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Prefatory Note

Dynamic Performance as a
Source of Competitiveness

Hiroshi Nagaoka
Corporate Vice President

The environment surrounding the automotive industry seems to have become increasingly more
severe in recent years. Share competition has been intensifying in traditional core markets, and efforts
have been required to deal with emerging market and diversification due to the global market expansion.
At the same time, technological competition has also increased, including the entry of new players in
connection with electrification and autonomous driving. We are constantly forced to engage in fierce
competition throughout the world. Ultimately, there is only one way to win this competition and that is “to
continue to introduce competitive vehicles that satisfy customers.” Ideally, competitiveness should be
linked to the distinct identity of a company’s vehicles.

From that perspective, let us look back on the vehicles that Nissan has put on the market to date,
especially ones that have been highly competitive. While competitiveness involves a number of factors, I
think we can probably say that a common element of those vehicles is that they have possessed
exceptionally strong competitiveness in terms of fundamental performance and in particular driving
performance. In fact, driving performance is what has distinguished the unique identity of such vehicles
as the P10-series Primera and the R32-series Skyline in the past, as well as the Qashqai, INFIITI G35 and
the GT-R, among others.

The adoption of autonomous driving technologies on vehicles has also been accelerating in recent
years. It is known that the more autonomous driving technologies are pursued and efforts are made to
build excellent autonomous vehicles, the more important it is for such vehicles to have high levels of
fundamental performance, especially driving performance. The reason is that, whether a vehicle is self-
driving or not, its basic motions are sensitively perceived by human occupants. In that sense, driving
performance can be regarded as an absolutely essential technological domain that will never fade in
importance.

We have pursued a wide variety of activities to date for the purpose of supplying customers with
products embodying driving performance as an intrinsic value. In the 1980s, we undertook Project 901, a
program of activities aimed at achieving the world’s best vehicle dynamics by 1990. This project spawned
many famous models, including the P10-series Primera and the R32-series Skyline mentioned above. In
the 1990s, the ideas formulated though the 901 activities were incorporated in our “philosophy of driving
performance.” One idea is that the vehicle should move as expected. Another is that there should not be
any unnecessary vehicle motion contrary to what is expected. And still another is that the vehicle conveys
information to the driver. These values have been consistently incorporated in many Nissan vehicles since
then. After entering the 2000s, we defined dynamic performance as one of the four core values provided
by Nissan’s technologies and as a value that encompasses vehicle performance in its entirety. This
resulted from adding noise, vibration and harshness (NVH) performance to the dynamic performance
provided previously. We have endeavored to design and engineer Nissan vehicles that offer both driving
performance and comfort at the highest possible levels. In other words, they are enjoyable to drive and
also provide relaxing comfort.

The special feature of this issue focuses on the dynamic performance of Nissan vehicles and describes
a number of our latest technologies for delivering this value. I hope that readers will feel the exceptionally
high levels of dynamic performance of Nissan vehicles, which result from the accumulation of advanced
technologies over many years in order to cope with intensifying competition and respond to the demands
of our customers.

Since the formulation of our philosophy of driving performance, one thing that has consistently
remained unchanged is that people are always the focus of that performance. This will not change even as
electrification increasingly spreads in the coming years or in an age of autonomous driving. The
continuous pursuit of automotive engineering that is ideal for people will work to extend the dynamic
performance that constitutes one of the fundamental values of Nissan vehicles. It is essential that we
continue our day-to-day efforts to build vehicles that get as many customers as possible to become Nissan
fans.
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Table 1 Global sales volume and growth ratio

(1000 units)

2007 2017 % increase
Global unit sales 65,501 92,667 41
Hyndai / Kia 3,339 6,872 106
Great Wall (EH/A=E) 118 1,070 807
Geely (FFI) 219 1,402 540
Toyota 8,298 9,842 19
Honda 3,684 5,266 43
VW Group 5,940 10,250 73
Renault / Nissan 5,304 8,781 66

1. Introduction

A review of global automobile history during the last
ten years shows greatly intensified diversification typified
by the recent advances of Chinese brands, in addition to
expansion of the global vehicle market and the rapid
progress made by South Korean automakers (Table 1). It
is presumed that diversification will accelerate further
in the coming years accompanying the spread of electric
vehicles and autonomous driving technologies.

Amid this ongoing market diversification, at Nissan,
we think it necessary as an automaker to present easy-
to-understand performance while responding to users’
demands in order to ensure the company’s continuous
growth. This special feature focuses on the domain of
dynamic performance and describes our targeted direction
as well as common performance attributes. This domain
includes performance attributes such as handling, ride
quality, comfort, acceleration performance, noise, braking
performance and other aspects related to users’ driving
operations.

In our activities here we refer to Overall Opinion
(0a0) as an index expressing brand strength. 0aO is an
indicator for gauging customers’ favorability rating of a
brand. Enhancing OaO leads to increased market share

and continuous corporate growth.
COOOPVOVOVOVOOOOVOVOVOVOOPVOVOOOOOOOOOOOOOOOOOO

#x-2 0a0 ([CHY 2B114taeRE L1 5 IRE
Table 2 Top 5 dynamic performance-related items
contributing to OaO

EUR G5 USA JPN

Make good quality,

reliable cars Dpenite

Provide secure feel

Provide an enjoyable Comfortable for the

ride for all passengers |driver elinliile

Make vehicles that

3 |Make safe cars Responsive handling provide driving pleasure
Make vehicles with good Make highly safe

4 . Safe "
engine performance vehicles

Make vehicles that
excite people

Make cars that are a .
5 , Fun to drive
pleasure to drive
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Fig. 1 Extracting the priority items for evaluation

2. Performance Development Premised on Secure
Feel and Comfort

An axis expressing the targeted goal is necessary in
order to determine the direction Nissan should aim for as
well as common performance attributes. Table 2 shows the
top five dynamic performance-related items contributing
to Oa0 in Europe (Gb), the U.S. and Japan, representing
principal markets for sales of Nissan products. We can see
that, regardless of the region, items concerning secure feel
and comfort rank at the top as indicated by the yellow
cells. In other words, secure feel and comfort are key
common elements that are indispensable in global
markets. Therefore, for a high-volume manufacturer like
Nissan, it is essential to concentrate efforts on secure feel
and comfort.

On the other hand, there is also the opinion that wants
to add sporty elements like agile handling, depending on
the vehicle model. In this case, there are elements that
conflict with comfort, so there is much discussion about
what kind of common performance attributes should be
pursued. As mentioned above, because secure feel and
comfort are key attributes desired by customers, sportiness
should be added after these essential performance items
have been secured.

Nissan develops various types of models, ranging
from minivehicles, minivans and pickup trucks to sports
cars, but we position secure feel and comfort as top priority
elements.

3. Evaluation of Items Emphasized

Secure feel and comfort are general terms the
meaning of which is ambiguous. It is necessary to have more

COVOPOOVOOPOTPOOVOOFOOOOCOGOOOOCOOOOOOO
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Vehicle behavior resulting from
driving operation
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Change in vehicle behavior caused

'Vehicle moves as desired No unnecessary vehicle
mohon contrary to what
is expected
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Responsive steering, Stable against external
acceleration and disturbances including
braking road surface inputs and
driving operation inputs

I——.r—-—l

X-2 7OV b 901 BICER LIcBEDED DIER
Fig. 2 Philosophy of driving performance defined in

Project 901
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Fig. 3 Narrow country road in Europe
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Fig.4 Undulating road surface in Europe
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Fig. 5 Cracked road

concrete definitions in order to understand these common
performance attributes without any misunderstanding.

First, we defined secure feel and comfort with respect
to the state of people who perceive such attributes or the
state of the vehicle, representing the constituent elements
of these expressions. Situations were then envisioned in
which customers would experience these attributes while
driving. In this way, we identified 16 items for use in
evaluating secure feel and comfort (Fig. 1). However,
these items were also general terms that did not fully
differentiate the performance of Nissan vehicles from that
of other companies’ products. Therefore, we decided to
further narrow down the items on which Nissan should
concentrate.

Two priority items were selected for secure feel in
reference to the concept of driving performance that
Nissan defined at the time of Project 901, which was a
program of activities undertaken previously in the 1990s.
One is that the vehicle should response as expected and
the other is that there should not be any unnecessary
vehicle motion contrary to what is expected (Fig. 2).

Noise and vibration were regarded as the principal
items concerning comfort, and one item was selected for
which these aspects are most required.

These three priority items are common performance
attributes that we must pursue in order to create consistent
quality. It was decided to proceed with R&D and product
development in which concerted efforts are focused on
these priorities.

4. Three Priority Items

This section describes the three priority items that
were mentioned in the previous section.
(1) Driver can easily follow the intended path

Precise steering action is especially required when
passing an oncoming vehicle at a relative velocity with it
of 200 km/h on narrow European country roads (Fig. 3).
A vehicle that can be driven with secure feel is one that
requires minimal steering correction.
(2) The occupants feel relaxed by vehicle motion and seats

support

Vehicle motions must be comfortable and stable when

traveling on irregular country road surfaces in Europe

COOOCOCOOOOVCOOOOPOCOOOOGOOOOCOCOOOOO

M-6 BEREBOEHRY—
Fig. 6 Merging with expressway traffic
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(Fig. 4). Such vehicle behavior gives both the driver and
passengers secure feel without any sensation of discomfort.
(3) The occupants are not disturbed by noise and vibration

¢ Vehicles must be solidly built with a "solid structure
feel" so that the body does not vibrate or produce noise
when traveling over a cracked road surface (Fig. 5).

¢ Engine sounds must not cause occupants any
discomfort when accelerating to merge with expressway
traffic (Fig. 6).

5. Conclusion

In this age of diversification, performance must be
differentiated so as to meet customer needs. This article
has defined the direction, common attributes and priority
items targeted for the dynamic performance of Nissan
vehicles. The technologies developed through these
activities are being adopted on new vehicle models in turn.
It is envisioned that incorporating these common
performance attributes in our new products will give
enhanced driving pleasure to larger numbers of customers.

A =

Hiroshi Mimura
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Minimal Steering Correction Technologies
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Summary

One of the most important elements of Nissan’s targeted dynamic performance is

“Driver can easily follow the intended path.” This article describes the methods used to evaluate this
performance, the mechanism for reducing steering corrections by increasing the equivalent cornering
power and vehicle stiffness, and the specific technologies applied. In addition, the attainment of minimal
steering corrections in high-speed driving through aerodynamics control is shown as one application

example.

Key words : Aerodynamics, steering correction, closed loop, induced steer, body/chassis

stiffness
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1. Introduction

This article focuses on one of the three priority
items described in the keynote article entitled “Nissan’s
Targeted Dynamic Performance.” This item concerns
“Driver can easily follow the intended path.” The details of
several specific technologies that have been developed to
facilitate this performance are described here.

The targeted vehicle performance is intended to
enable drivers to operate their vehicles as they wish with
a secure feel even in exceptionally severe situations
encountered in everyday driving. An example of such a
situation is meeting an oncoming vehicle on a narrow
country road in Europe without slowing down. In order to
obtain this high performance, the vehicle must accurately
trace the driver’s intended driving path without deviating
from it. As a result, the driver does not have to perform
any unnecessary steering corrections to the steering inputs
applied to follow the targeted driving path.

In the process of developing vehicle handling
and stability heretofore, vehicle characteristics such as
the suitableness of the vehicle response gain relative to
steering inputs, minimal response delay and smallness of
vehicle roll have been measured in so-called open-loop tests.
The results have then been compared with data measured
for various vehicles and necessary improvements have
been made. Because this has been the main approach to

*SCATH P BERH 5858 Advanced Vehicle Performance Engineering Department
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the development of vehicle handling and stability, it has
been difficult to tell whether the necessary and sufficient
performance has actually been obtained in the targeted
driving situations.

Accordingly, in addition to the open-loop criteria
evaluated previously for improving handling and stability,
the actual steering angle was measured while the driver
drove through a curve so as to evaluate the amount of
steering corrections made. In other words, closed-loop
testing was included in the process of developing handling
and stability with the aim of obtaining performance that
would respond more faithfully to drivers’ expectations in
the targeted driving situations defined in this work.

The following sections explain the closed-loop
evaluation method, the quantitative definition of the
steering correction amount, the mechanism inducing
steering corrections, and the validation results for the
handling and stability improvement obtained with a
prototype vehicle. In addition, a method is also explained
for reducing steering corrections based on improvement
of aerodynamic characteristics in an expanded driving
situation that envisioned high-speed driving such as on the
Autobahn.

2. Method of Evaluating Steering Corrections and
Definition of Evaluation Indices

First, we will explain the method used to evaluate
steering corrections in closed-loop testing. As shown in
Fig. 1, evaluations were conducted by driving a test vehicle
through curves at a steady speed of 100 km/h on a test
course that simulated a European country road with two
curves of 200 m and 400 m in radius. Measurement of the
steering angle provided an evaluation of whether the driver
was able to trace the target driving path without making
any corrections to the steering inputs. The ease of tracing
the path was also evaluated on the basis of subjective
evaluations by the test drivers.

Next, we will explain how the steering correction
amount was defined. Figure 2 shows an example of the
steering angle measured for a certain vehicle in relation
to time on the horizontal axis. At around 12 s on the time
axis the vehicle exited the 200-m-radius curve and similarly
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at approximately 15 s it entered the 400-m-radius curve.
Jagged disturbances are observed in the steering angle
waveform at those moments. These disturbances captured
the driver’s steering corrections. The steering angle
disturbances were defined as shown in Fig. 3. The steering
angle was converted to the steering angle velocity by
performing a first-order differentiation on the data with
respect to time. The mean steering angle velocity in the
evaluation interval was defined as the steering correction
amount.

In Fig. 4, the results of a subjective evaluation of
line traceability conducted with the evaluation scale shown
in Table 1 are plotted on the vertical axis in relation to the
steering correction amount on the horizontal axis for
a number of typical vehicles. It is seen that there is a
relatively high correlation between the two sets of data.

3. Explanation of the Mechanism Inducing Steering
Corrections

Mechanisms for reducing steering corrections have
been researched in several studies conducted to date.b?
This section describes the reduction of steering corrections
by improving the yaw rate response delay of the vehicle
to steering inputs. This approach has been examined in
previous studies and confirmed to have a large beneficial
effect in actual vehicle development work.

First, we will briefly explain the process in which
steering corrections occur in a closed loop comprising the
driver and the vehicle. When the driver feels that the
vehicle response to a steering input for tracing the target
driving path is insufficient, the person performs additional
steering to compensate for the insufficiency. The vehicle’s
response gain may be small because the steering gear ratio
is low or the vehicle’s understeer is large. When these
factors are the cause, the additional steering action is
necessary for tracing the target driving path. This does not
pose any new problems. The response gain must be suitably
set so that such additional steering does not occur.

In contrast, if a vehicle response delay causes the
driver to feel that the vehicle response is insufficient, the
vehicle will exhibit a large belated reaction to the driver’s
additional steering action. Therefore, to correct that
vehicle behavior, the driver must turn the steering wheel
back in the opposite direction. In turning the steering
wheel back, the driver similarly steers more than what is
necessary. This increasingly amplifies the steering
correction amount, as shown schematically in Fig. 5.
Therefore, reducing the vehicle’s response delay is a key
factor for minimizing steering corrections.

Next, we will explain the factors causing a response
delay in the vehicle yaw rate. There are two types of
response delay, for which the causal mechanism differs
greatly depending on differences in the frequency band of
the steering input.

One type is a phenomenon that is most commonly
treated in the development of vehicle handling and
stability. This concerns a phase delay in the vehicle yaw
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rate in relation to the frequency of the steering input and
toward the vehicle’s yaw resonance frequency that is
generally around 1-2 Hz. The mechanism of this delay is
shown in Fig. 6 (a) using a simple half car model, which
facilitates an intuitive understanding of the frequency
response characteristics of the steering action shown in
Fig. 6 (b) as well as a quantitative analysis. Raising the yaw
resonance frequency of the vehicle is effective in reducing
this phase delay. That can be accomplished in several ways
such as by reducing the vehicle’s yaw inertia, increasing
the cornering power (CP) of the tires or by increasing the
equivalent CP by designing a suspension-induced steering
effect like the steering that occurs during cornering.
Here, we will refer to this delay as being caused by a “yaw
resonance mechanism” and use the phase delay [deg.] at
1 Hz as a typical value of this delay.

The other type is a yaw rate response delay the
mechanism of which is shown schematically in Fig. 7. It is
caused by a force transfer delay due to deformation of
various parts in the process from the driver’s steering
input until the vehicle begins to turn.?’

Similar to the aforementioned yaw resonance
mechanism, an analysis of this response delay on the
frequency axis shows that a phase delay of only around
several degrees finally begins to occur in the region above
5 Hz. That represents an extremely tiny delay which is
very hard to measure in open-loop testing. However, as
described above, there is a process in closed-loop testing
in which the driver amplifies this tiny delay. Accordingly,
it is known about this delay mechanism that steering
correction differences can be evaluated quantitatively by
measuring the amount of steering correction applied.One
example is shown in Fig. 8 concerning measurement of the
steering correction with and without a strut tower bar as a
member for increasing body stiffness. Subjective evaluation
results showed a steering correction difference between
these two conditions, but that difference was difficult
to measure in open-loop testing. The steering correction
amount was measured with/without the strut tower bar for
increasing body stiffness, and the steering correction
difference was identified. That is referred to here as a
delay caused by the “vehicle stiffness mechanism.” As a
typical value of that delay, we decided to use the yaw rate
phase delay at 5 Hz in relation to the steering input.

Finally, we will explain the quantitative
relationships between the steering correction amount

OOV OVOVVOVVVVVVVVVVOVOVVOVOVVOVOVOOOOOOOOS
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and the phase delay at 1 Hz caused by the yaw resonance
mechanism and the phase delay at 5 Hz due to the vehicle
stiffness mechanism. In order to analyze these quantitative
relationships, a driver model was prepared that accurately
captures the driver’s steering characteristics and it was
combined with a previously established vehicle model. It
was necessary to be able to simulate the driver’s steering
angle accurately in closed-loop testing. Extensive research
has also been done on driver models,?® but a driver model
has yet to be constructed that can accurately predict
steering angle characteristics up to the frequency band
where they are affected by vehicle stiffness. Therefore, a
driving simulator was used to conduct experiments with
participation by specialist evaluators. The experimental
results revealed the quantitative influence of the phase
delays at 1 Hz and 5 Hz on the steering correction amount
without knowing the driver’s steering mechanism. In Fig. 9,
the steering correction amount measured experimentally is
shown on the vertical axis for seven specifications in which
the phase delays at 1 Hz and 5 Hz were varied as shown in
Table 2 and the phase delays are shown along the horizontal
axis. Averaging the results indicates that the steering
correction amount was effectively reduced by 0.1 deg/s for
every 1 deg. reduction in the phase delay at 1 Hz due to the
yaw resonance mechanism. The steering correction amount
was reduced by 0.3 deg/s for every 1 deg. reduction in the
phase delay at 5 Hz. The results thus revealed the respective
sensitivity of steering corrections to each phase delay. The
details of this experiment were examined and approved by
the company’s internal Ethics Committee for Experiments.
It was conducted after obtaining the informed consent of
the participants.
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Using these sensitivity lines makes it possible
to design steering correction amounts for new vehicles
under development based on test vehicle data showing the
relationship between phase delays at 1 Hz and 5 Hz and
steering corrections. The following section presents an
example of the reduction of steering corrections for a
previously developed vehicle.

4. Validation Fesults for an Advanced Developed
Vehicle

This section describes the validation details of
the steering correction reduction obtained for a prototype
vehicle based on an actual C-segment production vehicle.
This was done by applying the mechanism for reducing
steering corrections and the related quantitative
relationships explained in the preceding section.

First, we will explain the measures adopted to
reduce the amount of steering correction due to the delay
caused by the yaw resonance mechanism. For modifying a
production vehicle, it would not be easy to substantially
reduce its yaw inertia. Therefore, the measures taken here
to reduce the vehicle response delay were mainly to
increase the tire CP and the equivalent CP attributed to
suspension-induced steering. As shown in Fig. 10, tire CP
was increased by approximately 20% to the upper limit of
the general prevailing value among ordinary passenger
vehicle tires having the same size and tread width as the
tires of the production vehicle. Suspension-induced
steering was improved by raising it to the top level of the
prevailing values in all categories. Figure 11 plots the
front suspension steering angle on the horizontal axis and
the rear suspension steering angle on the vertical axis
along with the improvement made this time with respect to
the toe angle changes of the suspension during cornering
which correspond to induced steering. It is seen that
the changes increased the front equivalent CP by 16% and
the rear equivalent CP by 42%, which reduced the yaw
rate phase delay at 1 Hz by 7.5 deg. as shown in Fig. 12.
The steering correction amount was estimated from the
sensitivity line to be reduced by approximately 0.8 deg/s.

Next, we will explain the measures taken to reduce
the steering correction amount due to the phase delay
caused by the vehicle stiffness mechanism. The details of
the places improved are omitted here, but body stiffness
was increased by approximately 34% mainly by increasing
stiffness around the areas where the upper struts are
attached and around the stays for attaching the bumper, in
addition to adding a tower bar. Suspension stiffness was
increased by approximately 42% by attaching the subframe
rigidly to the body and by increasing axle stiffness, among
other measures. Tire lateral stiffness was increased by
approximately 38% mainly by reinforcing the sidewalls.
Steering system stiffness was increased by approximately
95% primarily by improving the torsional stiffness of the
column. These stiffness improvements reduced the phase
delay at 5 Hz by 5.3 deg., which would have an estimated
effect of reducing the steering correction amount by
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approximately 1.6 deg/s (Fig. 13).

All of these modifications were incorporated in a
prototype vehicle and an experiment was conducted to
verify the effect on reducing steering corrections. Based
on the reduction mechanism, a steering correction
reduction of 0.8 deg/s was attributed to the yaw resonance
mechanism and a reduction of 1.6 deg/s to the vehicle
stiffness mechanism for a total reduction of 2.4 deg/s.
The experimental results showed that the actual reduction
was 2.6 deg/s (down from 6.2 deg/s to 3.6 deg/s), which
confirmed that the steering correction amount was
reduced for the most part as planned (Fig. 14).

The steering correction amount of 3.6 deg/s
achieved in this work represents a small value equal to
or smaller than that of European cars which are highly
rated for this performance attribute, as indicated by the
subjective evaluation results shown in Fig. 15.

5. Steering Correction Reduction in High-speed
Driving by Improving Aerodynamic Characteristics

The relationship between handling and stability
and aerodynamic force is often discussed in terms of lift,
which is directly related to the vertical load at the wheel
and yaw moment that describes the leeward turning round
movement that occurs when a crosswind strikes a vehicle.
However, here we will describe an example for improving
the steering correction amount during high-speed driving
principally by changing rear wheel lift under a condition
without a crosswind.

Because lift acting on a vehicle is proportional
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to the square of the flow velocity, there is hardly any
influence of lift at low vehicle speeds because the vertical
load at the wheel due to the vehicle weight is predominant.
At high vehicle speeds, however, the change in the vertical
load at the wheel due to lift cannot be ignored. For
example, if the lift coefficient acting on the front wheels
(Cwy) is given a positive sign (upward), as the vehicle speed
becomes higher, the vertical load at the front wheel will
decrease, so an understeer tendency for promoting vehicle
stability can be created at high vehicle speeds. In addition,
it is desirable for the lift coefficient acting on the rear
wheels (Cir) to have a negative sign opposite that of the
front wheels. That is because the understeer tendency can
be strengthened owing to the larger vertical load at the
rear wheel at higher vehicle speeds.

Based on the foregoing discussion, one aerodynamic
performance issue that must be resolved from the standpoint
of improving stability at high vehicle speeds is to create a
front-rear lift balance such that Cis > Cir qualitatively.
It is especially important to find a suitable solution for
determining the respective lift value so as to improve the
phase delay in the vicinity of 1 Hz where there is a high
requirement with respect to handling and stability.

In order to resolve this issue, the following two
types of experiments were conducted: (1) clarification of
the relationship between front-rear wheel lift and yaw rate/
steering angle phase, which was done by creating different
lift specifications in wind tunnel tests and by measuring the
yaw rate/steering angle phase during high-speed driving
in proving ground tests; (2) investigation of aerodynamic
measures for attaining the desired lift characteristics
without degrading the drag coefficient (Cp).

In experiment (1), aerodynamic devices were made
focusing simply on Cit and Crr without imposing any limit
on the increase in Cp. The Cis value was varied in a range
0f -0.06-0.05 and the Cir value in a range of -0.03-0.07 in
wind tunnel tests before conducting proving ground tests.
The yaw rate/steering angle phase was measured on a
proving ground test course for each set of specifications,
and the characteristic curves shown in Fig. 16 were
obtained.

The results in Fig. 16 clearly show that the change in
yaw rate/steering angle phase involved the opposite signs
in relation to the changes in Cis and Cir and that varying
Crr had the largest effect. These results substantiate the
aforementioned explanation that giving Cis and Cir different
signs contributes to greater vehicle stability. In addition,
because the contribution of Cir was relatively small, the
subsequent examination of absolute valves focused only
on Crx.

As a summary of the experimental results from
the proving ground tests, we can obtain the relationship
between Cir and the steering correction amount as well as
the relationship between the steering correction amount
and the yaw rate/steering angle phase differences. The
relationship between the yaw rate/steering angle phase
differences and rear tire CP can be derived from an

H ZE # #;® No.83 (2018-10) 14
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equation of motion for the vehicle yaw direction. By taking
into account the relationship between rear tire CP and the
vertical load at the rear wheel, a four-quadrant graph can
be created that leads to the relationship between rear tire
CP and Ci of the vehicle concerned. Based on this four-
quadrant graph, we can quantitatively define the target Cur
from the absolute values of the indices that we want the
vehicle to attain (Fig. 17).

Next, in experiment (2), we examined ways of
achieving the desired Cir without degrading Cp. There are
two types of rear spoilers that are generally applied as
measures for reducing Cr.. One type is struck directly by
the main airflow coming over the vehicle roof, resulting in
the generation of positive pressure with which negative
lift is obtained. The second type obtains negative lift with
an airfoil having a convex cross section at the bottom.
However, both types cause an increase in drag. Therefore,
without applying a rear spoiler, an attempt was made to
obtain negative lift by improving the underfloor airflow so
as to produce lower pressure under the floor than the
surrounding pressure. Such low pressure can be produced
by creating a flow velocity under the floor that is higher
than the surrounding flow. Accordingly, the floor panel
was made flat with the aim of enabling airflow, having its
velocity increased at the front apron, to pass smoothly all
the way to the vehicle rear. As a result, the flow velocity
under the floor was increased compared with that before
the flattening and lower surface pressure was obtained at
the vehicle rear compared with the previous pressure level
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(Figs. 18 and 19). This method of reducing lift was found to
be very efficient in terms of not degrading Cbo.

This series of investigations described here led to
the attainment of the targeted steering correction amount,
the setting of the necessary Ci: value, and the achievement
of both the desired Cir and Cbo.

The results of the investigations were incorporated
in a test vehicle and validated in proving ground tests,
which confirmed that the desired steering correction
amount was obtained (Fig. 20).

6. Conclusion

One element of Nissan’s targeted dynamic
performance is “Driver can easily follow the intended
path.” This article has described a method for evaluating
this attribute, quantitative evaluation indices, the
mechanism involved in improving performance and
several specific examples of improvement measures.

In addition to the evaluation indices used heretofore
in open-loop testing, the driver’s steering angle was
measured while actually driving along a target path in
closed-loop testing. Necessary measures for improving
steering performance were investigated by analyzing the
mechanism inducing steering corrections. As a result, it
was shown that more effective measures for improving
performance were obtainable.

Methods were also examined for achieving the
desired steering correction amount aerodynamically. A
method was developed for defining the target lift value
based on the suspension characteristics of the vehicle
involved. Measures were developed for obtaining the
target lift without degrading the drag coefficient, and their
effectiveness was validated in vehicle driving tests.

The methods and technologies described here have
already been applied to many Nissan vehicles. We intend
to pursue further technological development with the aim
of designing and engineering vehicles that customers can
drive as they wish with a secure feel in various types of
driving situations.
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Summary

One of the most important attributes of Nissan’s targeted dynamic performance is that

“the occupants feel secure because the vehicle moves stably even on an undulating road surface.” This
article describes the methodology for evaluating body motions, a mechanism for improvement, and

examples of specific technical measures applied.

Key words : Vehicle Dynamics, ride comfort, ride quality, handling, body motion, vehicle motion
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1. Introduction

This article focuses on one of the three priority
items discussed in the keynote article entitled “Nissan’s
Targeted Dynamic Performance.” This item concerns “the
occupants feel relaxed by vehicle motion and seats
support.” It describes in detail several specific technical
measures that have been developed to deliver this
performance.

Nissan has continued to develop methods for
evaluating ride comfort in relation to low-frequency road
surface inputs? as well as methods for improving ride
quality. These methods have defined evaluation indices for
single-direction or two-direction vibration inputs and have
dealt with general vibration characteristics that express
relative superiority or inferiority based on an evaluation of
only the magnitude of acceleration.

On the other hand, in order to attain high levels
of a secure feel and comfort that Nissan aims for, it is
necessary to evaluate comprehensively body motions and
how vehicles move under a condition of complex road
surface inputs, which also includes cornering, such as
what actually occurs on country roads in Europe. Vehicle
movements should be stable so that occupants can feel
secure and relaxed without experiencing any unpleasant
vehicle body motions. In this project, a quantitative index
of body motion was newly developed. This index defines a
physical quantity corresponding to the velocity of gaze
movement, which several previous studies have shown has
a significant influence on motion perception.??

Body motions typically refer to vehicle behavior in
relation to the driver’s operational inputs to the vehicle
such as steering wheel, brake pedal and accelerator pedal

*HAY =37 F —< v A&FEEFATHL Customer Performance and Test Engineering Department  ** JeA THL G4 REBH3EHE,
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inputs. However, the technical measures described here

treat vehicle behavior induced by road surface inputs. The

following sections will describe:

¢ Definitions of the body motions that are evaluated and a
quantitative evaluation index

¢ The causal mechanism and examples of motion control
measures

* Validation results for performance improvements applied
to an advanced developed vehicle

2. Body Motion Evaluation Method and Definition of
Evaluation Index

First, we will explain the conditions for evaluating
body motions. The targeted driving situation in which
Nissan wants customers to feel the excellent body motion
characteristics of Nissan vehicles involves driving at a
speed of around 100 km/h on an undulating country road
surface in Europe. Another condition is that it includes
driving through curves of around 100 to 200 m in radius.

Figure 1 presents time series data for vehicle
behavior measured when driving at a steady speed of 100
km/h on a test course simulating a European country
road. It is seen that the yaw rate and lateral acceleration
also fluctuated in addition to sprung resonance phenomena
such as vehicle bounce, pitch and roll. The results indicate
that complex vehicle behavior occurred.

Skilled drivers who received prior training on
several vehicle models under these evaluation conditions
took part in subjective evaluations of vehicle motions using
the evaluation scale shown in Table 1. The results revealed
that vehicles displaying few behavior disturbances and
little movement of the driver’s gaze on curves received
good subjective evaluation scores with respect to the
evaluation criteria of a secure feel and comfort.

Studies have shown that visual field information is
a physical quantity that makes a large contribution to
human perception of motion, as mentioned in section 1.
We investigated the velocity of gaze movement at a point
ahead which the own vehicle will reach in 2 s, representing
B e e e e e e e e e e e e e S e g
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a typical forward gaze point.

Figure 2 shows a model of gaze moment velocity
that we examined as a quantitative evaluation index for
body motions. Gaze movement velocity while cornering
was calculated from five vehicle motion components: body
roll, pitch, yaw, and vertical and lateral translational
motions. The vertical components consist of roll, pitch and
vertical translational motion and the lateral components
are yaw and lateral translational motion.

Figure 3 shows the conceptual relationships
between gaze movement velocity and these five vehicle
behavior components. The vertical components indicated
by the blue arrows and the lateral components indicated by
the green arrows were first calculated from the vehicle
behavior. They were then synthesized and the equation
in Fig. 2 was used to calculate gaze movement velocity
representing the integrated motion of the vehicle indicated
by the red arrow. Effective values were then calculated
in the evaluation interval time as representative values.
Figure 4 shows a time series waveform of gaze movement
velocity calculated based on driving data measured for the
five vehicle motion components.

This evaluation index was defined on the basis of
sprung vehicle behavior and no direct measurements were
made of the driver’s gaze. The results of a previous study
indicate that drivers use their body, neck and eyeball
muscles to compensate their gaze when trying to
concentrate on the forward view under a condition of large
sprung motion, with the result that they no longer feel
secure or comfortable.?

In this study, a body motion index was created for
vehicle motions in order to eliminate variation in the
evaluation results due to drivers’ physical characteristics.
As aresult, a high correlation was largely obtained with
the subjective evaluation results. The relationship between
gaze movement velocity and the subjective evaluation
results is shown in Fig. 5.

3. Causal Mechanism of Gaze Movement Velocity
and Example of a Reduction Measure

As described in the foregoing section, gaze
movement velocity is composed of the five components of
vehicle roll, pitch, yaw and vertical and lateral translational
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motions. The respective contribution of these five
components to gaze movement velocity is shown in Fig. 6
for a certain mass-produced C-segment sedan.

The results indicate that vehicle pitch is the
component making the largest contribution to gaze
movement velocity. The reason for that can be understood
as follows. Under a condition of a curve with a radius of
around 200 m, vehicle pitch behavior is multiplied by the
long distance to the forward gaze point 2 s ahead of the
vehicle as shown in Figs. 2 and 3. In addition, the vehicle
pitch rate is larger than the yaw and roll rates. The same
tendencies were also confirmed for other vehicles.
Accordingly, this section describes a measure for reducing
the vehicle pitch rate that makes such a large contribution,
with the aim of reducing gaze movement velocity.

It is known from previous studies that the pitch
component due to a time difference in road surface inputs
to the front and rear tires when traveling on an undulating
road is related to the vehicle speed and the vehicle’s
wheelbase length.” Under the driving condition
considered here, the lowest order vibration is around 5 Hz,
which is sufficiently higher than the vehicle pitch
resonance frequency of less than 2 Hz. Therefore, in the
following discussion we will consider the bounce input as
the principal input component of the sprung resonance
frequency.

Figure 7 is a schematic representation of the front/
rear wheel suspension spring stiffness and the front/rear
wheel sprung mass when a vehicle is viewed from the side.
Under a condition where same-phase bounce inputs are
applied to the front/rear wheels, vehicle pitch behavior
occurs when the position of the pitch rotation center,
determined by the spring stiffness and the front/rear
wheel sprung mass, and the position of the vehicle’s center
of gravity do not coincide. On the other hand, as shown in
Fig. 8, by making the position of the vehicle’s pitch rotation
center and that of the longitudinal center of gravity
coincide, the front and rear wheels move equally and pitch
behavior does not occur when a bounce input is applied.

The road surface input under the evaluation
condition used in this study induces large sprung
resonance, causing not only the suspension springs but
also the bumper bounds to deflect greatly and stroke from
the outset. In order to prevent the vehicle from pitching
even under this condition, the characteristics of the
suspension springs and bumper bounds must be carefully
examined so as to make the position of the vehicle pitch
rotation center and that of the longitudinal center of gravity
coincide even under a large vehicle stroke condition.

Figure 9 shows the difference between the pitch
rotation center and the vehicle’s center of gravity on the
vertical axis in relation to the suspension stroke on the
horizontal axis. The green line shows the effective value
of the mass-produced C-segment sedan. In the region near
zero suspension stroke, it is seen that there is virtually
no difference between the pitch rotation center and the
vehicle’s center of gravity. However, in the region of a large
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suspension stroke, the front suspension bumper bounds
strongly strike the outer tube of the shock absorbers,
producing a relatively large reaction force in relation to the
rear suspension and causing the pitch rotation center to
move closer to the front.

In contrast, the blue line shows the result of
examining and improving the characteristics by including
the bumper bounds in the stiffness balance of the front/
rear suspensions based on the concept explained here. It is
seen that the difference in positions is small even in the
region of a large suspension stroke.

Besides the stiffness balance of the front/rear
suspension springs, the damping force balance between
the front/rear shock absorbers and ensuring a suitable
damping force level are also naturally effective in reducing
gaze movement velocity.

4. Validation Results for an Advanced Developed
Vehicle

A prototype vehicle was built that greatly reduced
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the difference in the positions of the pitch rotation center
and the vehicle’s longitudinal center of gravity even in the
region of a large suspension stroke and also adopted
highly responsive shock absorbers, among other
improvements. The results obtained for the improved
prototype are compared with those for the base vehicle in
Figs. 10 and 11.

The prototype reduced gaze movement velocity
by approximately 10% (Fig. 10), resulting in a large
improvement of its subjective evaluation score of more
than two points (Fig. 11). Its evaluated performance was
equal to or better than most of the tested European cars,
which are evaluated highly for this performance attribute.
The results confirmed that the performance of the
improved prototype ranks among the best in the world.

5. Conclusion

This article has shown that subjective evaluations
of comprehensive body motions providing a secure and
comfortable ride on European country roads can largely
be expressed by gaze movement velocity calculated from
data measured in vehicle driving tests. The causal
mechanism involved and an example of a specific measure
for reducing gaze movement velocity were described.

The findings were incorporated in a prototype
vehicle, which was confirmed to reduce gaze movement
velocity and was ranked among the best in the world in a
subjective evaluation of this performance attribute.

This evaluation method and performance
improvement technology have already been applied to
many Nissan vehicles. The details are described in
subsequent articles that focus on newly developed models.
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Improvement of Solidly Built Feeling through Noise and Vibration Control
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Summary

This article describes a solidly built feeling that is one of the R&D items for achieving

Nissan’s targeted dynamic performance characterized by a secure feel and comfort. It is shown that the
change in the time of low-frequency noise influences a solidly built feeling. Quickening that time can
improve performance, and the change in the time of low-frequency noise can be shortened by

reinforcing the vibrating parts that radiate such noise.

Key words : Noise, Vibration, solidly built feeling, ride comfort, ride quality
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1. Introduction

The annual global auto sales volume has continued to
increase in recent years and competition is intensifying in
every market. Customer demands for vehicle performance
are also becoming more rigorous every year. In order to win
the competition under these circumstances, it is necessary
to continue to provide more attractive products with even
higher levels of performance.

As explained in the preceding articles, Nissan is
placing emphasis on a secure feel and comfort. In this
regard, one aspect on which R&D efforts should be focused is
a “solidly built feeling.” The feeling of being solidly built is
mainly perceived from the noise and vibration transmitted
to occupants from the vehicle when traveling on uneven
road surfaces with bumps or cracks. By improving the
solidly built feeling of Nissan vehicles, we aim to provide
customers with emotional value in terms of the feelings
of satisfaction and superiority engendered by owning a
luxury and authentic vehicle. This article describes the
solidly built feeling we incorporate in Nissan vehicles.

2. Solidly Built Feeling and Low-frequency Noise

2.1 Selection of sample vehicle types

Attention was paid to phenomena that occur when
traveling over a bump as a typical driving situation
representative of a solidly built feeling. Subjective
evaluations were conducted of multiple models when
driving on a proving ground course with bumps and other
level differences. Two of the vehicles evaluated were

*HAY < —INT =< v A &FEEFAMTER, Customer Performance and Test Engineering Department
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Table 1 Subjective evaluation criteria of solidly built feeling

5: Very solidly built FEFIZLoMY LTND

4: Solidly built Lon»hLTW3

3: Average 59

2: Not solidly built Lo LTy

1: Not solidly built at all [FEFEIZ L o220 LTH721

selected as samples: car A for its inferior solidly built
feeling and car B for its fairly good solidly built feeling.
Figure 1 shows the subjective evaluation scores for the
solidly built feeling of the two vehicles. The evaluation
scale is shown along the vertical axis of the figure.
Evaluations were made by evaluators with special skills
using the criteria shown in Table 1. Car A received a score
of 2.5 and car B a score of 4.0.

2.2 Relationship between solidly built feeling and
low-frequency noise

The influence of low-frequency noise on the
perception of vibration has been discussed in recent years.
It is known from a study by Nakagawa et al. (2011)" that
changes in noise levels in the low-frequency region
influence the perception of vibration intensity. Differences
between the noise level that people expect from vibration
and the actual pressure level experienced are reported
to increase feelings of discomfort because they cause
perceptual confusion.

Among the evaluation comments concerning a
solidly built feeling, it was reported that a bong noise was
transmitted amid the relative quietness, which detracted
from the feeling of being solidly built. The authors focused
attention on this transmitted bong noise. It lasted longer
than what was expected from the vibration and caused
perceptual confusion. Accordingly, it was hypothesized that
low-frequency noise also apparently influences a solidly
built feeling.

In order to visualize low-frequency noise and its
transmission in this study, the vertical vibration of the
floor panel under the driver’s seat and the noise level at
the driver’s ear position of the two vehicles when traveling
over a proving ground bump were subjected to a wavelet
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analysis??®, which is effective for time resolution in the low-
frequency region. Figure 2 presents the analysis results
found for these two criteria when the rear wheels traveled
over the bump. The vertical axis shows the frequency
relative to time on the horizontal axis. The magnitude of
the change is indicated in different colors. A stronger red
hue means a larger change.

Attention was focused here on the duration of the
change in the noise level. The starting point of the change
in the floor panel vibration and that of the noise level at the
driver’s ear position are indicated by a Amark in each
graph in Fig. 2. A comparison of the results for the two
sample vehicles reveals that for car B both the noise level
and vibration began to change at the same time, whereas for
car A the noise level began to change with approximately
a 0.1 s delay after the change in vibration. The duration
of the conclusion of the change was also delayed for car A.
In other words, both the start and end of the noise were
delayed. This delay in the occurrence of low-frequency
noise in the interior means that the noise source somewhere
in the vehicle began vibrating approximately 0.1 s later.
In short, because the timing of the low-frequency noise did
not coincide with the onset of the floor panel vibration, it
was inferred that some part was excited and vibrated with
a time difference from the floor vibration and began to
radiate noise.

2.3 Confirmation of parts generating low-frequency
noise

In order to identify the parts vibrating long and
loudly at a low frequency, measurements were made using a
two-axis three-direction dynamometer shaker to recreate
and measure the condition when the rear wheels travel
over a bump. As an example, Fig. 3 shows the convergence
time of the vibration of various parts. The parts are listed
along the vertical axis in relation to time on the horizontal
axis. The vibration convergence point was defined as the
moment when the vibration became 1/10 of the peak level
following the onset of the floor panel vibration and the time
to that point was measured.

The uppermost bar graph shows the convergence
time of the floor panel vibration. It indicates that the
vibration ended about 0.1 s after it started. An examination
of the other parts reveals that they vibrated longer than the
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floor panel did.

Based on the foregoing results, it was assumed that
these parts cause vibrations different from that of the floor
panel, thereby producing low-frequency noise. Moreover,
such low-frequency noise causes perceptual confusion and
presumably detracts from a solidly built feeling. Therefore,
we investigated whether reinforcing these parts was
effective in suppressing low-frequency noise and whether
that suppression helped to improve a solidly built feeling.

2.4 Improvement of parts producing low-frequency
noise

Attention was focused on the roof rear that vibrated
the longest and several reinforcing measures were
implemented. One example is shown in Fig. 4, where
reinforcement was applied to increase the stiffness by 1.36
times. Similar reinforcement was also applied to the other
parts.

The vibration convergence time of the improved
parts is shown in Fig. 5. It is seen that the convergence
time of the roof rear vibration was shortened by 83%.

2.5 Confirmation of change in low-frequency noise

Similar to the analysis described in section 2.2, a
wavelet analysis was performed on the vertical vibration of
the floor panel under the driver’s seat and the noise level at
the driver’s ear position for improved car A when the rear
wheels traveled over a bump. The results are shown in Fig. 6.

The left-hand graphs in Fig. 6 are for car A before
the improvements and the right-hand graphs are for the
car after the improvements. A comparison of the noise
level at the driver’s ear position reveals that loud noise
occurred with a 0.1-0.2 s delay in the 30-50 Hz region
before the improvements, but that delay in this frequency
range disappeared after the improvements. As a result,
the time for the onset of the change in the noise level
coincided with that for the floor panel vibration.

2.6 Improvement of solidly built feeling

Figure 7 presents the subjective evaluation score
for improved car A together with the scores shown in Fig. 1.
In line with the hypothesis mentioned earlier, the score

OOV VOVOVVVOVVVVVOVVOVOVVVOVOVOVOVOOOOOOOOS

Car A Improved Car B
car A

®-7 UohbREOEREFHE
Fig.7 Subjective evaluation scores of solidly built feeling
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for the solidly built feeling was improved because the
difference in the duration for the change in low-frequency
noise was eliminated. The results indicate that improved
car A achieved a solidly built feeling which approached
that of car B.

3. Conclusion

This article has made clear the enhancement
achieved for a solidly built feeling by improving the
duration of the change in low-frequency noise. It also made
clear that reinforcing parts radiating low-frequency noise
shortens the time for the occurrence of such change. In
future work, it is planned to make clear the mechanism by
which low-frequency noise and other phenomena influence
the perception of vibration in order to develop technologies
for enabling customers to better perceive a secure feel and
comfort.

The newly developed measures described here for
improving vehicle body characteristics for the purpose of
enhancing a solidly built feeling are being incorporated
into new vehicle models. Some applications are described
in subsequent articles about newly developed models.
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Noise and Vibration Technologies supporting Dynamic Performance
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Summary There may not be many people perceive that noise and vibration performance
constitutes one element of dynamic performance. Noise and vibration (NV) phenomena often have
trade-offs with major dynamic performance attributes such as handling, stability, acceleration, and fuel
economy. Dynamic performance is perceived on the basis of multisensory integration. This article
explains three important NV technologies as part of dynamic performance: body stiffness for a solidly
built feeling, technology for obtaining an EV-like feel with e-POWER, and active control techniques
supporting acceleration performance and CO: reduction.

Key words : NVH, body stiffness, e-POWER, ANC, active control mount

1. [ U & [

CCHAAECTHBIEORRIIRENIZA ELTBD,
CNPULEOEILIARELZ LB bNL T Z0hb Lk
Vo FRICHATAETAHARANOS G, SR MEEZ B L
HWEADS RSN S, HAROISGEERE CITE B . %
ML TENCTHND D%, 22D 2 & & nlfs Tf
VLI BT —=v I ARhvn, BENOBRTIZSIZERE
BBV EVIEREDND D, Lo LilstoRofibivy
OHFTIZ, EERNOIRE) - BE 303 L b BN 2 IRE
TlE%{, ZITHEFBETLIBERR T V=TI0L o T,
IRE) - B OWFIWFE LM TH ) FET T b

—H T, WhWLESEE FIF5 I L2 AEE, & v
A&, FI)TREV, SFETRNTOARWERETH 4T
BRI DOERBING T FVEREL, ¥4 F Iy -8
T4 =<y A (DP) #HT 5 “Loh & 12 <
9%, 72, ePOWER % &0 F— % Tikt % BLIT PR
B (ICE) L DE» 2oLV g BEbrsbTh b
B IRE) - BRI o ARG H D) . IELWEEERDS
AHRELGS>TVE, HEVHOEN TRV, ANy R
T TCERLTWDLT 25747/ 4AAXay ba—)

1. Introduction

Vehicle quietness has been dramatically improved
in recent decades and many may feel that further
improvement is unnecessary. There is a tendency seen
especially among Japanese living in Japan not to place so
much significance on quietness because interior noise
levels are not that high. The reasons for that include the
fact that vehicles travel at low speeds in Japan’s traffic
environment, road surfaces are generally good with few
potholes and bumps, and there are few situations where
the engine is running at high speed. However, among the
ways in which vehicles are driven in other countries, noise
and vibration conditions in the passenger compartment are
not necessarily ideal. Accordingly, automotive engineers
are still continuously making necessary efforts to improve
noise and vibration levels for the sake of customers living
in other lands.

On the other hand, simply lowering the noise level
is not the only issue. Low-frequency noise, tiny rattles and
other sounds that occur on not-so-rough road surfaces are
also strongly related to the “solidly built feeling” that is one
constituent element of dynamic performance. In addition,
there is a tendency to think that electric motor-driven
vehicles like those fitted with Nissan’s e-POWER electric
powertrain are naturally quieter than internal combustion

AT PEREBIZEEE, Advanced Vehicle Performance Engineering Department *Infiniti %4 Bi%8#%0, Infiniti Product Development
Department **Nissan &— %45 584K, Nissan Product Development Department No. 1
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engine (ICE) vehicles. However, the former vehicles also
have disadvantageous conditions regarding noise and
vibration, making proper designs indispensable. Although
it is not well known, the active noise control (ANC)
technology that is widely used in headphones is applied
as a countermeasure against such noise. Moreover, it
is steadily being adopted as a technique for helping to
improve vehicle fuel economy.

2. Improvement of Quietness by Increasing Body
Frame Stiffness

‘While body stiffness has been improved year after
year, further improvement is still meaningful for dynamic
performance and quietness. Body frame stiffness for
suppressing overall body deformation is an especially key
property for reducing various types of low-frequency noise
and vibration phenomena.

Low-frequency noise and vibration includes
booming noise from the engine, drumming noise from the
road surface, and noise produced when traveling over
bumps, among other phenomena. Previously, such
phenomena were evaluated as vehicle defects and had
strong implications for dispelling customer dissatisfaction.
However, the level of low-frequency noise has been
markedly reduced in recent years to create a refreshing
interior ambience while driving, which has led to
improvements in attractive performance attributes and
high perceived quality.

Road surface inputs generally have frequency
characteristics of around -6 dB/oct, and there are fewer
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inputs in the higher frequency ranges. Consequently, the
higher the peak frequency of the transfer characteristics is,
the lower the level of the multiplied sound becomes as a
result, which is advantageous for a quieter interior (Fig. 1).

The peak frequency of the transfer characteristics
is determined by the resonance systems of the tires,
suspension, vehicle body and so on. The eigenvalues of
the body frame, which are directly related to changes in
the volume of the cabin interior space, are particularly
important in this regard (Fig. 2).

The eigenvalues of the body frame can be
increased by raising the overall body stiffness, making it
possible to reduce interior noise levels as a result. As one
example, Fig. 3 shows the change in the eigenvalues of the
body-in-white (BIW) by increasing the eigenvalues of the
body frame, and Fig. 4 shows the results of an investigation
of the resultant effect on low-frequency road noise.

Increasing the stiffness of the body frame has
been required for a long time, and various design methods
and measures have been considered for that purpose.
Straightforward designs that secure the desired cross
sections, avoid creating inflection points and ensure joint
stiffness, among other requirements, are still important
even now. In Japan, discussions that make light of such
things are often heard because of requirements regarding
the vehicle size and weight and the necessity of securing
interior space. However, one can still see global trends
toward improving the resonance of and emphasizing the
stiffness of the body frame (Fig. 5).

Continued efforts will be made in the coming years
to refine further the technologies for increasing body
frame stiffness as the basis for enhancing the quietness of
Nissan vehicles and continuously improving attractive
performance attributes and high perceived quality.

3. Technologies for Attaining EV-like Driving Feel
with e-POWER

One advantage of the e-POWER electric powertrain
is that the car can be driven by the traction motor alone
using electric power from the battery with the engine
turned off. Because there is no engine noise, remarkable
quietness is obtained resembling that of an electric vehicle

B L e

Fuel
economy
Drivability E ﬁ

=N o
®“ e

-6 MHREREID NL—RAT
Fig.6 Performance trade-offs
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(EV).

On the other hand, when the engine is running, its
operating points, including speed, torque output and so
on, are determined by various requirements such as for
fuel economy, power performance and air-conditioning
performance. Those conditions can also be disadvantageous
for quietness. So as not to detract from the EV-like driving
feel even under such conditions, it is essential to factor
noise and vibration requirements into the engine operating
points, in addition to applying technologies for improving
noise isolation and reducing the body’s influence on noise
levels as has been done for conventional ICE vehicles.

However, because there are trade-offs among many
performance attributes, the effect on each attribute and
possible repercussions must be confirmed in the process
of determining the operating points. That has posed issues
for judging the potential of each vehicle system at the
initial development stage before physical prototypes are
built and for verifying and judging the effects of control
constant changes in a short period of time.

In addition, there are numerous factors that
influence engine operating points such as the remaining
battery capacity and external temperature, among others.
Consequently, performance trade-offs must be resolved
under so many conditions that it is nearly impossible to
make a comparison with conventional ICE vehicles (Fig.
6).

In order to resolve this issue, a 1D CAE simulation
program was developed for reproducing multiple physical
phenomena with one model, making it possible to conduct
a large-capacity noise and vibration simulation in a short
period of time under the same conditions as for other
performance attributes. This program combines a noise
and vibration model, including engine mount properties,
vehicle body, noise isolation measures and other factors,
with an existing powertrain simulation model and an
experimental results database (Fig. 7).

This makes it possible to evaluate noise and
vibration simultaneously with other performance
attributes. As a result, trade-offs between performance
attributes can now be resolved and the control logic can be
optimized from the initial stage of development. Moreover,
many conditions can now be evaluated in a short period of
time.
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4. Active Control Technologies Contributing to
Dynamic Performance

This section explains active control technologies
for controlling noise and vibration actively. There are many
times when high power output and high fuel economy
involve trade-offs with quietness. At Nissan, we improve
vehicle quietness by applying active control technologies
such as ANC and active control engine mounts (ACMs). In
recent years, active control technologies have also been
used to enhance product attractiveness and the brand
image, in addition to enhancing quietness.

4.1 Spread of ANC for high fuel economy

Nissan adopted the world’s first automotive ANC
system on the Ul3-series Nissan Bluebird (Fig. 8) in 1991
to cancel the booming noise characteristic of 4-cylnder
engines.

In recent years, ANC has often been applied for the
purpose of improving fuel economy. Expanding the lockup
region of the transmission is an effective way of reducing
losses incurred in transferring engine power, which works
to enhance fuel economy. On the negative side, engine
booming noise becomes an issue when the lockup region
is expanded. Beginning with the Y51-series Fuga in 2009,
Nissan expanded the lockup region to both the low speed
range and the high load region, which had never been
done before. Booming noise performance was reconciled
with that expansion by applying ANC. Since then, the
volume of Nissan vehicles equipped with ANC has
increased every year as shown in Fig. 9 and is expected to
expand further in the years ahead.

4.2 ACM evolution

ACM technology is one approach to reducing
engine vibration that worsens for high fuel economy
engines such as diesel engines, downsized engines and
others. In 1998, Nissan adopted ACM on the U30-series
Presage equipped with a direct-injection diesel engine.
ACM reduces the transmission of vibration to the body by
generating vibration in the opposite phase to that of engine
vibration using an actuator incorporated inside the engine
mount.

The new Infiniti QX50 adopts an engine mount
vibration damping system called Active Torque Rod (ATR).
(For further details see a later article entitled “Dynamic
Performance Technologies on the New INFINITI QX50.”)
ATR is Nissan’s third-generation active engine mount
system since the initial ACM technology (Fig. 10). It
effectively reduces the high-frequency vibration generated
by the VC-Turbo engine.
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Fig. 10 Advancement of ACM
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4.3 Active Sound Control (ASC)

In the past, the acceleration sound of a vehicle was
generally generated by methods applied either to the
intake system or the exhaust system. However, there are
limits to these methods in view of the tightening of pass-by
noise regulations in recent years to avoid degradation of
the sound environment. One technology for resolving this
trade-off is an ASC system that adds sound electrically
through the audio speakers during vehicle acceleration.
Nissan adopted an ASC system on the V37-series Skyline
announced in 2011. Since then, this same technology has
so far been applied to seven models, including the new
INFINITI QX50, to help improve product appeal.

5. Conclusion

There is no doubt that vehicle electrification will
advance steadily in the coming years. The elimination of
the ICE that is the biggest source of noise in conventional
vehicles will make the contributions of noise from the road
surface and wind noise more predominant. Consequently,
technologies for suppressing noise and vibration will
continue to be important in the future. There will also be
increasingly more constraints, including further weight-
reduction demands. It can be expected that the range of
application for active control technologies will definitely
expand in areas where mechanical measures alone are not
sufficient.
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Summary

The new Nissan LEAF, the successor to the world's best selling electric vehicle, is

equipped with an enhanced e-Powertrain system, improved steering wheel return-to-center control and
a more advanced suspension. These features provide comfortable and confident dynamic performance.
This article describes how these technologies were applied to the new Nissan LEAF.

Key words : Vehicle Dynamics, Chassis, ride comfort, ride quality
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Fig. 1 New Nissan LEAF

1. Introduction

The new Nissan LEAF was launched in the electric
vehicle (EV) market, which has been expanding in recent
years, as a vehicle symbolizing Nissan Intelligent Mobility.
It was developed to provide improved driving safety, to
contribute to the creation of a clean environment, and to
give customers greater driving pleasure with a feeling of
being more closely connected to society.

This article describes the development aims set for
the handling, stability and ride comfort of the new Nissan
LEAF (Fig. 1) and the technologies applied to attain high
levels of these performance attributes.

2. Dynamic Performance Targeted for the New
Nissan LEAF

The driving range of the new Nissan LEAF has
been greatly improved by expanding the energy storage
capacity of the battery to 40 kWh, among other
improvements, in anticipation of an increase in long-
distance, long-duration driving. Accordingly, the vehicle
was developed with emphasis on the following points so
as to reduce the driver’s workload for a more enjoyable
driving experience.

(1) Driver can easily follow the intended path

(2) The occupants feel relaxed by vehicle motion and seats
support

(3) The occupants are not disturbed by noise and vibration

*Nissan &5 —# 5B %8 %8 Nissan Product Development Department No. 1
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3. Reduction of Steering Corrections

An EV delivers smoother, more powerful
acceleration characteristic of an electric drive motor
compared with that obtained with accelerator pedal
control. One aspect that can be cited for taking advantage
of this smoothness to enable customers to drive as they
wish with a secure feel and enjoy comfortable driving
without getting tired even after long hours on the road is
minimal steering corrections (Fig. 2). The following
discussion describes the technologies adopted on the new
Nissan LEAF to reduce the amount of steering corrections
made.

As described in an earlier article entitled “Minimal
Steering Correction Technologies,” one mechanism
inducing steering corrections is a vehicle response delay. It
is known that it is important to reduce the response delay
that occurs in the vehicle’s force transfer path from the
steering wheel to the tires (Fig. 3). Therefore, the stiffness
of the steering system, which contributes significantly to
this response delay, was improved with the aim of ensuring
ample stiffness in each component of the transfer system.

The stiffness of the torsion bar in the steering
system of the new Nissan LEAF was increased by
approximately 13% (Fig. 4), which improved the torsional
stiffness of the steering system by approximately 10% over
that of the previous model when a steering input is applied
(Fig. 5). This improvement reduces the vehicle’s response
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delay even in the region of tiny steering inputs, enabling
the generation of a more linear and natural yaw rate and
cornering acceleration in response to the driver’s steering
actions. As a result, the vehicle can better trace the driver’s
intended driving path.

In addition, the control program of the electric
power steering system used on the new Nissan LEAF
incorporates a new steering wheel return-to-center control
that operates in conjunction with a steering angle sensor.
This control has been adopted for the first time on a
Nissan vehicle for the Japanese market. Based on the
steering angle and steering angle velocity, this control
function increases the self-aligning torque artificially,
thereby generating a force for returning the steering wheel
to its neutral position (Fig. 6). This function gives the
driver solid feedback when turning in from a straight-
ahead course, performing additional steering during
cornering, and turning the wheel back across the neutral
position, thus providing a more natural and definite
steering feel that enables the driver to corner with a secure
feel. It also contributes to reducing the steering correction
amount because the driver can more easily imagine the
steering angle needed for cornering while steering the
vehicle.

The new Nissan LEAF also adopts Intelligent
Ride Control and Intelligent Trace Control. These control
technologies estimate the driver’s intention from
the operation of the steering wheel, brake pedal and
accelerator pedal and controls the drive torque and
the braking force at each wheel to levels suitable for
cornering. In this way, these control systems improve the
ability to trace the intended path during cornering (Figs.
7 and 8). Experienced drivers who drive skillfully are able
to steer smoothly just before entering a curve. However,
ordinary drivers tend to begin steering too late, turn the
steering wheel faster than is necessary, and overshoot the
amount of steering needed, among other steering actions.
Even for these differences in the driver’s steering
operations, the use of the steering angle velocity makes it
possible to suitably vary the timing for intervening in drive
torque and braking force control in anticipation of an
understeer tendency. This enables control that matches

drivers’ varying levels of driving skill.
B S R e e e e e e e e e g

®-8 4vFUYzrbhbL—ROY O BT
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Fig. 8 Concept of Intelligent Trace Control and
Intelligent Ride Control
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Moreover, because the new Nissan LEAF EV
controls drive torque by means of a motor, response is
faster and control is more finely tuned compared with the
torque control of an engine-powered vehicle. Reduction
of the understeer tendency also contributes to reducing
steering corrections.

These technologies work to reduce steering
corrections when driving through certain curves by
approximately 10% compared with the previous model (Fig.
9).

4. Body Motion Control Technology

Stable and comfortable vehicle motion is important
for providing a secure feel enabling drivers to be at ease in
driving the vehicle as they wish and for obtaining pleasing
ride comfort with little occupant body sway even on
irregular road surfaces. The heavy battery pack on the
new Nissan LEAF is positioned under the floor in a high
density layout and the overall height was also reduced,
thereby lowering the vehicle’s center of gravity. Small roll
and pitch moments made it possible to hold down the
stiffness of the suspension. Roll and pitch motions were
thus reduced without sacrificing ride comfort (Figs. 10 &
11).

5. Solidly Built Feeling

As described in an earlier article entitled
“Improvement of Solidly Built Feeling through Noise and
Vibration Control,” the solidly built feeling of the new
Nissan LEAF was improved to enable customers to enjoy
secure, comfortable driving without becoming fatigued
even after long hours on the road. That was done to further
enhance the value of the new Nissan LEAF in terms of
quietness exceeding its class. To enable occupants to truly
sense the solidly built feeling of the new Nissan LEAF,
low-frequency noise and vibration were reduced to avoid
transmitting them through the vehicle. Differences in the
time of occurrence of low-frequency noise and vibration
were also reduced. It is known that these approaches are
effective in reducing uncomfortable sensations imparted
to the occupants. The following describes the technologies
that were developed for the new Nissan LEAF focusing in
particular on reducing low-frequency noise transmitted
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Fig. 13 Body stiffness improvement points

to the passenger compartment and variation in the time
such noise occurs when traveling over a bump.

In the case of a hatchback like the Nissan LEAF,
one mechanism causing low-frequency noise and variation
in the time of occurrence is a change in pressure in the
passenger compartment due to back door shaking caused
by body vibration that occurs when the rear wheels travel
over a bump (Fig. 12).

Accordingly, one of the key characteristics for
achieving a solidly built feeling is the body frame stiffness
for resisting the force acting to lift up the body when the
vehicle goes over a bump. The body vertical bending
stiffness of the new Nissan LEAF has been increased
by approximately 14% by changing the structure around
the rear hatch gate and the panel gauge, among other
improvements (Figs. 13 & 14). These measures have
achieved a solidly built feeling as indicated by the
subjective evaluation results in Fig. 15.

6. Conclusion

The new Nissan LEAF adopts new chassis control
technologies and various stiffness improvements, among
other enhancements. As a result, it provides a secure feel
enabling smooth driving according to the driver’s wishes,
pleasing ride comfort without any occupant body sway
even on irregular road surfaces, and a solidly built feeling
without noise and vibration being transmitted through
the vehicle. The new Nissan LEAF is already being sold
mainly in Japan, North America and Europe and is highly
acclaimed for its smooth body motion that imparts a
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secure feel in response to steering inputs. We intend to
further improve its dynamic performance so as to obtain a
higher level of customer satisfaction in the increasingly
competitive EV market.
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To achieve comfortable and confident dynamic performance, a newly developed variable
compression ratio (VCR) engine and improved platform and suspension are installed on the new Nissan
Altima launched in the D-sedan segment in two major markets, the U.S. and China. This article
describes how such technologies have been applied to the new Altima.

Summary

Key words : Vehicle Dynamics, Chassis, ride comfort
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1. Introduction

The all-new Altima is a leading sedan model with
annual sales of approximately 255,000 units in the U.S.
market and approximately 115,000 units in the Chinese
market. The latest model is the sixth generation of this
series. As a D-segment sedan, the new Altima features
expressive exterior and interior trim design highlighting
the low-center-of-gravity body proportions, outstanding
habitability and numerous advanced technologies such as
ProPILOT Assist and the latest connectivity. In addition,
it is equipped with a variable compression ratio engine,
pursues advances in platform and chassis technologies,
and delivers segment-leading dynamic performance.

This article describes the aims set for the handling,
stability, ride comfort, and noise and vibration performance
of the new Altima (Fig. 1) and the technologies adopted to
obtain high levels of these performance attributes.

2. Targeted Handling, Stability and Ride Comfort

As described in the keynote article entitled
R e e e e e e e e e e e e
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N
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Fig.2 Freeway and winding road
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“Nissan’s Targeted Dynamic Performance,” the aim set
for the new Altima was to achieve comfortable driving
performance with a secure feel centered on the following
three priority items. (1) Driver can easily follow the
intended path. (2) The occupants feel relaxed by vehicle
motion and seats support. (3) The occupants are not
disturbed by noise and vibration.

Specifically, the new Altima was developed with
emphasis on providing the following attributes when
driving on freeways, winding roads, urban streets and
rough country roads. (1) Steering characteristics that feel
responsive and allow easy lane control. (2) Suppression
of vehicle body motions to enhance the secure feel and
comfort of the driver and passengers. (3) Low noise and
vibration technologies for avoiding fatigue even on long
drives and for imparting a solidly built feeling.

3. Technologies for Enhancing the Performance of
the New Altima

3.1 Driving performance with minimal steering
corrections

Steering characteristics should feel responsive and
allow easy lane control when driving on freeways and
winding roads (Fig. 2) as well as not causing fatigue even
in high-speed driving over long periods of time. One such
characteristic is minimal steering corrections when driving
on a certain specified course. The technologies adopted
on the new Altima for reducing the amount of steering
corrections are described below.

One mechanism inducing steering corrections
(Fig. 3) as described in the article entitled “Minimal
Steering Correction Technologies” is a response delay in
the force transfer path of the vehicle from the driver’s
steering input to the tire contact patch. It is known that
suppressing this delay is effective in reducing steering

B R T e g
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(a) Steering system  (b) Tire  (c) Suspension
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Fig. 4 Delay on force transfer path

(d) Body

®-5 RAFPUVIIATLA
Fig.5 Steering system
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corrections (Fig. 4). Accordingly, ensuring sufficient body,
suspension and steering system stiffness was one of the
development aims set for the new Altima.

First, as shown in Fig. 5, a newly designed dual-
pinion type of rack-assist electric power steering system
(EPS) was adopted. Higher steering system stiffness has
been obtained by using a motor to apply assist force
directly to the rack shaft. In addition, the front strut
suspension increases the knuckle arm radius by
approximately 8% compared with that of the previous
model. High suspension stiffness was obtained by
reducing the force input to the steering rack shaft. These
changes have increased the steering system stiffness of
the new Altima by 120% over that of the previous model,
resulting in top-level system stiffness among rival models
(Fig. 6). As a result, the vehicle characteristics of the
new Altima generate a linear yaw rate without any delay
in relation to the driver’s steering inputs even for tiny
steering actions.

Next, in order to obtain vehicle characteristics
enabling drivers to feel secure in driving the car as they
wish, it is necessary to achieve a vehicle response with
linear steering force characteristics.

As shown in Fig. 7, the wheel alignment of the new
Altima’s front suspension was also reviewed to allow class-
leading caster angle and optimal caster trail settings. The
resulting vehicle characteristics enable an ample yaw rate
and self-aligning torque to be generated without any delay
in relation to tiny steering inputs during straight ahead
driving. The stiffness of the rear suspension has also been
augmented by the sub-frame as shown in Fig. 8. This
reduces the force transfer delay caused by deformation of
various parts, resulting in vehicle characteristics for
excellent driving ease.

As a result of adopting these technologies, the
steering correction amount of the new Altima has been
improved by approximately 7% compared with that of rival
models (Fig. 9).

3.2 Technologies for body motion control

How to ensure stable, comfortable vehicle body
motions is a key factor for enabling drivers to feel secure
in driving the car as they wish and for providing a
comfortable ride. The following discussion explains the
technologies adopted on the new Altima for giving the
driver and passengers a secure feel and also for suitably
suppressing vehicle body motions to a level that feels

comfortable.
COOCOCOCOOCOCOOOOOOOOVOOOVOOOOOOOOOOOOOOOOC
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Fig.8 Rear suspension sub-frame
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Vehicle pitch and roll motions must be suppressed
when driving on a continuously uneven road surface (Fig.
10) in order to reduce uncomfortable body sway by the
occupants and minimize vehicle movements that interfere
with steering actions so that the driver can drive in a
relaxed manner.

As described in an earlier article entitled
“Development of Body Motion Control Technologies,” it is
essential to optimize the balance of the front and rear
suspension systems, including in the high load region, for
driving on uneven, undulating roads. The position of the
vehicle’s center of gravity and the position of the vehicle
pitch rotation center must be designed to coincide,
including for driving conditions with large vehicle stroking.
Because not only the coil springs but also the bump stops
(Fig. 11) deflected and stroked under such conditions in
the early development stage, the characteristics of the
suspension springs and bump stops were carefully
examined.

Monotube shock absorbers (Fig. 12) were adopted
for the rear suspension to achieve a comfortable ride with
an enhanced secure feel by suitably suppressing vehicle
body motions during cornering and on undulating roads.

In addition, the seat back and lumber support were
shaped to match the curvature of the human torso while
also lowering the position of the shoulder supports (Fig.
13). These measures were taken both to reduce body sway
on rough roads and to improve the body-holding support
of the seats against lateral acceleration (G).

3.3 Technologies for achieving a solidly built feeling

Reducing noise and vibration so that they are not
transmitted to the vehicle, thus minimizing the discomfort
they may cause occupants, is a key factor in avoiding
fatigue even on long drives and in enabling occupants to
truly feel the car is solidly built. In developing the new
Altima, efforts were focused on controlling vibrations
transmitted to the body and noise transmitted to the
interior especially when traveling over bumps in the road.
The technologies described here that were developed and

B I I I I e e e e e e g
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Fig. 11 Bump stopper
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Fig. 12 Monotube shock absorber
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adopted on the new Altima also paid attention to tonal
quality.

As described in an earlier article entitled
“Improvement of Solidly Built Feeling through Noise and
Vibration Control,” early attenuation of noise and vibration
and reduction of the fluctuation of low-frequency noise are
essential for giving occupants a solidly built feeling. This is
especially true when traveling on a cracked road surface
and going over speed bumps and other projections (Fig.
14). In developing the new Altima, attention was primarily
paid to deformation of the vehicle frame at the rear and
deformation of local parts. As shown in Fig. 15, measures
were taken to reduce rear end shape deformation inside
the trunk and shape changes of the rear parcel shelf
embossment as well as to increase the stiffness of the
trunk lid and hinges. As a result, noise fluctuation in the
30-50 Hz range in the cabin was reduced (Fig. 16).

3.4 Technologies for reducing noise and vibration
Quietness is an essential element of D-segment
vehicles. The measures explained here were taken to
attain the target of segment-leading quietness.
The new Altima is equipped with Nissan’s variable
compression ratio VC-Turbo engine. High-frequency
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excitation force is increased because of the faster
combustion velocity due to the higher compression ratio
for improving fuel economy. Engine torque is also higher,
so a key point is how to reduce the transmission of high-
frequency excitation force.

Previously, electronic active control engine mounts
(E-ACMs) were adopted on the Pathfinder HEV and other
Nissan models to address this issue. In order to apply
pendulum mounting to the downsized high-torque
VC-Turbo, a new Active Torque Rod (ATR) system was
developed. Combining both active and passive control, this
new mount system was applied to the upper torque rods
that are subjected to the large roll reaction force of the
engine.

ATR is a space-saving, lighter, low-cost system
compared with the previous E-ACM system. The
configurations of the two systems are shown schematically
in Fig. 17. The operating principle of the ATR system is
outlined here. Torque rod resonance is set below 200 Hz
to expand its anti-vibration range. This reduces engine
vibration inputs that are worsened by the increased
combustion velocity due to the higher compression ratio.
On the other hand, the booming noise region is worsened
by torque rod resonance. The transmitted force of torque
rod resonance is reduced by the control force applied to
the intermediate mass of the torque rods (Fig. 18).

The configuration of the ATR system adopted on
the new Altima is shown schematically in Fig. 19. An
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inertial mass generator is used to generate the control
force. The system is constructed such that the control
force can be applied to the intermediate mass of the torque
rods in the vehicle longitudinal direction, which is the
same direction as the principal force input from the engine.
Control is accomplished by a velocity feedback control
principle. The vibration acceleration of the intermediate
mass is detected at the moment the engine excitation
force is input. An electromagnetic actuator with good
responsiveness generates the control force, which applies
a control gain equal to the detected vibration acceleration,
and feeds it back to cancel the excitation force.

Next, we will explain the acceleration noise and
booming noise levels obtained by the new Altima.
Acceleration noise has been markedly reduced compared
with conventional upper torque rods by expanding the anti-
vibration range as a result of adopting the ATR system
(Fig. 20). This results in an interior noise level that is equal
to or better than that of rival models.

ATR control has also substantially reduced
booming noise, as intended (Fig. 21). The booming noise
level attained by the new Altima is equal to that of a
4-cylinder engine equipped with a balancer shaft system.

Thanks to the application of these technologies,
the new Altima features a low-noise, low-vibration cabin
because noise and vibration are not transmitted to the
vehicle body compared with rival models, thus providing
a solidly built feeling.

4. Conclusion

The new Altima achieves segment-leading dynamic
performance as a result of adopting Nissan’s variable
compression ratio engine and further advanced platform
and chassis created with a new steering system and an
improved suspension system, among other measures. It
delivers driving performance that provides a secure feel
and ride comfort, representing attributes Nissan considers
vital to dynamic performance. In recent years, SUV sales
have grown rapidly while the sedan sales ratio has tended
downward. Yet the overall sales volume of the sedan
segment has remained firm. It is expected that the
improved dynamic performance of the new Altima will
greatly contribute to sales in the U.S. and Chinese
markets.

5. References

1) M. Tao et al.: A Study on Vehicle Dynamics Which Can
Realize the Motion Just as Intended by a Driver, JSAE
Transaction, Vol. 48, No. 6, pp. 1295-1271 (2017).

H ZE # #;® No.83 (2018-10) 48



Dynamic Performance Technologies on the New Altima

W=#E 7 Author (s) ll

=l oW oA ¥ A & ok IR oW R OE CIR/ N - 4

Akira Miyagawa Kouji Nishimoto ~ Masatsugu Kondo  Tsukasa Negishi Shiro Kugo

49  NISSAN TECHNICAL REVIEW No. 83 (2018-10)



¥%6E  Special Feature '

QXSO THRIBUITAF I T - INT #— 2 A

Dynamic Performance Technologies on the New INFINITI QX50

I Mok — & . # IE W a1 5%
Tomohisa Oku Hitoshi Murakami Masaharu Satou Takashi Ishikawa
ook MEOE S T (T A R R & = OB
Yuki Ikenaga Takuya Imaizumi Yuta Oana Masahiko Kondo

# &% EEEFTETEFPMALT 23287 P FLITASUVESZ XA ¥ MICHA SR HH

INFINITI QX501&. WEFML YTV, 77y b 74— A, il ARY D g v EOMEdi 2 RHAT 5
LT, SUVARALTLITAICHIE LWHETL O TE 2R EFEHRTH I TEL, ARTIE, 2

NS OWAFEMICOWTREMNAT 5,

Summary

To achieve comfortable and confident dynamic performance befitting a premium

segment vehicle, Nissan’s newly developed variable compression ratio (VCR) engine, platform and
suspension are installed on the new INFINITI QX50 launched in the compact premium SUV segment.
This article describes how such technologies have been applied to the QX50.

Key words : Vehicle Dynamics, Chassis, ride comfort, ride quality, Noise, Vibration
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1. Introduction

The new INFINITI QX50 (Fig. 1) was developed as
a compact SUV positioned in the premium segment, not
only featuring distinctive exterior and interior design,
roominess and an expanded range of advanced equipment
such as ProPILOT Assist, but also pursuing comfortable,
high-quality dynamic performance befitting a premium
vehicle. Toward that end, it adopts Nissan’s newly
developed VC-Turbo variable compression ratio engine
along with a new platform and suspension, enabling the
QX50 to provide top-level dynamic performance as a
premium SUV while satisfying the latest fuel economy,
emissions and safety requirements.

This article describes the aims set for the handling,
stability, ride comfort and noise and vibration performance
of the new QX50 as well as the technologies adopted to
achieve high levels of these attributes.

2. INFINITI’s Targeted Dynamic Performance

The new QX50 was developed around the following
two concepts as representative values of the dynamic
performance INFINITI brand aims to provide in the
premium segment.

 No fatigue even after long hours of high-speed driving

The targeted value is to enable occupants to travel
comfortably without feeling any discomfort or fatigue, for
example, in situations involving cruising with the flow of
freeway traffic. To accomplish that, power performance
that allows easy control of the vehicle speed is combined

“Infiniti FL5 B350, Infiniti Product Development Department ™ 5 2 4 < —/37 4 —< » A & HH92Er#5, Customer Performance and
Vehicle Test Engineering Department **/377— b L f > - E VRERI %8, Powertrain and EV Performance Engineering Department
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with steering characteristics that facilitate easy lane
control, thereby enabling comfortable driving with a
secure feel. In addition, interior quietness and the anti-
vibration performance of the floor were enhanced with the
aim of creating a cabin space for traveling in comfort.
« A feeling of being able to drive skillfully

The targeted value is to give drivers a secure feel
by being able to drive more accurately than expected in
situations where they are steering aggressively mainly on
winding roads. To achieve that, responsive power and
steering characteristics are provided along with an
uplifting acceleration sound for inspiring the driver.
Another aim was to suppress vehicle body motions to a
suitable level for enhancing the comfort and secure feel of
the passengers.

3. Noise, Vibration and Harshness

Quietness is a key element of vehicles in the
premium segment, and the new QX50 has been developed
with the aim of providing segment-leading quietness.
Powering the new QX50 is the VC-Turbo, the world’s first
variable compression ratio engine that replaces the VQ37
engine of the previous model. There are three aspects of
the VC-Turbo that affect noise and vibration: (1) increase
in engine vibration due to the multi-link mechanism, (2)
increase in excitation force due to the greater torque
volume per cylinder resulting from the downsizing of the
turbo engine, and (3) increase in high-frequency excitation
force accompanying the faster combustion velocity due
to the higher compression ratio. However, the application
of numerous technologies enables the QX50 to attain
segment-leading quietness. The details of these technologies
are explained below.

First, with regard to aspect (1), Fig. 2 compares the
structure of a conventional engine and the VC-Turbo. The
structure of the VC-Turbo consists of the piston and a
multi-link mechanism comprising four links. There was
concern that the larger number of moving parts would
increase the inertial force, but the inertial force generated
by each link of the 4-link mechanism is cancelled by the
individual link geometry. As a result, the inertial excitation
force in both the vertical and lateral directions is reduced
to the excitation force level of an engine fitted with a
balancer shaft system (Figs. 3 and 4).

With regard to aspect (2), when a V6 engine is
replaced with an inline 4-cylinder engine, the torque
capacity per individual cylinder is increased in order to
generate equivalent engine torque. Consequently, torque
fluctuation causes second-order engine vibration to
worsen. However, compared with a conventional engine,
the inertial excitation force of the VC-Turbo increases
because of the multi-link mechanism, so greater force is
available for cancelling the combustion excitation force.
For that reason, there is less torque fluctuation than for
a conventional 4-cylinder engine, and the VC-Turbo has
approximately the same level of torque fluctuation as a V6
engine (Fig. 5).
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With regard to aspect (3), the faster combustion
velocity due to the higher compression ratio for improving
fuel economy increases high-frequency excitation force,
which worsens engine vibration. Figure 6 shows the
change in the cylinder pressure level in relation to the
compression ratio.

While the VC-Turbo generates greater torque, it
achieves a high level of quietness. The key point for
accomplishing that is how the transmission of high-
frequency excitation force is reduced under a condition
where such large torque is produced.

Previously, the Pathfinder HEV and other models
adopted electronic active control engine mounts (E-ACMs)
in order to reconcile large torque with quietness. The new
QX50 features a novel engine mount system called Active
Torque Rod (ATR) that combines active and passive
control. This system is applied to the upper torque rods
that are subjected to the engine’s large roll reaction force.
This enables the downsized high-torque VC-Turbo engine
to be mounted with a pendulum mounting system.
Compared with the previous E-ACMs, the ATR system is
space-saving, lighter and less expensive. Figure 7 shows
the two systems schematically.

An outline of the ATR operating principle is
explained here. The increase in combustion velocity owing
to the higher compression ratio increases the high-
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frequency excitation force, causing engine vibration inputs
to worsen in the noise region of 250-800 Hz during vehicle
acceleration. To overcome that degradation, torque rod
resonance is set below 200 Hz to expand its anti-vibration
range and thereby reduce engine vibration inputs.
Meanwhile, the worsening of the transmitted force in the
booming noise region is suppressed by the control force
applied to the intermediate mass of the torque rods, which
reduces the transmitted force of torque rod resonance
(Fig. 8).

The configuration of the ATR system adopted on
the new QX50 is shown schematically in Fig. 9. An inertial
mass actuator is used to generate the control force. The
system is constructed such that the control force can be
input to the intermediate mass of the torque rods in the
vehicle longitudinal direction, which is the same direction
as the principal force input from the engine. Control is
accomplished by means of a velocity feedback control
principle. The vibration acceleration of the intermediate
mass is detected at the moment the engine excitation
force in input. The actuator generates control force,
which applies a control gain to the detected vibration
acceleration, and feeds back the force to offset the
excitation force. An electromagnetic actuator with good
responsiveness is used as the device that actually
generates the control force.
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Fig.9 ATR system
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Fig. 10 Acceleration noise contribution of
engine mount
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With the pendulum mounting system used on the
new QX50, ATR technology was adopted for the upper
torque rods that contribute greatly to acceleration noise as
shown in Fig. 10.

Next, we will explain the acceleration noise
and booming noise levels attained by the new QX50.
Acceleration noise has been substantially reduced
compared with conventional upper torque rods by
expanding the anti-vibration region as a result of setting
the ATR resonance below 200 Hz (Fig. 11). This results in
an interior noise level that is equal to or better than that
of rival companies’ vehicles (Fig. 12).

ATR control has also markedly reduced booming
noise, as intended, in the torque rod resonance region
(Fig. 13). As a result, the booming noise level attained is
equal to that of a vehicle with an inline 4-cylinder engine
fitted with a balancer shaft system (Fig. 14).
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4. Solidly Built Feeling

Any discomfort that occupants might feel must be
reduced in order to prevent fatigue even during high-speed
driving over long periods of time and also to give customers
a feeling of superb quality befitting the premium segment.

In developing the new QX50, efforts were focused
on controlling vibration transmitted to the body and noise
heard in the interior especially when traveling over bumps
in the road. Careful attention was also paid to tonal quality
in order to develop and project an image of outstanding
quality and a solidly built feeling. The quicker noise and
vibration subside and the more solid the tonal quality is,
the more customers can perceive the excellent quality and
solidly built feeling of the vehicle (Fig. 15).

Body stiffness is a key factor for improving the
solidly built feeling, making it imperative to improve
stiffness. However, improving body stiffness generally has
a trade-off with an increase in mass, so how to reconcile
both of them within the constraints imposed by fuel
economy is a challenge. This issue was resolved for the
new QX50 by reviewing the structure of each body part,
enabling stiffness to be improved without increasing the
body mass. The technologies contributing to this include
the ring-shaped structures incorporated throughout the
body and the intricately shaped beads applied to the floor
panel.

In order to efficiently absorb the strong upward
inputs to the body when traveling over a bump, the
new QX50 is built with frame and plane structures that
secure stiffness, rather than having partial stiffness
improvements. If members are applied to the body to
augment stiffness, there is a problem of increased mass
and also the possibility that the layout with other parts
may not be viable. For example, powertrain parts like
the engine and transmission are present near the front
suspension. Layout issues must be resolved through the
application of innovative stiffening structures.

To resolve this challenge, ring-shaped frame
structures were applied to the body of the new QX50 at
four locations, two in front and two at the rear. By also
taking into account the layout, this approach successfully
secured the desired stiffness while holding down the

increase in mass (Fig. 16).
COOPOVOVOOVOOOOVOVOVOOOOVOVOVOVOOOOOVOVOOOOOOOOOO
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Intricate bead shapes have been applied to the floor
panel of the new QX50 in three directions: longitudinal,
lateral and oblique. Body panel stiffness is generally
improved by increasing the panel gauge, among other
measures, but that approach was not desirable from
standpoint of the mass increase. Therefore, it was decided
to apply beads. However, intricately shaped beads have
limitations with regard to formability, so the optimal
shapes were determined by conducting stiffness and
formability simulations. This successfully improved panel
stiffness without any increase in body mass (Fig. 17).

The application of these innovative body structures
was effective in efficiently improving the body stiffness of
the new QX50, thereby achieving the best solidly built
feeling in the premium segment (Figs. 18 and 19).

5. Vehicle Body Motions

For an SUV with a high vehicle height, stable
vehicle body motions even on an undulating road surface
are essential for giving occupants a comfortable, secure
feel.

The front suspension of the new QX50 adopts
shock absorbers with a built-in displacement sensor. The
base valve and piston valve that act against tiny vertical
inputs from the road surface are designed to produce
relatively weak damping force. For large force inputs,
a floating valve provides additional damping force (Fig.
20). This technology achieves high ride quality when
traveling straight ahead in city driving, while suitably
suppressing vehicle body motions during cornering and when
traveling on undulating roads to give occupants a highly
comfortable ride with a secure feel.

In addition, the shape of the seat back has been
formed to match the curvature of the human back so as to
provide a comfortable ride with little body sway even in
high-speed driving over long periods of time. Figure 21
presents comparative data for body sway (i.e., lateral
acceleration at an occupant’s chest position) measured
during freeway driving in the U.S. The results indicate that
the frequency of sudden body sway is markedly smaller
in the QX50 compared with other vehicles in the same
segment.

COOOOVOVOOVOVOVVOOVOVOVOVOVVOVOVOOVOVOOVOOOOOOOOOOS
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6. Driving Performance with Minimal Steering
Corrections

One feature of vehicle characteristics that do not
cause fatigue even during high-speed driving over an
extended period of time is minimal steering corrections
when driving on a specified course (Fig. 22). This section
describes the technologies adopted on the new QX50 to
reduce the amount of steering corrections.

The driving characteristics of drivers were analyzed
in closed-loop tests conducted on a driving simulator. The
results revealed that suppressing the vehicle response
delay up to a steering input frequency of around 5 Hz in the
transfer system from a steering input to the tire contact
point is effective in reducing the steering correction
amount.” Accordingly, the new QX50 has been engineered
with sufficient body and suspension stiffness to reduce
this phase delay.

As shown in Fig. 23, the newly designed front
suspension of the QX50 increases the knuckle arm radius
by over 30% compared with that of the previous model as
a result of reviewing the vehicle layout. That improves
the steering system stiffness of the QX50 to the top level
among rival models. As a result, vehicle characteristics
have been achieved that produce a linear yaw rate relative
to the driver’s steering inputs without any delay even for
tiny steering actions.

In addition, the wheel alignment was reviewed to
achieve a class-leading caster angle setting that enables
an ample yaw rate and recovery force (i.e., self-aligning
torque) to be generated without delay in relation to the
driver’s tiny steering inputs during straight ahead driving.
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These vehicle characteristics enable exceptional driving
ease.

Besides being equipped with electric power
steering, INFINITTI’s unique Direct Adaptive Steering,
which was first adopted on the Q50, is also optionally
available on the new QX50. Because there are no mechanical
links between the steering wheel and the tires in this
system, it feeds back to the driver only the ideal steering
reaction force generated by the reaction force motor, while
blocking external disturbances input from road surface ruts,
dips and bumps that are usually fed back to the driver in
a conventional steering system. Moreover, the driver’s
steering actions are transmitted to the tires under
compensation control, enabling driving in which the tires
are steered precisely even in situations where the driver’s
steering action tends to be delayed such as when making
a quick turn.

For vehicles equipped with Direct Adaptive
Steering, these functions dramatically reduce the steering
correction amount to provide a more intuitive driving
experience with an enhanced secure feel (Fig. 24).

7. Conclusion

The new INFINITI QX50 incorporates many
advanced dynamic performance technologies accumulated
by Nissan over many years, including an all-new platform,
the VC-Turbo as the world’s first variable compression
ratio engine, Active Torque Rod, and an all-new suspension,
among others. These technologies enable the QX50 to
provide the targeted dynamic performance values of no
fatigue even after a long hours of high-speed driving and
a feeling of being able to drive skillfully.

Sales of the QX50 have already been launched in
the U.S. where its outstanding dynamic performance
among premium compact SUVs has been highly acclaimed
by many media. In the future, we intend to further refine
its attractive dynamic performance so as to obtain more
loyal INFINITI customers among a wider range of car
buyers.
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Development of a High-performance Driving Simulator
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Summary A driving simulator is recognized as one of the most powerful evaluation tools in vehicle
development work. Adapting a driving simulator to dynamic performance evaluations requires high-
performance motion systems. This article describes the development of a driving simulator that
incorporates high-response, low-delay motion systems.

Key words : Performance, driving simulator, motion system, dynamic performance
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of vehicle dynamic performance, it is necessary to recreate
faithfully the motions of a vehicle so as to obtain sensations
equal to those of an actual vehicle. For that purpose,
motion technology is especially important. The appearance
of our newly developed driving simulator is shown in Fig.
1.

This article mainly describes the details of the
motion technology developed for this driving simulator
with the aim of using it in evaluating vehicle dynamic
performance.

2. Development Concept

A driving simulator imparts somatic sensations by
moving the driver by means of actuators that constitute
what is called the motion system. To accomplish that,
new actuators were developed that can accurately and
responsively generate high levels of acceleration. Notably,
an XY-translation device, consisting of X-axis and Y-axis
rails with a long stroke, adopts linear motor-based direct
drive technology in its drive system to enable responsive
movement of large, heavy objects and linear ball guides in
its guideways. This has resulted in the development of a
lightweight device with high stiffness.

3. System

3.1 Configuration

The newly developed driving simulator consists of
motion systems that recreate vehicle acceleration, an
image projection system for presenting visual information,
and a cockpit system that presents sounds and the reaction
forces of the operating systems and is equipped with a
driver’s seat. A hexapod (six-axis swiveling device) is
positioned on top of the XY-translation device comprising
the X-axis and Y-axis rails that move longitudinally and
laterally. A dome is located on top of the hexapod. The
inner walls of the dome are mounted with screens that
show 360-degree omnidirectional images from seven
projectors. Inside the dome is a turntable that revolves

B I I I I L T e e g
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Table 1 Motion system performance

Max stroke |Max acceleration| Max velocity
[m, deg] [m/s®, deg/s’] [m/s, deg/s]
XY-axis rails X =3 s 4 =25
Y + 11 + 12 + 10
X +0.3 + 5 +0.6
Y +0.3 + 5 +0.6
Hexapod +0.25 + 9 +0.5
Roll + 15 + 230 + 30
Pitch + 15 + 230 + 30
Yaw + 15 + 230 + 30
Turntable Yaw + 160 + 350 + 60

Magnetic rail

K-4 UZ7E—%
Fig.4 Linear motor unit

a cockpit against the screens. The configuration of the
overall driving simulator system is shown in Fig. 2, and
Fig. 3 shows the control system configuration. Signals
from the vehicle operating systems such as the steering
wheel, brake pedal and accelerator pedal are input into a
vehicle dynamics simulation model along with information
on the road surface condition; the calculated steering
reaction force and braking reaction force of these
operating systems are presented to the driver.

The calculated acceleration that moves each of the
motion systems via the motion control logic, which was
developed independently in-house, is presented to the
driver. Images of the road, surrounding environment and
traffic flow are calculated in relation to the driver and
projected on the screens via the projector system. These
operations are processed on the basis of a real-time vehicle
dynamics simulation in a step size of 1 ms, enabling the
system to reduce any delay in the visual information and
somatic sensations perceived by the driver.

3.2 Motion systems

In addition to the XY-translation device that
generates acceleration in the XY-axes, other motion
systems include the hexapod that reproduces yaw, roll,
pitch and acceleration in the XYZ directions and the
turntable that reproduces yaw motion. The XY-translation
device allows an 11-m stroke on one side in the Y-axis
direction, which assumes a lane change maneuver in
ordinary expressway driving. The maximum acceleration
was set at 12 m/s? for the purpose of reproducing vehicle
acceleration in a double lane change maneuver for
emergency avoidance. Response was defined so as to avoid
any feeling of delay in vehicle movement based on advance
confirmation by a skilled driver. The development aim was
to achieve high output and high response, with a maximum
dead time of 5 ms and a maximum time constant of 30 ms
defined for a step response. The specifications of each
motion system are given in Table 1.

There is an especially heavy weight of around 40 t
in total on the Y-axis rail of the XY-translation device
because it carries large, heavy objects such as the X-axis
rail, hexapod, dome, turntable and the cockpit. When
loaded with these heavy objects, the base, referred to
here as the Y-axis saddle, of the X-axis rail of the long
XY-translation device can move with high response at a
maximum acceleration of 12 m/s? and a maximum velocity
of 10 m/s. The development of the equipment to facilitate
such performance was a key aspect of this driving
simulator. Therefore, linear motor-based direct drive
technology was adopted for the drive system to ensure
high acceleration/deceleration performance over the long
stroke. The structure of a linear motor unit is shown
schematically in Fig. 4. In order to generate large thrust, a
drive system was developed with multiple linear motors
arranged in two rows at both ends of the saddle. The
motors are controlled simultaneously to produce the
maximum thrust required. A control program was
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developed that can change the motor output characteristics
on both sides to ensure smooth movement in the event
that an unbalanced load occurs due to a different position
of the dome on the X-axis rail or an inclination of the
hexapod.

Precision linear guides were adopted for the
supporting guideways so as to achieve little sliding
resistance during movement and not cause the driver any
unintended vibration. Such guides are often used for
machine tools and other equipment because they have
high stiffness and show little vertical and lateral
displacement in straight-ahead movement. Special-purpose
linear guides were newly developed by changing the part
materials compared with commercial products in order to
ensure ample durability for high-speed use because the
operating speed would be 2-3 times faster than that of
ordinary applications. The durability of the guides by
themselves was evaluated in driving tests and the results
confirmed that sufficient durability could be guaranteed
for high-speed operation at 10 m/s.

The rails were installed using newly developed
dedicated jigs and measuring instruments in order to install
the long rails with multiple direct-acting bearings in the
base in three independent rows within the allowable
installation error required. Installation accuracy in terms
of maximum parallelism error of 70 ym was achieved.

Another important development element for
achieving the desired responsiveness was to ensure the
necessary stiffness of the XY-translation device. On the
other hand, the movable saddle had to be light in weight
because of the output performance of the linear motors.
Therefore, a steel pipe structure was adopted to obtain a
lightweight saddle with high stiffness. At the design stage,
a response simulation was conducted using models of
the servo system and mechanical system of the motion
systems. A design value of 42 Hz was set so as to satisfy
the natural frequency required of the mechanical system
for achieving the desired responsiveness. The design was
executed on the basis of a structural analysis conducted
with the finite element method (FEM). As shown in Fig. 5,
the result measured in a validation test of an actual saddle
was 45 Hz.

A step response test was conducted on the
XY-translation device that was developed as described
above. The results showed a dead time of 2 ms in relation
to the targeted time of 5 ms maximum and a time constant
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Fig. 5 Saddle vibration mode analysis
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of 23 ms in relation to the target of 30 ms maximum. This
confirmed that the development targets were achieved.

4. Validation

Validation of the completed driving simulator was
done by making a comparison with the results recorded
for a lane change maneuver executed by a test vehicle
on an actual test course. The same operational inputs as
those applied to the test vehicle were input into a vehicle
dynamics simulation model having a proven correlation
with the test vehicle. The calculated lateral acceleration
of the vehicle and the lateral acceleration produced by
the motion systems of the driving simulator were compared
by examining their time series data. The vehicle speed in
the experiment was set at 85 km/h and the steering angle
input for the lane change is plotted in Fig. 6. Figure 7
compares the lateral acceleration measured for the test
vehicle and that measured in the cockpit of the driving
simulator. The waveform of the driving simulator traces
that of the test vehicle with little delay and also reproduces
the acceleration peak, thereby confirming that the test
vehicle behavior was reproduced. In evaluations conducted
with skilled drivers, they commented that differences in
vehicle behavior due to different vehicle characteristics
were perceived in the same way with the driving simulator
as in the actual vehicles.

In validation testing of dynamic performance
heretofore using actual vehicles, vehicle characteristics
could only be varied by changing actual parts or systems,
which gave rise to the following issues.

1) Multiple vehicle characteristics changed simultaneously
as a result of changing parts or system characteristics.
That made it difficult to change the details of only
particular vehicle characteristics and to evaluate the
difference. It was difficult to ensure the accuracy of the
validation exercise.

2) It took time to produce prototypes of parts or systems
and the number of prototypes that could be built was
limited. That made it difficult to conduct validation
exercises efficiently.

These issues can be resolved by combining the
driving simulator described here with a vehicle dynamics
simulation model that allows vehicle characteristics to be
changed digitally at will. It is expected that this would
enable validation of vehicle characteristics ideal to drivers
and efficient validation of parts and system characteristics
for achieving targeted vehicle characteristics.

5. Conclusion

Motion systems with high accuracy and responsiveness
were developed and applied to develop a driving simulator
intended for use in evaluating vehicle dynamic performance.
In driving simulation tests for validating the completed
driving simulator, it was confirmed that the lateral
acceleration waveform measured with the simulator traced
that of an actual vehicle with little delay and that
differences in vehicle characteristics could be experienced
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with the simulator. The driving simulator will be used in
developing new models in the future and is expected to
contribute to improving the dynamic performance of Nissan
vehicles so as to respond better to the strong demands of
customers in this regard.
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Summary In this article we present the results of a pioneering attempt to develop an evaluation
methodology for vehicles dynamic performance based on electroencephalography (EEG) measurements.
An experiment was performed with the subjects driving a car on a simulated road in a driving simulator
while there were several condition in the dynamic response of the vehicle. The EEG activity was analyzed
during periods just before steering by extracting Motion Related Cortical Potentials (MRCPs).
Furthermore, connectivity analysis have been performed for the length of each trial. Subjective
evaluations of the easiness of control have been strongly supported by the results of the two EEG analysis
methods. Higher subjective scores correlated strongly with deeper MRCPs and with stronger connectivity
in alpha band between frontal and parietal areas of the cortex. Deeper MRCPs can be interpreted as
signatures of easiness of preparation for steering before each corner, while stronger connectivity shows

an overall brain state closer to default mode interpreted as low workload mode.

Key words : Vehicle Dynamics, Performance, measurement, handling, driver behavior, knowledge
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1. Introduction

Electroencephalography (EEG) signals have been
used to develop brain-computer interfaces (BCI) that provide
means of interaction by decoding brain signals correlated
with specific tasks or cognitive statesV. In this study
we present a novel attempt of using EEG measurements in
order to develop an evaluation methodology for vehicles’
dynamic performance. The successful development of such
technology would enable in detail evaluation of dynamic
performance perception even for drivers whom are less
likely to provide accurate subjective feedback, like for
example novice drivers. Arousal level prediction based on
electroencephalography (EEG) and electrooculogram (EOG)
has been vastly investigated®?, as well as attention level
detection, both in real and simulated driving environments?.
At the same time the automobile industry has made big
steps towards the implementation of smart cars that could
interpret the environment, provide feedback to the driver
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and, if needed, control the vehicle®. As cars become more
intelligent the interaction with the user may increase (to
provide more feedback, or suggest potential maneuvers).
Efforts have been made to evaluate precisely the drivers’
workload in order to facilitate information delivery from
the vehicle®. Our philosophy is to survey the drivers’
brain activity related to driving, and to use these results
in order to build and evaluator of the dynamic response of
the vehicle with respect of the steering input. We focus on
leveraging two different relatively new applied neuroscience
breakthroughs. One is know how on neural correlates of
movement. One of the first reports of neural correlates of
movement was made by Kornhuber and Deecke back in
1965 showing a slow cortical potential (SCP) appearing 1.5
s before movement!. Libet et al. made a deep analysis of
these potentials proving the presence of preparatory brain
activity beginning 1 s before the onset of movement'19,
Several preliminary studies aimed at detecting movement
intention showed encouraging results'”. On the other
hand, few attempts have been made to predict drivers’
motion while driving. Haufe et al. build a system to predict
the timing of braking when the car in front slows down®.
Gheorghe et al. were the first to present the possibility of
extracting Motion Related Cortical Potentials (MRCPs)
correlated with steering actions while driving a driving
simulator®. At the same time focusing on the differences
of the characteristics of the MRCPs, Suzuki et al. showed
clear correlations between the depth of MRCP and the
performance of a sensorimotor task'V. We aim at building
evaluators of the depth of MRCP relative to steering actions
and observe the correlation with the dynamic performance
of the vehicle response.

The second is the ability of performing connectivity
analysis using EEG recordings and recent results on such
connectivity interpretation. Zhang et al. have been the first
reporting techniques to retrieve connectivity information
from EEG signals while driving'?. On the other hand an in
depth fMRI study performed by Palva et al. explained the
meaning of alpha band synchronization between different
areas of the cortex'. On finding was that higher fronto-
parietal synchronization can be interpreted as easiness of
allocation for resources in sensory motor task. In this study
we aim to build fronto-parietal alpha band synchronization
methodology based on EEG and observe the correlation with
vehicle dynamic response during a steering task.

2. Methods

2.1 Experimental protocol

A simple but realistic driving simulator was used
for this experiment (Fig. 1). The layout was close to a small
size vehicle using a real automobile electrical seat in order
to accommodate the subject in a comfortable driving
position. The simulator was fitted with six degrees of
freedom highly responsive motion system in order to
emulate the dynamics of the vehicle response.

The driving scene simulated a one lane road with
four main corners. Ten subjects with normal or corrected
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Driver seat for the subjects in the driving simulator
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Example of visual field showing in the simulator

X-1 =RE7OMIL
Fig.1 Experimental protocol

to normal vision were instructed to drive at constant speed
(approx. 80 km/h) and to subjectively evaluate the dynamic
response of the vehicle. Six different conditions were
implemented by setting three independent parameters: the
delay in phase of the yaw rate, the delay in phase of the
lateral acceleration and the delay in phase of the roll
angle with respect to the phase of the steering angle. The
set ups for each of the case are presented in Table 1. This
experiment was conducted after details were reviewed
and approved by Nissan Motor Ethics Committee, and
informed consent was obtained from the participants.

Steering and pedal positions, vehicle dynamics
and the position of the vehicle in space were recorded
at a sampling rate of 256 Hz. Another computer recorded
64 EEG channels (Biosemi ActiveElectrodes) placed
according to the 10/20 extended standard at 2048 Hz
and down sampled at 256 Hz. The two recordings were
synchronized by a hardware trigger. The recording was
split in 12 sessions of 10 minutes recorded the same day.
At the subject’s request shorter or larger breaks were
taken between the sessions with the goal of keeping low
fatigue and high concentration levels throughout all the
sessions. In order to adapt to the driving simulator visual
field and to the controls, a trial driving session was
performed before the experiment by all subjects. At that
time the driving simulator sickness tendencies were also
evaluated with all the subjects and no subject showed
sickness symptoms.

For each session a different dynamic response of
the vehicle has been set up. The three parameters were
changed between sessions.

2.2 Driving data processing

The simulated road emulates a part of an existing
test course having in sight a follow up experiment in real
vehicles. The shape of the road used is presented in Fig. 2
(a). The subjects were instructed to drive at a constant
speed of 80km/h and one run was about 90 s. Four main
corners were used for the evaluation of motor cortex
preparatory activity. First the data sequence was segmented
based on the 3D position of the vehicle extracting the
portions preceding the curves. The red segments in Fig. 2
(a) present the respective portions corresponding to each
of the four corners. Next the onset of the steering was
extracted using the steering profiles during the extracted
segments. The steering profile for one subject for one run is
presented. The black dots in Fig. 2 (b) present the detected

x-1 BNINEEDORMEER

Table 1 Dynamic response conditions

Delay in phase Specifications

@l Hzldeglbase | A | B| C| D|E| F
Yaw rate o[ 40 0| 40| 30| 20
Lateral G. o[ 50| 50 o[ 30| 20
Roll angle 60| 60| 60 60| 40 40
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point which represent the initiation of the steering action
necessary to drive through each corner. This timing was used
for EEG data segmentation and grand average calculation
in the MRCP evaluation.

On the other hand connectivity analysis was
performed using the continuous data from the beginning
of the first corner until the end of the last corner.

2.3 EEG signal processing MRCP

The EEG signals were filtered between 0.1Hz and
1Hz using a 4th order Butterworth filter. Next, in order to
remove background brain activity the average of sensors
T7 and T8 has been subtracted from all the channels.
Finally, the mean value was subtracted from each channel
as baseline alignment.

Each time the driver initiated the steering movement
in one of the 4 corners, a new trial was defined. Each trial
was defined as an interval of [-4 s to 4 s] with 0 s as the
timing of the steering onset. Note that for this study, left
and right steering actions were considered together. The
subject drove 10 times the same condition, meaning that
only 40 (4 corners x 10 runs) relevant actions could be
retrieved for each subject. In order to perform nomenclature
and averages shape comparison we decided to use the grand
average between all the subjects for each of the conditions.
From a pool of 400 trials, about 10% were rejected due to
strong movement or muscle activity artifacts. The rejection
was performed by setting a threshold for the signals from
the sensors in the proximity of Cz sensor (located close to
the motor cortex area) to +50 V after the preprocessing.

Figures 3 (a) and (b) show the grand averages for
the epochs on Cz for one condition A and B. t=0 s is the
onset of the steering action. A negative potential locked
on the onset of movement builds up in the first half of
the steering period and recovers afterward. The other 4
conditions showed similar topologies with some differences
in trend strength. For the each trial a negative potential
builds up more than 1 s before the onset of the movement,
akin to the reported MRCP. The topographic display in
Fig. 4 shows that the negative potential is spread over the
motor cortex.

And automated algorithm was built in order to
calculate the slope of the MRCP for each of the condition.
The peak of the MRCP, just after the onset of the movement
was detected and the segment of 2 s before the peak was
extracted. The thick segment in Figs. 3 (a) and (b) show the
selected data. For such segments the slope of the negativity
was calculated as the slope of the linear approximation
of the segment. As Suzuki et al. research presented this
slope would be correlated with the performance of the task
performed.

2.4 EEG signal processing connectivity analysis

In this study, the method used to compute brain
connectivity is directed transfer function (DTF), which is
based on the estimation of multivariate autoregressive
model (MVAR), and is an extension of Granger causality?.
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The basic idea of this method is to evaluate whether the
past states of one variable contributes to the prediction of
the current state of another variable. If the contribution is
non-trivial, there is a causal influence from the first variable
to the predicted variable. Defining X: = [X1,Xzy, .... ,Xxt]T to
be a vectors of an EEG sample including k channels at
time point t (superscript T denotes matrix transposition),
the matrix form of MVAR model can be represented as in
Equation 1. Etis a vector of zero-mean white noise with
size 1 x k, and Ai is the k x k coefficient matrix with Ao=-T1
(I is the identity matrix). Here, p is the model order,
indicating how many previous samples are used to
estimate the current state.

p P
X = Z A(i)Xe—i + E, = Z A(i) X = E,
=1 =0 ... Equation 1
The estimation of the coefficient matrix A(i) in
Equation 1 could be achieved using Yule-Walker method”.
We used the Matlab package arfit to compute the coefficient
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Fig. 3 EEG grand averages of Cz for all subjects
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Fig. 4 Topoplot of electrical activity over the motor cortex
related to steering action movement initiation
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matrices. The output of arfit is the estimated coefficient
matrix A@i), which is in time domain. In order to focus on
activity in particular frequencies we analyze the connectivity
in frequency domain. Using Fourier transform, we can
analyze the system transfer function in frequency domain,
as shown in Equation 2.

Ef = A7 X7 = X = HFE*
...Equation 2

In HF = (AF)"!, A¥ is the Fourier transform of
the coefficient matrix A, AF(f) =-ZPi=0 Aie¥?" where j
is the imaginary unit. The non-normalized DTF 0%;(f) is
defined by the system transfer matrix HF. The Equation
3 represents the information transfer (directional
connectivity) from channel j to channel i at f Hz. The value
of DTF is significantly different from zero only when there
is phase difference between channels.

0% (f) = |HL ()

... Equation 3

We analyze the brain connectivity between frontal
and parietal regions as presented in Fig. 5, thus channel
Pz and Fz are used. The MVAR model is built within a
sliding window of 10 s with overlapping of 50 % (5 s). The
coefficients are obtained in each window. After Fourier
transform and averaging across time windows, we further
average in the main band of interest, alpha (9-13Hz).

3. Results

Figure 6 presents the subjective evaluation scores
for the 6 conditions, with higher scoring meaning better
steering feeling. In this study, we consider this results as
the ground truth and we compare the EEG measurements
result with rapport to this results. In terms of subjective
evaluation conditions A, E and F which introduces no delays
or small and balanced delays received high scores while
condition B, due to the high delays in all three parameters,
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Fig. 6 Subjective score: higher scores mean better control
feeling generated by the dynamic response of the vehicle
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preparation process

received the lowest score.

Based on the methodology presented in section
2.3, after extracting the grand average for each condition,
the slope of the MRCP has been calculated. Suzuki et al.
presented a high correlation between the slope of MRCP
and the accuracy of a movement control task. In this
research, we also try to assess the hypothesis that better
vehicle control correlates with deeper MRCP slopes. The
absolute values of the slopes calculated for each of the 6
conditions are presented in Fig. 7.

A first look the slopes for the condition A, E and F
are indeed higher than for condition B, which is in line
with the subjective evaluation. As statistical analysis,
having retrieved only one evaluation value for each
condition we performed a linear regression between the
MRCP slope and the subjective evaluation and calculated
the R-squared of the regression. A closer value to 1.0
shows higher correlation between the two variables. In this
case R?=0.8807 which indeed shows the MRCP describes
each condition in a very similar manner with the subjective
scores. Given the task of this study is steering actions,
deeper MRCP slopes can be interpreted as signatures
of easiness of preparation before each corner by easier
synchronization with the environment.

Furthermore, we integrated the connectivity
analysis results. The calculated normalized connectivity
scores for each subject (the dots) as well as the average
(the bars) for all of the conditions are presented in Fig. 8.
Having 10 measurement points for each condition we were
able to perform analysis of variance (ANOVA) to verify
whether or not there is significant difference between
conditions. Indeed a p-value of 0.003 showed that the
conditions strongly effect the connectivity analysis. Similar
to the case of MRCP slope the correlation between the
subjective score and the brain connectivity measures was
also investigated. Pearson's correlation coefficient is used
to show linear dependency between these two variables, as
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Fig. 8 Connectivity strengths: Stronger alpha band
connectivity can mean easier fronto-parietal data transfer
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well as a p-value to indicate the significance of nonzero-
correlation.

In this case the correlation coefficient we 0.38 with
a high statistical significance of p=0.008. This results show
that the different conditions in dynamic response have
a strong effect on the alpha band connectivity between
frontal and parietal areas and also that this effect is in
line with the subjective evaluation. The hypothesis that
inter-areal interaction in the human brain supports the
neuronal processing under-lying higher-level attentional
tasks, and the fronto-parietal alpha frequency connectivity
is related with underlying attentional and central executive
functions of visual working memory is thus confirmed.
Higher connectivity values could be interpreted as more
successful inter-areal interaction, with the drivers being
able to perform the tasks more efficiently.

4. Conclusions and Discussion

In this article we presented the results of
a pioneering attempt to develop an evaluation
methodology for vehicles dynamic performance based
on electroencephalography (EEG) measurements. We
proposed using the slope of MRCPs related to steering
actions as an evaluator for the easiness of motion
preparation processes. While acquiring a large number of
trials is still necessary in order to perform such analysis,
the extracted slopes for the six different dynamic response
set ups showed a high correlation with the subjective
score.

Furthermore we showed that the fronto-parietal
alpha frequency connectivity is very sensitive to the
dynamic response set ups and that it also shows a trend
very similar with the subjective evaluation. Higher
connectivity values can be interpreted as more efficient
brain activity which could drive the increase in subjective
evaluation.

A natural line for future works is to expand the
pool of subjects and to also evaluate the effects of larger
variability between the driving skills. One hypothesis to
be confirmed is that lower skill levels could mean lower
sensitivity in conscious evaluation of the driving
experience which would in turn support using EEG based
evaluation tools which focus on relevant brain activity
rather than subjective scales.

Another line is obviously to perform follow up
experiments in real vehicles. In such situation the authors
plan to leverage in vehicle recording systems that have
been already developed in previous studies®!? that showed
the possibility to extract both MRCP and connectivity
signatures correlated with real vehicle control.

We strongly believe that leveraging knowhow and
methodologies generated by studies like the current one,
will have a strong contribution to Nissan’s strive forward
for developing vehicles that can easily reflect driver’s will
as well as highly trustworthy and comfortable autonomous
driving.
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Summary

The new Altima was developed mainly for the U.S. and China as the 6th generation of

this global midsize sedan and is an important global model in the Nissan lineup. This generation has the
VC-Turbo engine featuring the world’s first mass production variable compression ratio technology and
the all-new 2.5L PR25DD engine that is produced in the U.S. These engines contribute to achieving the
Altima brand’s promise of being a “dynamic sedan.” This article presents an overview of the new Altima.

Key words : Automatic General, new car, VC-Turbo, autonomous driving, Altima
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1. Introduction

The SUV segment has shown remarkable growth
primarily in the U.S. market in recent years while the
sedan segment has tended to contract, though rival
manufacturers still continue to exert vigorous efforts in
this fiercely competitive segment. Since its release in 1993,
the Altima has been a hit model in the sedan segment, with
successive generations recording cumulative sales of over
five million units. The current model has been favored by
customers in more than 65 countries as a classic sedan.

2. Product Concept

The new Altima is targeted at graceful women
for dashing powerfully and enjoyably through their busy
everyday lives for their own sake, not just for their children
and families. The vehicle concept is that of a “life racer”
that is always close to women in daily life and enriches
their lives. It has been designed and engineered to serve
as the representative “face” of Nissan brand cars. The
new Altima will also continue to be sold in China as a
midsize sedan. While sharing the same design, the dynamic
performance and equipment features of the respective
versions differ according to the different market needs
in the U.S. and China. This approach has been taken
to ensure product competitiveness in each market. The
new Altima continues a tradition of over 25 years as
an orthodox D-segment sedan. At the same time, the
development aim was to provide an impressive design,
greater driving pleasure, and safety performance embodying
the company’s proclaimed Nissan Intelligent Mobility,
thus creating a classic dynamic sedan that can be driven

* W& A5, Product Planning Department
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with assurance and confidence.
3. Appealing Features

3.1 Design

The exterior design in particular is a key element
for conveying the Altima’s unique character to customers.
An absolute condition set for the new model was to achieve
both the exciting driving performance that the Altima has
heretofore promised customers and the design embodying
such performance. Various ideas were proposed and
discussed for how to accomplish that.

The exterior styling was inspired by the Vmotion
2.0 concept that was announced as the symbol of Nissan’s
next-generation exterior design. Key themes of wide, low
and dynamic were achieved by lowering the overall height
27 mm and increasing the overall length 26 mm and the
overall width 20 mm compared with the previous model,
resulting in extended proportions with a lower center
of gravity. Moreover, the new Altima also adopts many
signature Nissan brand design cues. Examples include the
dynamically executed V-motion grille, impressive LED
projector headlamps incorporating daytime running lights,
LED fog lights and the floating roof with slim pillars.
These design features accentuate the distinctive exterior
of the Altima as the “face” of Nissan brand cars (Fig. 1).

The interior styling is distinguished by the “gliding
wing” design of the instrument panel, another thematic
element of Nissan’s next-generation design. The thin,
horizontally expansive center console combines with the
instrument panel to create an open, airy interior space.
Careful attention was also given to the trim materials used
so as to provide a premium interior in which customers
can spend time comfortably (Fig. 2).

3.2 Further evolved infotainment

With the ongoing expansion of advanced safety
equipment and other features, customers sometimes
encounter situations where complicated operations are
required. For confirming information and performing
operations safely even while driving, the newly designed
instrument cluster incorporates a 7-inch color display that
mainly presents information concerning driving in an easy-

to-understand format. The 4-way operable steering wheel
R S e e e e e e e e e e

X-2 FHB7ILT 47 AR
Fig.2 New Altima interior
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switches enable quicker, simpler operations and switching,
thereby minimizing gaze movement and distractions while
driving.

The 8-inch center color display also adopts a new-
generation infotainment system with smartphone-driven
Android Auto™ and Apple CarPlay™ provided as standard
features in the U.S. version owing to especially high
customer sensitivity to these items. This aspect gives
the new Altima a strong advantage over rival models. In
addition, the on-board telematics system connects to a
telematics center to provide one-level higher safety and
security services, including tracking of a stolen vehicle
and remote door lock/unlock, among others. The USB ports
provided in both the front and rear seats are also compatible
with the latest Type-C standard, enabling customers to
charge their batteries without preparing a conversion
adapter or other device in advance.

3.3 Enhanced driving performance thanks to new
engines

The new Altima has been developed to meet
customers’ expectations for confidence-inspiring driving
performance. Meticulous care was taken especially to
reduce body vibration, optimize steering performance and
ensure reliable driving performance for complete peace of
mind. As part of that effort, two completely new engines
are provided for the U.S. market.

The first one is the world’s first production-ready
variable compression ratio turbocharged (VC-Turbo)
engine (KR20DDET). The compression ratio is seamlessly
varied automatically between 8:1 (for high power) and 14:1
(for high efficiency) by a multi-link system and engine
control logic responsive to the driving conditions. This
achieves both substantially improved fuel economy and
dynamic power output at the highest possible levels.
Representing Nissan’s latest turbo engine, the VC-Turbo
has been under research and development for over 20
years. It delivers performance that clearly distinguishes it
from other companies’ downsized turbo engines (Fig. 3).

The second one is a new 2.5L inline 4-cylinder
direct-injection engine (PR25DD) that also enhances fuel
economy while improving power and torque. It is expected
to serve as a clean engine friendly to the environment.
This engine also contributed significantly to the attainment
of the wide and low proportions mentioned in section 3.1
as a result of moving the mounts closer to the center while
still effectively suppressing noise and vibration.

Moreover, the Altima is available for the first time
with 19-inch wheels and tires, and a grade is offered with a
suspension featuring sportier tuning for enhanced agility.
These features are in response to customers’ demands for
a more enjoyable driving experience.

3.4 Enhancement of safety through expansion and
improvement of advanced technical features

While serving as the “face” of Nissan brand cars,
the new Altima will also contribute substantially to the
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expansion of autonomous driving technologies, which
Nissan has promised to society. Following the new
generations of the Serena, X-Trail and Nissan LEAF, the
new Altima is equipped with ProPILOT Assist technology
to enable single-lane autonomous driving on motorways.
This technology represents a first step toward next-
generation mobility. It can reduce driver stress primarily in
congested traffic and during cruising for a long period of
time. The system is seamlessly activated via a dedicated
steering wheel switch for autonomous driving. It uses
radar, cameras and other devices to detect the surrounding
conditions, paying careful attention to safety. It provides a
natural driving feel by controlling the steering action in a
manner resembling the behavior of a human driver (Fig.
4).

The key technologies supporting ProPILOT Assist
are utilized to facilitate Rear Automatic Braking (RR-AB),
which detects rearward objects when backing up and
automatically applies the brakes if necessary. Another
feature facilitated in this way is Traffic Sign Recognition
that operates in conjunction with the navigation system to
show in the instrument cluster display the detected speed
limit of the road being traveled on. Both technologies have
been adopted by Nissan for the first time ever.

Many advanced safety technologies have been
adopted to achieve Nissan’s safety strategy called Safety
Shield, including Automatic Emergency Braking (AEB),
Intelligent Forward Collision Warning (I-FCW), Blind
Spot Warning (BSW), Intelligent Cruise Control (ICC),
Rear Cross Traffic Alert (RCTA), Automatic Emergency
Braking with Pedestrian Detection, Lane Departure
Warning (LDW), High Beam Assist (HBA), and Intelligent
Around View Monitor (I-AVM), among others. (The
technologies provided vary depending on the grade.)

3.5 New market development with the addition of
all-wheel-drive models

The Intelligent 4x4 all-wheel-drive (AWD) system
has been adopted on the new Altima for the first time as
a key technology in a new challenge for this model. This
system creates an aggressive powertrain that clearly
differentiates the Altima from other rival Japanese sedans.
The AWD system is paired with the new 2.5L 4-cylinder
PR25DD engine with the expectation of cultivating new
customers mainly in northern U.S. market regions. It
automatically distributes the optimum torque to the front
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wheel switches



BT VT 4 I B M E

LB ETRR AR L, il - B ol
MV R EHBCES T 5. 728 2EL RO
FTVEKIZB W TIIEL 5050 TLE L72E D # 9 F— |k
T H—T. BT AR 7 & TR 100:0 O B ERE) O Be 45
TREBEHOEVIZYVEZ 2, a—F ) v 7y —2I2B
WL, it o, Gy, I—L—bErHns
AWDI Y Ea2—#75, FIANOBWHIa—F) 7
CHMWZEE) (7T AT T A—NATT) FWEEHI T
L. Sl il Vo 2T H LN TE S, 25612,
N ERTHoTOIVAY = TV AMELSD (1) 3
7w RR) v T T7T7) TEELZWERETTREL T 5,
ELEMOEKIRILT TOABEZF - CHERA LD D, &
REERIS &5 2 DR x EH L 720

4. 5 Hb b [

Db, AETEIHE T VT 4 ~OMEEL LT, M7
E— VR A ¥ RIS L7 BE S L72E D) & WIRE
SHDLTHA v, TOTVA U EREY L ST — LB
PR ERRICICNTG Y ASEHRM Iy vy, wkifteL)
T A RITAGIL T BRI, Bz 2 i Bdh L 5 h
WZIE R WiEARATH L AWDRZEZER L Tni, Thb%
FERME CTBREMRICIRMT 22 LT 25 Uil % B
PALE D F—ET NI DL EEHEL TS,

RELRHNS, HRT VT 4 <~ OBSE - T4 2 - WE -
g - M&S TRETNVICHED ), TRITEZW/272n7zT
RTCTOEFIE LB L LT E T,

and rear wheels based on the road and driving conditions
detected by sensors for the tires, engine, and steering
angle, among other factors. For example, it supports stable
driving on poor, slippery road surfaces during a snowfall
by distributing the torque 50:50 front to rear, whereas on
dry paved roads the system switches to front-wheel drive
with a 100:0 torque split so as to emphasize fuel economy.
In cornering situations, the AWD computer uses signals
from the steering angle sensor, G sensor and yaw rate
sensor to adjust the optimum front-rear torque split by
instantaneously analyzing the driver’s desired cornering
path and vehicle behavior in the form of understeer or
oversteer. In addition, cooperative control with Hill Start
Assist and the limited slip differential (LSD) also ensures
stable hill starts even on rough roads. Performance for
coping with all weather conditions is provided for confident,
enjoyable driving even under unfavorable road conditions.

4. Conclusion

This article has presented an overview of the new
Altima, focusing mainly on its appealing product features.
The design promises a refined driving experience and the
new engines deliver a high-level balance of power and
environmental friendliness faithful to the Altima design.
Advanced technologies leading the way to next-generation
mobility are provided along with an AWD system not found
on rival models as a strong point of the Altima for
cultivating new markets. We are confident that the provision
of these features at reasonable prices will make the new
Altima a key model for reenergizing the sedan market.

Finally, the author would like to thank everyone
involved with the design, engineering, quality assurance,
manufacturing, marketing and sales of the new Altima for
their concerted efforts exerted for this new model.

WE&_ Author(s)ll
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Toru Komizo
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Inventors' affiliations are as of September 2018

1. Structure for Suppressing Vehicle Torque Steer
(Figs. 1 & 2)

Patent application date: November 18, 2004
Japanese patent application No.: 2004-335043
Registration date: December 10, 2010
Japanese patent No. 4639769
Title: Structure for suppressing vehicle torque steer
Inventors:
Hiroyuki Togashi, Nissan Product Development
Department No. 1
Hiroshi Mimura, Customer Performance and Test
Engineering Department
Keisuke Oota, Nissan Product Development
Department No. 3
Yoshihiro Yonemochi, Program Management
Department

1.1 Aim of invention

Improvement of engine performance in recent years
has increased engine output torque. When an engine
produces greater output torque, torque steer becomes
more noticeable because of a difference in drive torque
between the right and left drive shafts, even if there is only
a tiny difference in their bending angles as seen from the
vehicle front.

This invention reduces the secondary coupling force
generated around the king pin center axis of the right and
left drive shafts by reducing the bending angles of the
shafts as vehicle acceleration increases. Consequently, the
right-to-left difference in the secondary coupling force that
induces torque steer can be reduced, thereby effectively
suppressing torque steer.

1.2 Composition of invention

The structure of this invention for suppressing torque
steer is designed to reduce the bending angles of the right
and left drive shafts as vehicle acceleration increases.
Accordingly, the secondary coupling force generated
around the king pin axis of the drive shafts decreases,
making it possible to reduce the right-to-left difference in
the secondary coupling force that produces torque steer.
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Fig.1 Layout before acceleration

Force lifting up vehicle front end during acceleration

X-2 HLEROLA 7D MY
Fig. 2 Layout during acceleration

1.3 Status of use

This invention has been applied to D-platform vehicles
such as the Maxima and the Murano as well as to the
INFINITI QX60 and the Nissan LEAF.

1.4 Inventor’s thoughts

At the time of this invention, Nissan was facing many
issues regarding suppression of torque steer compared
with the situation at other companies. Nissan was also
endeavoring to provide customers with faster vehicles
than other companies by raising engine torque higher and
using a low final gear ratio.

However, with our previous platform for front-wheel-
drive (FWD) vehicles, an engine torque cut-off had to be
included in order to suppress torque steer. That made it
difficult to take full advantage of the engine’s output.
Therefore, in developing a new platform for FWD vehicles,
we aimed to suppress torque steer to a level that would be
comfortable for customers without applying any engine
torque cut-off.

Other companies attempted to suppress torque steer
by adopting a sophisticated suspension such as a double
wishbone system. In contrast, at Nissan we sought to develop
a breakthrough technology for suppressing torque steer
even with an ordinary strut suspension.

In the U.S. market where FWD platforms are the
mainstream as Nissan brand models, there are many driving
situations such as merging with high-speed traffic where
even vehicles equipped with high-power 3.5L engines are
accelerated under full throttle. Therefore, we undertook
this development project with a strong sense of mission
because suppression of torque steer would lead to improved
customer satisfaction.

In order to suppress torque steer while holding down
the cost, it was necessary to seek a breakthrough solution
to this issue by reviewing the entire powertrain structure
from the engine to the tires, rather than on the basis of the
performance of individual suspension parts. In the process
of mentally connecting the mechanisms of the drive train,
engine mounts, chassis parts and other parts developed by
other departments, we discovered that torque steer during
acceleration could be suppressed by reducing the bending
angles of the right and left driveshafts (R and L) as
shown in Fig. 1. We arrived at a structure in which the
exit position (inner joint) of the drive shafts from the
powertrain is set lower than the outer joint.

We regard a patent as being proof that engineers have
reached an original solution to an issue earlier than anyone
else. We consider it our good fortune as engineers that we
were able to submit this patent application.

It was necessary to position the exit of the drive shafts
from the powertrain lower in order to achieve a different
positional relationship of the parts than previously. We
would like to thank the other inventors for making that
possible as well as everyone who cooperated with this
project until the developed technology was mounted on
production vehicles.
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2. Reciprocal Internal Combustion Engine (Figs. 3 & 4)

Patent application date: May 18, 2009
Japanese patent application No.: 2009-119376
(divided from patent application No. 2000-37380)
Registration date: December 22, 2011
Japanese patent No. 4888518
Title: Reciprocal internal combustion engine
Inventors:
Katsuya Moteki, Engine & Drivetrain Engineering
Department
Takayuki Arai , Retired employee
Hiroya Fujimoto, Mobility Services Laboratory

2.1 Aim of invention

Second-order vibration that originates from the second-
order vibration component of crankshaft rotation tends to
cause booming noise in the passenger compartment owing
to the inclination of the connecting rod, which increases
the piston speed near top dead center and reduces it near
bottom dead center. As the connecting rod is lengthened,
piston motion approaches simple harmonic oscillation,
enabling the second-order component of piston acceleration
to be reduced. However, because it increases the overall
engine height, it tends to add more weight and to worsen
vehicle mountability.

This invention is aimed at effectively reducing the
second-order vibration component of crankshaft rotation
without increasing the overall engine height by connecting
the crank pin and the piston pin by means of multiple links.

2.2 Composition of invention

The multilink mechanism comprises a lower link,
which is supported such that it can rotate around the
crankpin of the crankshaft, an upper link that connects the
piston and the lower link, and a third link one end of which
is supported by the engine proper and the other end is
connected to the lower link. The links are arranged such
that as the piston descends from top dead center, when the
inclination of the upper link relative to the cylinder axis
increases, that of the third link relative to the cylinder
axis increases. As the piston descends toward bottom dead
center, when the inclination of the upper link relative to the
cylinder axis decreases, that of the third link relative to
the cylinder axis decreases. As a result, the effect of the
inclination of the upper link on the piston speed and that
of the inclination of the third link on the piston speed are
mutually cancelled. Consequently, the piston speed near
top dead center and that near bottom dead center become
similar, resulting in piston motion resembling simple
harmonic oscillation, which makes it possible to reduce
the second-order vibration component.

2.3 Status of use
This invention has been adopted on the Altima and the
INFINITI QX50.
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Fig. 3 Conventional crank mechanism and new multilink
mechanism

2.4 Inventor’s thoughts

The idea of varying the compression ratio by applying
a multilink mechanism comprising an assembly of plural
links to the engine crank mechanism has been around for
a long time. However, such mechanisms were never actually
applied because each one had certain intrinsic issues such
as large noise and vibration. Yet I recall we began our
investigation with an optimistic feeling that, while some
mechanisms might not work, there were also others that
were feasible.

At that time, inline 4-cylinder engines had become
the mainstream passenger vehicle engines because of
their excellent fundamental performance and outstanding
vehicle mountability. The problem with such engines was
second-order vibration (vibration with two periods per
crankshaft revolution), which was the real cause of their
poor noise and vibration characteristics. Around that
time some manufacturers had begun installing additional
devices called balancer shafts to cancel such vibration.
A bold idea occurred to us that a multilink mechanism,
though said to be noisy, could be used to cancel second-
order vibration.

However, before using a multilink mechanism to
cancel second-order vibration, a question arose as to why
such vibration occurred with a conventional crank
mechanism that was originally simple in structure. We
found many references and materials that explained how
such vibration acted, but did not find any that answered
the question of why it occurred. After agonizing over this
issue, we came to understand that second-order vibration
was induced by the swinging motion of the connecting rod
involving inclined and upright orientations. (Actually, such
a definitive statement was not found in any references.)
That being the case, we realized that if an upper link
(U-link) and a lower link (C-link) corresponding to the
connecting rod were placed in opposing positions and
connected by a seesaw-like link (L-link) that reversed their
motions, the second-order vibration due to the swinging of
the U-link could be cancelled by the second-order vibration
of nearly the same phase due to the swinging of the C-link.

Based on this intrinsic understanding, the aim of this
patent was to apply this multilink mechanism to support the
universal essence of the VC-Turbo engine. This mechanism
GOV VVVOOVOVVVVVOVOVOVOVOVOVOVOOOOOOOC
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made possible all the fundamental characteristics of the
VC-Turbo engine, from the first prototype built in the
laboratory to the KR2Z0DDT engine that went into mass
production.

3. Steering Control Device (Fig. 5)

Patent application date: October 22, 2012
Japanese patent application No.: 2013-540647
Registration date: October 10, 2014
Japanese patent No.: 5626480
Title: Steering control device
Inventors:
Yuwun Chai, Infiniti Product Development
Department
Takaaki Eguchi, Retired employee
Igarashi Kazuhiro, Chassis Engineering Department
Yukinobu Matsushita, Retired employee

3.1 Aim of invention

The Direct Adaptive Steering (DAS) system
disengages the clutch between the steering wheel and the
tires under normal driving conditions, thereby mechanically
uncoupling them. In that state, the tires are turned by a
steering angle actuator in response to the driver’s steering
inputs, and a steering force actuator generates steering
reaction force that is fed back to the steering wheel.
Consequently, inputs to the tires from an uneven road
surface during straight-ahead driving are not reflected
in this steering reaction force feedback. This prevents
steering wheel vibration, making it possible to achieve
overwhelming straight-ahead stability. However, if the
road surface inputs to the tires are not reflected in
the steering reaction force feedback, the driver cannot
recognize changes in driving conditions such as the tire
gripping state, through the changes in the steering
reaction force that is fed back to the steering wheel.

This invention reflects essential information such
as the tire gripping state in the steering reaction force
feedback, while still enabling excellent straight-ahead
stability. As a result, it facilitates DAS that both reduces
the driver’s steering workload when driving straight ahead
and provides a directly connected feeling.

3.2 Composition of invention

This invention compares a feedforward axial force,
representing the steering rack axial force calculated based
on the driver’s steering inputs such as the steering wheel
angle, and a feedback axial force, representing the steering
rack axial force calculated based on certain vehicle
conditions such as the current of the steering angle
actuator, vehicle’s yaw angle, its lateral acceleration (G)
and so on. When the difference between the two axial
forces is small and the vehicle state is stable, the invention
generates steering reaction force mainly on the basis of
the feedforward axial force. On the other hand, when there
is a large difference between the axial forces and the
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vehicle state is unstable, the invention generates steering
reaction force based mainly on the feedback axial force.

3.3 Status of use

This invention has been adopted on the Skyline,
including the Coupe, and the INFINITI Q50, Q60 and
QX50.

3.4 Inventor’s thoughts

Various studies were conducted concerning the
inherent value of DAS at the advance engineering stage. One
study focused on the tiny steering wheel angle corrections
that drivers unconsciously make all the time in relation to
minute fluctuation in the steering reaction force fed back
to the steering wheel due to small unevenness in the road
surface. This behavior occurs with conventional vehicles
especially in straight-ahead driving that people experience
most often in everyday vehicle use. We reasoned that DAS
control would avoid tire angle changes due to road surface
unevenness and also eliminate fluctuation in the steering
reaction force caused by such unevenness. That would result
in more stable vehicle behavior and simultaneously greatly
reduce the amount of steering corrections done by the driver,
thereby decreasing the driver’s overall workload and fatigue.

Therefore, we endeavored to create a feedforward
steering reaction force as a pseudo steering reaction force
corresponding to the steering rack axial force (feedforward
axial force) generated by the driver’s conscious operational
inputs (steering wheel angle, vehicle speed, etc.). This
pseudo reaction force is not influenced by the actual
condition of the tires and road surface. That enables the
reaction force characteristics to be set arbitrarily, making
it possible to create distinct and smooth steering force
characteristics at all times.

However, with this pseudo steering reaction force
alone, changes in the steering rack axial force (feedback
axial force) produced in relation to the vehicle state,
such as the actual condition of the tires and road surface,
would not be reflected as changes in the steering reaction
force fed back to the steering wheel. That would occur, for
example, when the tires approach their limit or when
vehicle behavior becomes unstable. As a result, because of
the difference from the usual driving feeling heretofore,
experienced drivers, for example, might feel that the
steering performance had declined. Therefore, we sought
to create a natural feedback steering reaction force
corresponding to the vehicle state, while ensuring
reliability and holding down the cost by not adding any
new sensors and using only the existing system sensors
for the steering angle actuator current, vehicle motion
and so on. As a result of a repeated process of trial and
error involving the use of this invention on various road
surfaces, we succeeded in reproducing a natural steering
reaction force like that of conventional vehicles.

The final remaining issue was how to connect the
feedforward steering reaction force (pseudo force suitable
to ordinary driving) and the feedback steering reaction
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force (real force suitable to driving conditions such as a
low-j1 road surface or the tire limit). As a result of various
arduous efforts, we succeeded in developing a simple and
reliable steering reaction force transition logic. That was
done by synthesizing the feedforward steering reaction
force and the feedback steering reaction force according to
the amount of divergence between the feedforward axial
force and the feedback axial force, based on the fact that
the amount of divergence between them is actually
equivalent to the slip state between the tires and the road
surface. After entering the production vehicle development
phase, the logic parameters were thoroughly tuned in
driving tests on evaluation course surfaces and the optimal
constants, threshold values and other parameters were
determined.

Based on this logic, further logic improvements
were made repeatedly after the mass production launch
to achieve smooth, seamless steering reaction force
characteristics with a directly connected feeling that are
easy for drivers to understand in various driving situations.

4. Device for Estimating Vehicle Body Vibration
(Figs. 6 & 7)

Patent application date: August 26, 2010
Japanese patent application No.: 2010-189067
Registration date: November 28, 2014
Japanese patent No.: 5652054
Title: Device for estimating vehicle body vibration
Inventors:
Yuuki Shiozawa, Mobility Services Laboratory
Masaaki Nawano, Prototype and Test Department
Yosuke Kobayashi, AD/ADAS and Chassis Control
System Engineering Department
Tamaki Nakamura, Customer Performance and
Vehicle Test Engineering Department

4.1 Aim of invention

Vehicles encounter both large and small dips and
bumps in the road surface that cause occupants to
experience uncomfortable vehicle body motions as
vehicles travel over these irregularities. Suitable control of
the engine and brakes can suppress these uncomfortable
vehicle body motions to provide a comfortable ride.
However, accomplishing such suppression requires an
accurate estimation of vehicle body vibration.

Therefore, this invention is aimed at increasing body
vibration estimation accuracy.

4.2 Composition of invention

This invention is configured to calculate and estimate
vehicle body vibration (i.e., vertical bounce velocity and
pitching angle velocity) from information pertaining to
the wheel speed, based on the expected correlations
(suspension geometry characteristics) between the amount
of longitudinal displacement and vertical displacement of
the front and rear wheels relative to the body. This refers
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Fig. 6 Relation between pitching motion and
pitching correction

to the vibration components in the vicinity of the body
resonance frequency at the mean front wheel speed and the
vibration components in the vicinity of the body resonance
frequency at the mean rear wheel speed.

Accordingly, estimation accuracy is enhanced because
parameters that vary due to deterioration with age, changes
in the number of occupants and other factors are not used.

4.3 Status of use
This invention has been adopted on the X-Trail.

4.4 Inventor’s thoughts

An electronically controlled suspension system is
generally used to suppress uncomfortable vehicle body
vibrations felt by occupants when a vehicle travels over an
uneven road surface. There are also methods of suppressing
vibrations by means of powertrain and braking system
control without adding any expensive devices. Accelerating
a vehicle causes the front end of the body to rise and
deceleration causes it to dip. These characteristics can be
used to suppress vehicle body vibrations caused by dips and
bumps in the road surface by accelerating or decelerating
to match such road surface unevenness.

One common issue that has to be addressed when
developing technologies for suppressing vehicle body
vibrations is how to accurately estimate them. One method
for measuring vehicle body behavior is to install a
suspension stroke sensor and another approach is to add
many G sensors. However, the sensor cost is an issue.

Therefore, we decided to find a method for estimating
vehicle behavior using sensors generally installed on
vehicles. In the process of analyzing large volumes of
driving data and searching for some element to tie them
to vehicle body vibrations, we found that there is a
relationship between wheel speed and body vibrations.
Therefore, we set about to explicate the mechanism
involved. Finally, we found that, owing to the structure of
the suspension, the front wheels are displaced longitudinally
in proportion to the body’s vertical vibrations and that this
appears in the form of changes in the wheel speed. This
invention that makes use of existing wheel speed sensors
for estimating vehicle body vibrations is a technology that
can be applied to a wide range of vehicle models.

B R e e g
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Fig. 7 Concept of pitching control
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We conducted an enormous number of experiments
and searched through numerous related patents to see if
we had overlooked any factors. It was an extremely long
road to the completion of this invention, but it has left us
with fine memories now.

Finally, we would like to thank everyone, beginning
with the Intellectual Property Department, for their
invaluable cooperation in connection with the patent
application for this invention.
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Editorial Postscript

It is said that the automotive industry has lately been in a major transitional period that occurs once in 100 years.
Indeed, profound technological advances are taking place including the application of intelligence as typified especially
by autonomous driving technology as well as electrification in the form of electric vehicles (EVs). Amid this transition,
what is required with respect to dynamic performance?

Even though the use of intelligence and electrification are advancing, so long as tires are present on vehicles, there
will be no change in the fundamental concept that the forces produced between the tires and the contact surface cause
a vehicle to go, turn and stop. So it would seem that the direction targeted for dynamic performance will not change
appreciably. On the other hand, as autonomous driving technology evolves, the reduction of the driver's workload will
probably heighten customers expectations for a comfortable interior space with a secure feel. Moreover, electrification
has brought about revolutionary advances in packaging, making possible significant evolution of solutions for a lower
center of gravity, optimal weight distribution and other aspects that were inconceivable in vehicles previously.

This issue presents approaches for theoretically explaining attributes like a secure feel and comfort and the
approaches employed for applying the related technologies to production vehicles. Among the actual vehicles
mentioned here, examples are given of the application of such technologies to the new Nissan LEAF, an EV that
symbolizes electrification. It is hoped that the special feature articles in this issue will serve as a useful reference
for undertaking the challenge of achieving further technological evolution by everyone involved in research and
development concerning vehicle dynamic performance both within and outside the company.

Masaharu Satou
Member of the Nissan Technical Review Editorial Committee
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The cover design of this issue expresses two key principles of Nissan's
philosophy of driving performance. One is that the vehicle should move as
expected, and the other is that the vehicle conveys information to the driver.
These ideas stem from our engineers emotion to design and develop vehicles
that customers will feel comfortable driving and will want to drive forever.
Several technologies for accomplishing that aim are arranged around the vehicle.
They are related to the physical and dynamic characteristics of the vehicle, the
operating characteristics of the driver and the driver's perceptions. We are
working hard every day to further refine our technologies for addressing many
issues that remain to be resolved.
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