difference of the pressure proportional valve 
and the electromagnetic proportional valve has 180 deg.

Fig.7 Relationship between spool displacement of 
electromagnetic proportional valve and valve Lift area. The 
proportional  valve has properties of underlap.

Table 1 Electromagnetic proportional Valve (EPV) parameter of nonlinear model.

Table 2 Pressure proportional valve (PPV) parameter of nonlinear model.
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4. Linearization of nonlinear hydraulic 
equation

The model of an electromagnetic proportional valve 
represented by Equations (3) – (9) was linearized 
(Loigetal in 2006). Omitting the Coulomb frictional force, 
which has strong nonlinear characteristics, it is 
represented as Equations (20) – (24). The linearization of 
the Coulomb frictional force and the linearized 
representative points will be explained in Chapter 5 and 
Section 6.2, respectively.

Then, the pressure proportional valve and the oil 
pressure chamber models represented by Equations (10) 
– (19) are linearized as Equations (25) – (29).

Here, 𝑀𝑠 indicates the mass of the electromagnetic 
proportional valve spool including fluid in the valve [kg]; 
𝐾𝑠 indicates the spring constant in the linearized 
electromagnetic proportional valve [N/m]; 𝑌𝑠𝑟 indicates 
the flow coefficient of the return orifice of the linearized 
electromagnetic proportional valve [m3/s/Pa]; 𝐺𝑠𝑣 indicates 
the flow-rate gain of the linearized electromagnetic 
proportional valve [m3/s/m]; 𝑌𝑠𝑣 indicates the flow 
coefficient of the linearized electromagnetic proportional 
valve [m3/s/Pa]; 𝐾𝐻𝑆 indicates the stiffness of oil on the 
side of the linearized electromagnetic proportional valve 
[Pa/m3]; 𝑀𝑐 indicates the mass of the pressure proportional 
valve spool including fluid in the valve [kg]; 𝐾𝑐 indicates 
the spring constant in the linearized pressure proportional 
valve [N/m]; 𝑌𝑐𝑐 indicates  the flow coefficient of the side 
orifice on the linearized electromagnetic proportional 
valve [m3/s/Pa]; 𝑌𝑐𝑟 indicates the flow coefficient of the 
return orifice on the linearized pressure proportional 
valve [m3/s/Pa]; 𝐺𝑐𝑣 indicates the flow-rate gain of the 
linearized pressure proportional valve [m3/s/m]; 𝑌𝑐𝑣 
indicates the flow coefficient of the linearized pressure 
proportional valve [m3/s/Pa]; 𝑄𝐿 indicates the amount of 
oil into the oil pressure chamber [L/s]; and 𝐾𝐻𝐿 indicates 
the stiffness of oil on the side of the linearized pressure 
proportional valve [Pa/m3].The linearized equations can 
be illustrated in the block diagram of Fig.10, which is a 
cascade-type model.

5. Linearization of Coulomb frictional force

5.1 Managing Coulomb frictional force for unstable 
vibration analysis

As previously described, the factors of this unstable 
vibration are the air content rate of oil and the Coulomb 
frictional force as a nonlinear element. The former is 
represented by the values of the oil stiffness in the 

Fig.8 Relationship between spool displacement of pressure 
proportional valve and valve Lift area. The proportional valve 
has  properties of underlap.

Fig.9 Relationship between air content and fluid bulk modulus 𝐵 
in each pressure. Air content of the oil is about 10 to 20%.

Fig.10 Linearization model of the hydraulic system has cascade 
structure.
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linearized model, KHS, and KHL, in Fig.13, but the latter 
loses its characteristics through linearization. 
Accordingly, this study uses the describing function 
method to represent this nonlinear element. A describing 
function is a complex function representing the amplitude 
ratio and the phase difference between the sine-wave 
input to a nonlinear element and the fundamental wave 
component, which is extracted from the output component 
and has the same frequency as the input.

In contrast, a phase delay causing vibration is not 
represented in the function describing the Coulomb 
frictional force. The cause and the management method 
are described below.

The equation of the Coulomb frictional force is shown 
in Equation (30).

Here, 𝐷 indicates the Coulomb frictional force. To 
derive the describing function (Hirai in 2010) (Mochizuki 
and others in 2015), output 𝑍(𝑡) indicates Fourier-
transformed. As 𝑍(𝑡) is an odd function,

Therefore, the describing function 𝑁(𝑎) is represented 
as follows:

Therefore, Equations (33) and (34) represent equivalent 
viscous damping, and they affect only the amplitude.

Then, the representation of the Coulomb frictional 
force as hysteresis is examined. In various hysteresis 
models, the linear approximate expression of hysteresis 
holds the input of the last sample as a memory to apply 
to the current friction force (Wakasa in 2013). At first, 
nonlinear simulation is applied to verify whether a 
hysteresis model can reproduce the response of a spool 
displacement in a model with Coulomb frictional force.

Equation (35) is the motion equation of a single-degree-
of-freedom system imitating the spool of an 
electromagnetic proportional valve with Coulomb 
frictional force. Equation (36) is a hysteresis model. 𝑁(𝑥)
is a hysteresis element.

Here, it is assumed that |𝑁(𝑥)| ≤ 1. The conformity of 
Equation (35) to Equation (36) is demonstrated in the 
time axis. Figure 11 illustrates the results of the 
nonlinear simulation of the displacement when a cyclic 

external force is applied to the single-degree-of-freedom 
model, and to Equations (35) and (36). The results show 
that the spool displacement responses of both models 
have good agreement. This demonstrates that Coulomb 
frictional force causing vibration can be converted into 
hysteresis and also that the nonlinear model of a 
hydraulic system can be separated into linear and 
nonlinear elements of an input section.

5.2 Describing the function of hysteresis
Figure 12 illustrates the hysteresis model used in 

Equation (35), in which the horizontal and vertical axes 
represent the displacement of the model without 
hysteresis and with hysteresis, respectively. The 
describing function of this hysteresis element can be 
expressed as Equation (37). Refer to Fig.12 for the outline 
of 𝑁(𝑎) and the meanings of the parameters 𝑎, 𝑏, and 𝑚.

Fig.11 Comparison hysteresis model with coulomb’s friction 
model. The both models accord well. Therefore, the coulomb 
model is converted into the hysteresis model.

Fig.12 Hysteresis.
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5.3 Error valuation of describing function
Various methods have been proposed for nonlinear 

vibration analyses (Okumura and others in 1987), all of 
which are approximate solvers. The describing function 
method utilizing the fundamental wave component of 
Fourier transform is not an exception. Accordingly, the 
validity of this method is examined by grasping the error 
characteristics of the describing function.

5.3.1 Error evaluation in time response
To quantify the error given to the time response of 

hysteresis by approximation with the describing function, 
the response in the time axis is used. Equation (37) 
cannot be used as it is for the error evaluation in the time 
axis response, thus inverse Fourier transform is 
necessary. First, Equation (37) is converted into Equation 
(39).

In addition to the above, assuming

Equation (39) can be converted into Equation (43) 
according to Euler’s formula. Here, 𝜔 = 2𝜋𝑓 , where 𝑓 
indicates the frequency of the input signal.

By inverse-Fourier-transforming, Equation (44) is 
obtained. Here, 𝑢 indicates a 𝑠𝑖𝑛-wave input signal.

This indicates that the time response of inputting a 𝑠𝑖𝑛 
wave into the describing function of 𝑁(𝑎) is represented 
by a gain and a dead time element. Equation (45) means 
a linear one-degree-of-freedom model, Equation (46) 
means a nonlinear hysteresis model, and Equation (47) 
means a hysteresis describing function model.

Here, it is assumed that |𝑁(𝑎)| ≤ 1.

Figure 13 illustrates the results of the error evaluation 
of the describing function in the time axis by using these 
equations. An input of 5 Hz was applied as a forced-cycle 

external force. The left graph in Fig.13 illustrates the 
comparison in Coulomb frictional force equivalent to the 
actual unit, in which the phase differences generally 
conform to each other. The right graph illustrates the 
results assuming Coulomb frictional force equivalent to 
or higher than that of the actual unit. In the right graph, 
errors in both amplitude and phase are larger. The 
results demonstrate that the describing function method 
is valid in this vibration analysis applying hysteresis. 
Additionally, as smaller hysteresis improves the 
accuracy, it can be regarded as appropriate for estimating 
the stability margin.

Fig.13 Error estimates in time axis.It is thought that this 
technique is appropriate to measure stability margin. This is 
because the error becomes small so that a coulomb frictional 
force is small.
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5.3.2 Error evaluation in vibration frequency range
As Equation (37) shows, the describing function uses 

only the fundamental wave component of Fourier 
transform, such that it is a transfer function dependent 
on input amplitude and not input frequency. Therefore, 
to use the describing function to perform a vibration 
analysis applying hysteresis, it will be necessary to 
extract only the hysteresis characteristics at a given 
frequency to perform an analysis in the frequency range. 
To perform an analysis in the entire frequency range, it 
will be necessary to change the parameters of hysteresis 
for each input frequency. Accordingly, the amount of 
error for input frequency should be evaluated. The 
examination method is as follows: input a variable 
frequency of 1 to 100 Hz into the simulation model of 
Equation (48); perform FFT analysis of the obtained 
results to draw a Bode diagram; compare the Bode 
diagram with the Bode diagram of Equation (49); and 
adjust the describing function in Equation (49) to the 
amount of hysteresis with a cyclic external force of 5 Hz 
input into Equation (48).

Figure 14 illustrates the results of the calculation. The 
red and the blue lines represent the results of Equations 
(48) and (49), respectively. The phase delay from the 
approximate expression of Equation (49) indicates a flat 
characteristic. For Equation (48), the lower the frequency, 
the larger the delay, but the error is approximately 2 to 4º 
in the range of 1 to 10 Hz, showing conformity in general. 
In addition, for amplitude, the higher the frequency, the 
larger the error. Therefore, the sensitivity of phase delay 
to an increase in frequency can be regarded as low in the 
unstable-vibration frequency range of 8 to 10 Hz for this 
case. In addition, the strictest condition requiring a 
stable analysis can be considered to be the low-frequency 
side of vibration frequency. For a vibration range of 8 to 
10 Hz, the analysis at 8 Hz is valid.

6. Stabilization analysis with describing 
function method

6.1 Analysis of block diagram
The method of incorporating a specific hysteresis 

model into Fig.10 and the method of drawing a Nyquist 
diagram including a describing function for a stabilization 
analysis are illustrated with a linearized block diagram. 
The block diagram of this hydraulic system with 
hysteresis incorporated into Fig.10 is shown as Fig.15. 
On 𝐺𝑠𝑣 side of the electromagnetic proportional valve (the 
block from 𝐹𝑚 to 𝑃𝑠𝑜𝑙), hysteresis 𝑁 exists. Additionally, it 
is shown that  electromagnetic proportional valve 𝐺𝑠𝑣 and 
control valve 𝐺𝑐 (the block from 𝐴𝑐𝑃𝑠𝑜𝑙 to 𝑃𝑐𝑐) are coupling-
connected. Here, parameter 𝐴𝑐 can be regarded as a gain 
for connecting the two systems.

Here,

is valid, thus the transmission characteristics from 𝑃𝑠𝑜𝑙 
to 𝑌 can be expressed as follows:

𝐺𝑐3 indicates not included in Equation (51) because it is 
not in the feedback loop. From the above, Fig.15 can be 
converted into Fig.16. Here, when representing Fig.16 as 
a Lur’e system, the stability conditional expression is 
that the characteristic Equation (52) has no solution. In 
addition, based on Fig.16, the analysis object is a 
fundamental closed-loop system, thus the Nyquist’s 
graphical solution in the general describing function 
method can be applied.

Fig.14 Error estimate in frequency response. The phase of 
Equation (48) almost accords with Equation (49).

Fig.15 Linearization model including hysteresis factor. The 
nonlinear element is included in hydraulic pressure model. It  is 
necessary to separate the linear element and the nonlinear 
element for the purpose of analysis.
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6.2 Representative point
The analysis is performed considering a point 

representative of the linearized hydraulic circuit model. 
This point is the one that provides the maximum phase 
difference between the spools of the electromagnetic and 
pressure proportional valves, where the most unstable 
state is established in the results of Fig.6. Various 
parameters for the electromagnetic and pressure 
proportional valves are shown in Tables 3 and 4.

7. Analysis of results

The left side of Fig.17 is the Nyquist diagram showing 
each locus of the frequency-dependent hydraulic linear 
element (blue line) and the amplitude-dependent 
hysteresis nonlinear element (red line) in the block 
diagram in Chapter 6.1. In the diagram, “ω” means 
frequency, and “a” means amplitude. There are two 
intersection points where the characteristic Equation 
(52) has solutions: one is called Point-A, and the other 
Point-B. At Point-B, a larger amplitude results in an 
unstable range, leading to a further larger amplitude. On 
the contrary, a smaller amplitude results in a stable 
range, leading to a further smaller amplitude, and 
consequently an unstable state. In contrast, at Point-A, a 
larger amplitude results in a stable range, leading to a 

smaller amplitude. A smaller amplitude results in an 
unstable range, leading to a larger amplitude. Therefore, 
a limit cycle is established at Point-A. In this examination, 
all  the actual units, the nonlinear simulation, and the 
stability analysis Point-A have the same integral part in 
the frequencies.

Additionally, considering an item with small Coulomb 
frictional force, this analysis method was applied to the 
electromagnetic proportional valve that causes no 
vibration in the experiment and the nonlinear simulation. 
The results are shown in the right diagram of Fig.17. As 
a dither of 305 [Hz] is provided for the electromagnetic 
proportional valve, vibration amplitude caused by the 
dither is minimum, such that the amplitude locus may 
break halfway. That is, it is shown that the system is 
stable as no intersection point exists between the 
frequency locus and the amplitude locus.

Fig.16 Deformation of Figure 12 results in a Lur'e system. The 
linear element and the nonlinear element are separated so that 
the  describing function analysis is applied easily.

Table 3 Electromagnetic proportional valve (EPV) parameter of  
linearization model.

Table 4 Pressure proportional valve (PPV) parameter of 
linearization model.

Fig.17 Pictorial solution by the describing function technique. 
The left-hand figure is the analysis result using the unstable  
vibration valve. Frequency of the intersection point is 8 Hz that 
corresponds with the experiment and the nonlinear  simulation 
results. The right-hand figure result is for the stable vibration 
valve.
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8. Conclusion

This study has clarified the mechanism of instability 
caused by the Coulomb friction force acting on the spool 
of the solenoid proportional valve in a hydraulic structure 
consisting of a solenoid proportional valve, a pressure 
proportional valve that amplifies the command pressure 
of the solenoid proportional valve, and a hydraulic 
cylinder. Additionally, we have presented a design 
method that can stabilize the Coulomb friction force, 
which is the cause of the vibration, by using a descriptive 
function method in which the amplitude ratio and phase 
difference from the input waveform are expressed by 
complex functions. The stabilization was achieved with a 
describing function method representing the amplitude 
ratio and the phase difference to the input waveform as a 
complex function. The findings of this study are 
summarized below.

Instability mechanism
(1)  The Coulomb frictional force acts on the hydraulic 

system as a phase delay through the closed-loop 
hydraulic circuit placed in the downstream section of 
the electromagnetic proportional valve. Additionally, 
as the oil practically contains the air, the oil in a large 
oil chamber, such as a hydraulic cylinder in the 
hydraulic system, exhibits a delay in deformation. 
Such phase delays are combined, making the hydraulic 
system unstable.

Design method for stabilization
(2)  Converting the Coulomb frictional force into hysteresis 

enables the linear analysis, which represents a phase 
delay causing vibration. For stabilization, this 
linearized model must be separated into a frequency 
locus and an amplitude locus, and it must not generate 
any intersection point in the Nyquist diagram;

(3)  As a measure for no generation of any intersection 
point, a reduction in the Coulomb frictional force is 
effective practically as well as theoretically.

(4)  This method can calculate the threshold of the 
Coulomb friction force, which is the stability limit. 
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Editorial Postscript

Thank you for your continued interest in our Nissan technical review. This edition, No. 87, is focused on 
two aspects.

First, the newest topics ProPILOT 2.0 and e-POWER were covered, which are based on the two areas to 
which Nissan is committed, i.e., vehicle intelligence and electrification, respectively. ProPILOT 2.0 offers 
secure, comfortable, and stress-free driving, serving as a partner of the driver. This system is the result of 
the research and development conducted for over 20 years in the field of vehicle control. This feature 
comprehensively covers the technical background. Meanwhile, e-POWER provides customers with a 
pleasant experience when driving electric motor-driven vehicles. This system could not have been achieved 
without the research and development conducted since the 1990s. This feature introduces the latest 
e-POWER adopted in the new Nissan NOTE and discusses the efforts devoted toward achieving the EV-
ness unique to motor drives in the first AWD vehicle with e-POWER.

Second, to help more people access the review, it was decided to distribute the literature electronically 
online rather than distributing printed literature. It is hoped that this electronic format will facilitate tasks 
such as archiving and searching articles of interest to readers.

Finally, we would like to express our gratitude to those who wrote and edited the review online under 
the unusual circumstances due to the COVID-19 pandemic. We will be delighted if all our readers recognize 
the sophisticated technological capabilities of Nissan, of which we are proud.

Research Division
  Research Planning Department

Osamu Niikura
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