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Reduction of Cage Noise in Fan Motor

Bearings

Masayuki Sato, Takatsune Onozawa

Electrical & Electrification Bearing Technology Center

Abstract

The expansion of the Internet of Things (IoT) and other IT developments in recent years has increased demand for
cooling fan motors used in communication base stations and data center server rooms. Bearings for fan motors may
generate cage noise (CG noise) due to environmental factors, and though countermeasures exist, their effectiveness has
been limited. For this report, we visualized cage whirl, generally considered to be the cause of CG noise, and clarified the
correlation between whirl and noise. Furthermore, we reproduced cage whirl by modeling a bearing and conducting a
mechanism analysis. Visualization and analysis results were correlated with each other based on the friction coefficient
used, suggesting the presence or absence of CG noise can be predicted to some extent. Using this method, we succeeded in

developing a prototype cage that does not generate CG noise.

1. Preface

Recent years have seen the development and
advancement of 5G communication systems, enabling
numerous simultaneous connections and real-time
communication from remote locations. The prevalence
of IoT in society is also on the rise. The expansion of IoT
applications leads to an increase in transmitted data
volume, necessitating enhanced high-capacity and high-
speed communication capabilities. This, in turn, results
in more communication base stations and data center
server facilities. The amount of data that servers handle
is also growing dramatically, increasing the demand for
fan motors to cool the heat generated during calculations.

Bearings for cooling fan motors should be able to
withstand higher temperatures and operate at higher
speeds to enhance cooling capacity. In addition, there is a
universal demand for fan motors that operate with lower
power consumption and produce less noise during rotation,
especially considering the continuous rotation of multiple
fan motors for cooling.

A jarring sound, called CG noise, can occur from the
bearings in fan motors, and this is attributed to the cage.
CG noise, extensively researched by the bearing industry,
is said to be more likely to occur in low-temperature
environments.
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In 1994, E. Kingsbury et al. conducted experimental
studies to observe cage whirl”, a phenomenon that causes
noise, using sensors. The research showed that the
mechanism stems from the friction between the balls and
the cage. Outer ring rotation was also considered for that
paper.

Figure 1 shows the application of this mechanism to a
ball guideway cage with the same inner ring rotation as
that of a fan motor bearing. In the figure on the left, the
cage is tilted toward the upper side, making ball 2 and 4
in contact with the lower side of the pocket, with frictional
force pushing the entire cage to the right side. The result
is shown in the figure on the right, where ball 1 and 3
now come into contact with the left side of the pocket,

Fig. 1 Mechanism behind cage runout in fan motor bearings
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with frictional force pushing the cage downward. This
repetition is the mechanism by which the cage whirl in the
same direction as the inner ring rotation. Also, Momono’s
2001 paper describes CG noise with his views on measures
to reduce the clearance between the balls and the pocket?.
In 2018, Nogi et al. performed an analysis under the same
conditions as the experimental results of E. Kingsbury

et al. They showed that the whirl of the cage could be
reproduced well®.

In this report, we experimentally and analytically
elucidated the phenomenon of CG noise and devised a
method to predict the ease of CG noise generation without
prototyping and testing.

! @II spin
1

rotation direction
Inner ring rotation .

2. Visualization of Cage Behavior

2.1 Configuration of the visualization system

A high-speed camera photographed the bearing
incorporated in the fan motor while the cage was
generating CG noise, in an attempt to observe the behavior
of the cage. Figures 2 and 3 show the configuration of
the visualization system. A fan motor was placed in the
thermostatic chamber so the bearings were visible, and a
microphone was installed to record the noise generated.
With the transparent door closed, a high-speed camera
photographed the behavior of the cage while adjusting the
LED lighting. The outputs of the high-speed camera and
the microphone are connected to a data logger. The trigger
signal output at the time of shooting is set to start the
microphone data collection. This allows synchronization of
the microphone signal with the video being shot. Removing
the shield on the observation side enabled observation of
the fan motor bearings used while filming.

Figure 4 shows the condition of the bearing for
observation, with the cage marked in white. Image
analysis using these marks elucidated the cage behavior.

For the current operating conditions, it was known that
CG noise occurs in the case of grease lubrication but not in
that of oil lubrication. Therefore, the support bearing was
filled with lubricating oil to prevent CG noise generation.

Data logger Fan motor
| | / Microphone/ Thermostatic
chamber
\l I/ ] /

T

/LED lighting 4

\
High-speed camera I \

Transparent door Bearing Bearing
(for observation) (support)

Fig. 2 Visualizer configuration

LED lighting source

Fan motor
- (in thermostatic
chamber)

= LED lighting

Fig. 3 Visualizer setup

Distance between
origin and mark

Center of inner
ring rotation
= origin

Cage mark B = 4
I (O at 6 places) - Unit: mm
B o

Fig. 4 Interior of the examined bearing
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2.2 Visualization results

Table 1 shows an example of the test and recording
conditions. A test conducted at a low temperature
confirmed continuous or intermittent CG noise from
the fan motor. Additionally, it confirmed abnormal cage
vibrations in what should be a smooth rotation. Figure 5
shows the image taken. Figure 6 shows the trajectory of
the cage mark. Figure 6 (a) shows continuous whirl of the
actual trajectory of the cage mark when the bearing in
Figure 5 is rotated.

Table 1 Testing and recording conditions

Bearing size 693

Grease base oil Ester

Grease thickener Urea

Inner ring speed 11 500 rpm
Preload 3to 5 N (spring)
Temperature -20°C

Frame rate 50 000 fps
Shutter speed 1/66 667 sec

Figure 6 (b) shows intermittent whirl generated in
the same test on a cage with different specifications.
The trajectories of the other cage marks were similar,
indicating that the entire cage was whirling. The whirl
was in the same direction as the inner ring rotation (and
cage rotation).

Cage mark trajectory = \
- Cage mark

nner ring rotation direction '}

o - -

Fig. 5 Video observation

(@) Continuous noise

Fig. 6 Mark trajectory (magnified)
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(b) Intermittent noise

2.3 Image analysis

To quantify the cage behavior, a coordinate system was
created with the origin set at the rotation center of the
inner ring, shown in Figure 4, to obtain the barycentric
coordinates of the luminance of the cage mark. With these
coordinates obtained for each frame, the coordinates of the
cage mark were tracked. Figure 7 shows the trajectory of
a single cage mark. Figure 7 corresponds to Figure 6 (a).
The horizontal axis is time, while the vertical axis is the
distance between the origin and the cage mark.

The following formula is used for the distance d.

I= T

FFT processing of the time waveform yielded the
amplitude and frequency of the vibration.

Figure 8 shows the microphone output acquired
simultaneously. Comparing Figures 7 and 8 indicated the
agreement between the whirl frequency of the cage and
the noise frequency. Therefore, it was found that CG noise
is heard when the cage vibration vibrates the air. The
same test was conducted for other cages, as described in
detail in Section 2.4, showing the consistency between the
cage whirl frequency at the noise occurrence and the noise
frequency. The frequency of CG noise and whirl varied
with the type of cage. However, it was high in relation to
the inner ring rotational speed, ranging from
1 000 to 12 000 Hz (5 to 55 times the inner ring rotational
speed).

2.4 Relationship between the cage whirl and
noise

The same experiments were conducted as before, with
the cage shape and grease changed to prevent CG noise.
Figure 9 plots the amplitude (mm) and frequency (Hz) of
the vibration for several combinations of cages and grease.
Cage A is the standard cage we have been discussing in
the examples. If hearing recognizes noise, it was marked
as x. If not, it was marked as O. The figure shows that the
higher the amplitude and frequency of the vibration, the
more likely the CG noise is recognized as noise. The red
dashed line in this plot shows a threshold for the presence
or absence of noise.

Distance from origin

Time

Fig. 7 Change in cage mark position
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Fig. 8 Variation in microphone output

0 No noise
x With noise

Frequency of rotational motion

() ______________________
0] O ° o

Amplitude of rotational motion

Fig. 9 Relationship of generated noise and frequency to
amplitude of rotational motion
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3. Mechanism Analysis of Cage
Behavior

3.1 Mechanism analysis model

Section 2 shows that the cause of the CG noise is
the cage whirl and that noise is not recognized if the
amplitude and frequency of the whirl are small or if the
whirl does not occur. However, since prototype making
and experimental confirmation would be time consuming
and costly, so we tried a prediction based on mechanism
analysis. Mechanism analysis, creating a CAD model
behaving in the same way as it actually does, can analyze
displacement, load, and stress of an arbitrary part.

Analyzing the mechanism revealed the trajectory of
the cage’s barycenter. The analysis, presented in Figure
10 and Table 2, simulated a bearing model identical to
the actual one in terms of dimensions and geometry,
subjecting it to the same rotational speed and preload. The
outer ring was fully restrained, and the inner ring was
rotated under preload.

3.2 Mechanism analysis results

Actual whirl tends to occur at low temperatures. This
can be explained as follows. Low temperatures can cause
the grease to harden, hindering its flow into the cage
pocket. This results in increased friction between the
balls and the pocket. Scanning the friction coefficient
and analyzing the calculated whirl motion demonstrated
a clear link: increased whirl with a higher friction
coefficient. Figure 11 plots the amplitude and frequency
of whirl revealed in the analysis of the model of cage A
with varying friction coefficient p. The red dotted line in
Figure 9 represents noise presence/absence. The analysis
was performed with five levels of friction coefficients from
a to e. When the friction coefficient was less than u:c, the
frequency was low and varied widely. However, when the
friction coefficient exceeded p:d, the frequency changed
little but was significantly higher.
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Inner ring: rotated

Outer ring:
fully restrained

Preload applied to the inner ring

(axial direction)

Fig. 10 Structure of bearing model

Table 2 Analysis conditions

Bearing size

693 (same as actual)

Inner ring speed

11 500 rpm

Quter ring speed

0 rpm (fully restrained)

Preload

5N

Analysis speed

50 000 fps

Rigidity of each component

Rigid body model

- =3 —p:b @ | = C
= |l=d =e=p=e X Experimental value| |

\.| Noise presence/absence line

Whirl motion frequency

Whirl motion amplitude

Fig. 11 Relationship of amplitude with varying friction coefficient

to frequency

Figure 12 shows the results of the mechanism analysis,
where the horizontal axis is the friction coefficient and the
vertical axis is the amplitude x frequency of whirl. The red
dotted line indicates the tentative noise presence/absence
line in Figure 9.

As can be seen from the graph, increasing the friction
coefficient used in the analysis increases the amplitude
x frequency of whirl, and the noise becomes more likely
to occur. In the actual measurement, the amplitude x
frequency of the whirl was in the range shown in blue in
Figure 12, which is consistent with the analytical results
with the friction coefficient set to p:d. Figure 13 shows the
analytical results with a friction coefficient set to p:d. The
vertical axis is the Y-directional displacement of the cage
barycenter (mm), and the horizontal axis is the time (sec),
corresponding to Figure 7 in the experiment. The amplitude
and frequency close to the actual whirl were reproduced.

In this example, the analysis results agreed not only

with the experimental data around p:d but also with that
around p:d for the other cages. This mechanism analysis
therefore offers a powerful tool for developing new cages,
and it allows designers to predict noise presence or absence
without the need for prototyping and experimentation.

- =8 == |=b e==py=C
=0 = py=e

1

Actual measurement range

High variability

Noise

presence/absence li

ne

Amplitude x Frequency

et

Friction coefficient

Fig. 12 Relationship of friction coefficient and amplitude to

frequency

Cage barycenter Y-coordinate

Distance from origin

Fig. 13 Change in barycentric coordinates for cage (u:d)
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4. Low Noise Cage Development

An investigation of the low-noise cage was also
conducted. Figure 14 shows the pocket shape of the
conventional single spherical surface we have used as an
example. Figure 15 shows the pocket shape of the low-
noise-cage.

The cage has the curvature of the pocket surface
increased relative to the ball diameter in order to suppress
friction between the balls and cage. To prevent the gap
between the balls and the pocket from widening, the
pocket surfaces have an elongated sphere. The centers of
the right and left radii of the pocket surfaces are offset
in the circumferential or radial direction, respectively.
Rotation around a virtual line connecting the intersection
of the right and left radii and the cage center axis forms
an elongated sphere. Compared to a conventional product,
the pocket surface of the low-noise cage has a shape in
which the gap between the ball and the pocket surface
increases in the direction toward the inner and outer

diameters, facilitating the flow of lubricant into the pocket.

Furthermore, the ball is less likely to come into contact
with the edges of the inner and outer diameter side of
the pocket. This prevents scraping of the lubricant and
suppresses the increase in frictional force on the pocket
surface.
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Fig. 14 Conventional pocket shape

Fig. 15 Pocket shape of low-noise cage

Figures 16 and 17 are the results of the mechanism
analysis using the same low-noise cage as that shown in
Figures 11 and 12. The amplitude and frequency of the
low-noise cage are reduced compared to the conventional
cage, and p:d is below the threshold for noise generation,
suggesting the possibility of suppressed noise. Figure 18
shows the change in the barycentric coordinates of the
cage, as in Figure 13. Compared to Figure 13, the whirl
is clearly not stable. This time, to confirm the correctness
of the analysis, a low-noise cage prototype was produced.
Figure 16 shows the experimental results as white circles.
The amplitude and frequency of the whirl were suppressed
beyond the analysis prediction, and no noise was detected.
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Fig. 16 Analysis results (amplitude and frequency) for
low-noise cage
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Fig. 18 Analysis results for low-noise cage (u:d)

5. Summary

In this report, we observed the behavior of the bearing
retainer for fan motor bearings where CG noise is
occurring. It was clear that cage whirl was occurring
and generating CG noise. Next, we conducted a test
for various types of cages and found the amplitude and
frequency identified as cage noise. By analyzing the
mechanism, we also devised a method to reproduce the
cage behavior when CG noise is generated and to predict
the presence or absence of CG noise without prototyping
or experimentation. Using this method, we succeeded in
developing a bearing that can reduce CG noise.
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Condition Monitoring Solution

Nozomu Harada, Akihide Sakano

Industrial Machinery Business Division Headquarters
Condition Monitoring System Division Headquarters CMS Development Center

Abstract

Digital technologies are increasingly being used to realize a sustainable society based on the concept of a circular
economy. For industrial machinery, condition monitoring has been used to maintain equipment and reduce unexpected
downtime, and these capabilities are expected to play a key role as essential technologies for circular economies. This
article introduces the condition monitoring technologies and solutions of Briiel & Kjeer Vibro (BKV), which joined the

NSK Group in 2021.

1. Preface

NSK has set a goal of achieving carbon neutrality
by 2035 in order to realize a sustainable society and
is promoting various initiatives (Figure 1) from the
perspectives of “making” (technology development and
production) and “using” (products and services).

NSK’s Product Lifecycle Management (PLM) strategy
represents this from the perspective of its business
activities in the industrial machinery field. The PLM
’ “use” beyond the
conventional business that focuses on product sales.

provides various values to end users

It also contributes to the efficiency of end users’ use of
the equipment and utilization of resources by detecting
equipment problems through condition monitoring,
proposing on-site actions based on a diagnosis of
deterioration and remaining service life through

10  Motion & Control No. 35 (June 2024) INSK

analysis, and proposing optimal maintenance such

as product repairs and replacement. Furthermore,

the discovery of new issues and the creation of new
technologies based on the data obtained here are expected
to improve products and production further.

Briiel & Kjaer Vibro (hereinafter BKV), which has more
than 30 years of achievements in the field of condition
monitoring, an important part of PLM, was added to
the NSK Group in 2021. By combining its technological
and business experience and achievements with NSK’s
tribology-based product technology and business footprint,
NSK is creating and proposing new value to society. This
report introduces BKV’s condition-monitoring technology
and the condition-monitoring solutions that are based on
that technology.

2. Briiel & Kjaer Vibro (BKV)

BKYV is one of the world’s top ten condition monitoring
service providers, with more than 30 years of experience
in condition monitoring for critical infrastructure such
as wind power generation and petrochemical plants.

It provides condition monitoring solutions with its
products and technical services, from its production and
development bases in Germany, where the company is
headquartered, and in the United States, as well as a
service structure centered on a remote monitoring center
in Denmark.

Environmental contribution using “tribology”

Reducing CO, emissions from

Deepen tribology technology to realize further energy savings
For example, development of electrical impedance method*
using electrical circuit to visualize the inside of bearings
= Contribute to reducing torque by making oil film as thin
as possible

*Received Best Paper Award, Japanese Society of Tribologists

[ The oil film thickness
e Ball Power is calculated by

Rotational .~ .
. Isupply measuring the ease

resistance [Resistance

1 (~.]  with which an
Lubricant Inner " electrical current
E = 1O flows.

Oil film

Environmental contribution utilizing

Improve reliability and conserve resources by
monitoring system (CMS), and repair
Materials Production

2 _— gl

\ Transportation

Fiecycle'"r
&5 Conserving resources
Waste by repairing and
il reusing products that

. aretypically
. discarded after use

Create

Production

ki Customer
CMS/recorditioning Support

utilizing product lifespan diagnostics, condition Utilize

business activities

Reduce CO, emissions from business activities through
three measures: energy saving, technological innovation,
and renewable energy

Coating plant Improving Adopting
roofs with thermal efficiency of renewable

insulation paint  heat treatment energy

- -
- B

Benefit the environment through
our products

Contribute to reducing CO, emissions of
society as a whole by providing environmental-
ly-friendly products

O &

Low-friction
hub unit bearings

Product

Ultra high-speed
ball bearings
for EV motors

Bearings for
wind turbine
gearboxes

Reference: FY2022 Sustainability Briefing Document”

Fig. 1 NSK Promotes initiatives for reducing CO, emissions using the “Create and Utilize” approach
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3. Condition Monitoring Technology
for BKV

3.1. Monitoring and diagnostic technology

Sensors measure vibrations generated mainly from
machinery and capture changes in indicators (descriptors)
derived using mathematical processing to monitor the
condition of machinery equipment (Figure 2). When
signs of abnormality are detected, the condition of the
machinery equipment is diagnosed in detail using time
waveform analysis and frequency analysis. The system
targets problems in all machinery equipment, such as

m Turbulence
= Surge Low

m Belt frequency frequency range
m Bearing cage
= Unbalance

= Misalignment
= | ooseness

= Eccentricity Middle

= Bent shaft frequency range
= Blade passing (ISO 10-1 000 Hz)
= Wear

= Cocked bearing
= Rotor rub freq range
m Electrical motor

m Gears

= REB

= Cavitation

m |_ubrication

High
frequency range

deterioration and damage of not only rolling bearings but
also elemental parts such as sliding bearings and gears,
and components such as motors and gearboxes, as well as
faulty assembly and installation of these components.

Diagnosing the conditions of rotating machinery by
vibration has a long history and is established as an
international standard. BKV has contributed to the
development of international standards (ISO 16079-1, 2,
and ISO 19283). It is also an educational institution for
machine condition monitoring and diagnostic technicians,
providing training globally by licensed individuals at the
highest level of Cat. IV.

‘ 80 000 Hz

High
freq. range

freq. range

>2 500 Hz
10 2 500 Hz

10 Hz

Fig. 2 BKV monitoring and diagnostic technology
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3.2 Product technology

BKYV develops products and provides services according
to the importance of the equipment (Figure 3). The most
critical facilities that have a large impact on society
or require very high restoration costs need a Machine
Protection System (MPS) that can immediately stop the
equipment after detecting an abnormality. VC-8000 and
other products are provided mainly to petrochemical
plants. The system is designed based on the PI System™
(AVEVA), a standard backbone system for this industry?,
and is analyzed by the software SETPOINT, which
incorporates the monitoring and diagnostic technologies
mentioned above.

Critical equipment with high restoration costs and
general equipment that aims at labor saving and
stabilization through the use of IT technology require
condition monitoring systems for predictive maintenance
based on diagnosis through constant monitoring. The
product range includes the DDAU III for wind turbines
and VCM-3 for general industrial machinery. These
systems are similarly designed based on the linkage
with the backbone and control systems of the equipment.

Markets and production facilities

Pyramid market model

Critical
assets (~5%)

Semi-critical .‘5'.
assets (~25%)

assets (~40%)

Run to failure
(~30%)

Fig. 3 BKV product lineup

Non-critical Patrol monitoring

VST-100
' and wireless vibration diagnostic device
[ (NSK product)

VibroSuite is provided for wind power generation, the
company’s core business. This monitoring and diagnostic
software has been developed specifically for BKV’s remote
monitoring team.

These monitoring devices are similar to edge devices
and are equipped with a CPU that digitizes analog signal
input from various sensors, calculates index values for
monitoring and diagnosis internally, and then transmits
the data to the backbone system. This reduces the number
of transmissions of large vibration waveform data to the
backbone system for detailed analysis, thereby reducing
communication and calculation costs.

For other general equipment, NSK offers the VST-100,
a handheld device for predictive maintenance through
periodic patrol monitoring. This involves capturing and
managing data when customers regularly visit and inspect
their equipment, and NSK’s Wireless Vibration Diagnostic
Device is in this category.

NSK also produces its own sensors for vibration
measurement and develops them according to the
environment in which the equipment is used, with
consideration for temperature and humidity.

BKV product line

VC-8000
- Machine protection platforms for petrochemicals

_ BDAU i

Condltlon monitoring platforms for wind power generation

VCM-3

BN .1d wireless sensor solution

- Condition monitoring platforms for industrial machinery

Continuous monitoring

- Handheld devices for patrol monitoring
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3.3 Engineering technology

Installing a condition monitoring system requires a
certain level of monitoring and diagnostic technology. For
this reason, the company also supports system integration,
from specification studies for appropriate condition
monitoring and installation of equipment to startup. For
large plants with more than 100 monitoring devices, the
customer installs the monitoring system. We also provide
installation training for the customer’s staff.

After the condition monitoring system is installed,
the company provides remote monitoring services upon
customer request. This includes monitoring data sent
from the monitoring devices 24 hours a day, 365 days a
year, and issuing alarm reports that offer suggestions
for actions to be taken by on-site workers after detailed
analysis of automatically detected abnormalities by
diagnostic technicians.

4. Condition Monitoring Solutions

Condition monitoring solutions provided by condition
monitoring technologies, products, and services allow
for the early detection of potential failures in plants,
machinery equipment, and mechanical components and
effective predictive maintenance. In this section, we

o

Tower 4 & Turts Cordrpier B8

més’, GGenerator Baanng A Vibration

introduce condition monitoring solutions for wind power
generation and petrochemicals.

4.1 Wind power generation

Wind turbines are often affected by fluctuating loads
due to changing weather conditions, which accelerate
the deterioration of mechanical components. Condition
monitoring is therefore necessary to achieve the required
uptime. Monitoring wind turbines requires early damage
detection, achieved by taking into account low-speed
rotation, complex gearbox structures, low-stiffness
foundations, and constantly changing wind conditions. In
addition to identifying the site and type of damage, the
severity of the damage must also be diagnosed in order to
estimate the lead time to maintenance.

As shown in Figure 4, BKV performs the condition
monitoring using a monitoring device installed in the wind
turbine nacelle, which collects and analyzes vibration data
from the drive train, consisting of a main shaft bearing,
gearbox, and generator, and from acceleration sensors
installed on the tower. The results of the analysis are
transmitted via the Internet to a remote monitoring center
in Denmark. Since the load on each part of the system
varies according to changes in wind conditions, BKV
monitors and analyzes the data by power output, makes
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Fig. 4 Condition monitoring solution for wind turbines
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a comprehensive diagnosis based on these results, and
issues an alarm report. Diagnostic results are expressed in
five levels of severity, and a timeframe is defined according
to the severity (e.g., within two weeks for severity 2). The
report also suggests actions that should be taken, such as
an immediate internal inspection of the high-speed stage
of the gearbox or careful observation of the intermediate
shaft side gears. The remote monitoring service by BKV

is optional. It can be provided by the user or by the wind
turbine builder or maintenance service provider.

To date, approximately 40 000 BKV condition
monitoring systems have been installed on wind turbines
worldwide, and remote monitoring services have been
provided for more than 10 000 of them.

4.2 Petrochemicals

In petrochemical plants, especially in natural gas
liquefaction processes, equipment is subjected to
extreme operating conditions. Refrigerant compressors,
pumps, and hydraulic turbines undergo severe thermal
expansion during startup and full production at cryogenic
temperatures, and bearings and other mechanical
components are subjected to extreme loads during
startup and shutdown. The process also involves a
variety of equipment operating at different speeds and

load conditions, so even small variations in natural gas
composition can have a significant impact on the entire
facility. Minimizing the unplanned downtime of the
most critical equipment beyond routine inspections and
maintenance requires a condition monitoring solution—
that is, a machine protection system—to detect initial
anomalies early and automatically shut down the
equipment.

Figure 5 shows an overview of the condition monitoring
solution for petrochemical plants. The main shafts of
machinery equipment used in petrochemical plants,
such as refrigeration compressors for the liquefaction
process, are mainly supported by sliding bearings. Shaft
vibration measurement is necessary for monitoring and
diagnosing sliding bearings, and displacement sensors are
used. The specifications and installation requirements
for sensors are standardized in API 670 of the American
Petroleum Institute, and BKV’s products also conform to
this standard. Similarly, monitoring equipment conforms
to API670. This satisfies various regulations such as
measurement accuracy, time from abnormality detection
to alarm operation, and redundancy of power supply.

For large projects, more than 100 monitoring devices are
installed. To date, approximately 10 000 BKV condition
monitoring systems have been installed in petrochemical
plants worldwide.

32 channels (8 slots x 4 inputs) || 18 channels (3 slots x 6 inputs)
for vibration, thrust, speed

for temperature

Condition Monitoring SW

Redundant
MODBUS®
links with DCS —|

4-20 mA and relay || Fully redundant power
outputs connections to 24 VDC supplies

Fig. 5 Condition monitoring solution for petrochemicals
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5. New Technology and Product
Development

BKV’s conventional products and services have been
mainly designed for critical infrastructure facilities. They
required expertise in machinery equipment as well as
advanced knowledge and technology related to condition
monitoring. However, these products and services
are expected to be more user-friendly and flexible, as
requirements will be a barrier to the introduction of BKV
in new markets, where demand for condition monitoring
is anticipated. In response, we launched BKV Beyond
in 2023. This condition monitoring solution combines
wireless sensors for easy installation in machinery
equipment with a cloud-based condition monitoring
infrastructure.

Moreover, NSK is developing the Condition Monitoring
System for Linear Motion Machinery, which implements
NSK’s diagnostic technology for linear motion machinery
into BKV’s condition monitoring solution for rotating
machinery. The objective is to expand the scope of
application from process plants, which have mainly
handled condition monitoring, to processing and assembly
plants, primarily for machine tools and transport

L

Fig. 6 BKV Beyond (wireless solution)
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Cloud solutlon

machinery. The rapid IT expansion is driving the joint
development of BKV in Europe and NSK in Japan, as
well as business development by integrating the global
customer networks of both companies.

5.1 Cloud-based condition monitoring solution

Figure 6 shows the BKV Beyond system configuration.
The use of wireless sensors facilitates monitoring in large-
scale environments through mesh network technology.
BKYV Beyond also incorporates a 3-axis accelerometer that
analyzes vibration data up to 6.3 kHz and transmits the
data to the cloud. The software on the cloud sets up the
condition monitoring, and workers perform the installation
according to the setting information via an application on
a mobile terminal. The remote monitoring system uses Al
to detect condition changes automatically. All notifications
are also reviewed by a vibration diagnostician, who
performs a detailed diagnosis and suggests a response to
the on-site maintenance team. The combination of cloud
and Al improves the accuracy of diagnosis on a daily basis,
and new technologies and capabilities are provided as
needed.

_|

SETPOIN
~BKV
......{BEYOND H ..... CMSL_J

On-premise solution

BKV 1S€
Connect } (Existing)
— B i ﬂ
ereless sensor network |." [ | [ !
/" I R i
BKV ; .
e BKV Deploy BKV Ignite

Collect
Configuration apps.

5.2 Condition monitoring system for linear
motion machinery

In power generation facilities and process plants,
machinery equipment operates under constant conditions
for long periods, so condition monitoring is performed
at regular intervals. In processing and assembly
plants, machinery equipment is repeatedly operated
and stopped in a complex machining process, to which
condition monitoring must correspond. As shown in the
system configuration of the condition monitoring system
for linear motion machines in Figure 7, the condition
monitoring device VCM-3 works with machine tools and
other machinery equipment to perform measurements
under conditions appropriate for condition monitoring.
The VCM-3 is also equipped with a diagnostic algorithm
developed based on NSK’s tribology technology to detect

deterioration and damage of ball screws and linear guides.

These represent some of the new value propositions that
result from the synergy of BKV’s condition monitoring
products and technologies and NSK’s achievements and
technologies in linear motion machinery.

6. Postscript

This article introduces the condition monitoring
technology of Briiel & Kjeer Vibro, which joined the NSK
Group in 2021. NSK has been providing reliable condition
monitoring solutions to customers who deal with critical
infrastructure equipment and will propose this technology
to customers involved with NSK to expand the possibilities
of condition monitoring. Furthermore, NSK will contribute
to the sustainable development of society by creating new
value through the fusion of NSK’s tribology technology and
new condition monitoring technology.
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Fig. 7 Condition monitoring system for linear motion machinery
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Technologies for Resisting Electrical

Erosion in EVs

Junji Ono
Automotive Technology Development Center, Powertrain Bearing Technology Department

Abstract

Electric vehicles (EVs) are playing a crucial role in endeavors to prevent global warming, realize a sustainable society,
and work toward carbon neutrality. As EV use continues to increase, bearing manufacturers must provide bearings suited
to their unique requirements. In this article, we explore the latest trends related to electrical erosion in EVs and report on
NSK’s countermeasure technologies that are addressing that damage. While until recently ceramic balls have served as
the main countermeasure against electrical erosion, NSK is continuing to optimize and develop new solutions, providing
more choices to accommodate a wider spectrum of costs and applications.

1. Preface
Addressing global warming and creating a sustainable

future require substantial efforts in decarbonization and 10 000 vehicles Global

achieving carbon neutrality. In the automotive field, the 4000 30%

replacement of vehicles powered by internal combustion 3500 /L 259%

engines with EVs has been proposed and promoted”. 3000 20%

EV drive units are becoming more sophisticated and 2500

efficient to promote the widespread adoption of EVs and 2 e

enhance their market appeal. Higher system voltages 1500 10%
. . . 1000

has led to increased efficiency and reduced recharging 500 5%

durations. After smaller vehicles, larger ones are now 0 0%

being electrified. Figure 1 shows the actual and projected FY21 FY22 FY23 FY24 FY25 FY26 FY27 FY28
production volumes of EVs worldwide, as well as the
proportion of high-voltage units with a system voltage

of 700 V or higher, from 2021 to 2028. EV production

is increasing year by year, and at the same time the
proportion of EVs with higher system voltages is
increasing. On the other hand, as EV drive units have
higher system voltages and become more powerful, reports
of electrical erosion damage to the motor support bearings

have been emerging.

I EV production volume

== Ratio of EV systems with high voltages
(700 V or higher)

Fig. 1 Trends in EV production volume and ratio of EV systems
with high voltages (IHS S&P Global data cited)
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As a result, unit manufacturers now require bearings
with high resistance to electrical erosion for use in
EV drive systems. NSK has developed a variety of
countermeasure products against electrical erosion but
has decided that it is necessary to expand its lineup
of countermeasure products against electrical erosion
further. It is also continuing with this development in
response to electrical erosion problems that are becoming
increasingly diverse.

This article describes the phenomenon of electrical
erosion of bearings in EV drive units, trends in
countermeasure technologies against electrical erosion,
and the latest electrical erosion countermeasures
developed by NSK for EV drive units.

2. Electrical Erosion of Bearings in EV
Drive Units

When electricity flows through bearings, damage called
electrical erosion occurs. When there is little of this
erosion, the raceway surface becomes slightly roughened
and cloudy. But when the erosion becomes severe, ridge

(@) Minor electrical erosion

marks eventually develop. These marks are wavy,
washboard-like bumps on the bearing raceway surface.
Under normal operating conditions, the raceway rings and
rolling elements of a bearing are slightly separated by an
oil film based on the EHL theory, and since the oil film

is an insulator, the inner and outer rings of the bearing
are insulated from each other. A voltage higher than the
dielectric strength of the bearing oil film would cause a
breakdown, and sparks accompanying electrical discharge
would occur between the raceway rings and rolling
elements, causing electricity to flow. At the point where
the spark occurs, the electricity is concentrated at a single
point. Joule’s heat raises the temperature, slightly melting
the raceway surface and generating minute craters. As the
current flow and cumulative number of sparks increase,
small individual craters are considered to accumulate

and develop into ridge marks (Photo 1). With ridge marks
on bearings, the rolling elements riding over the bumps
generate noise and vibration. These are eventually
detected by the driver as noise and vibration in the EV
drive unit, resulting in a failure.

(b) Advanced electrical erosion with
ridge marks (fluting)

Photo 1 Electrical erosion on the bearing raceway
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In EV drive units, there are several modes of electricity
flow in bearings. Typical bearing current modes are the
common mode current and the circulating current during
motor drive. Figure 2 shows a schematic diagram.

Common mode currents are generated when the neutral
point potential is not zero and a voltage of +1/2 of the drive
voltage acts between the coil end, rotor/stator, bearing,
and case, synchronizing with the carrier frequency when
the motor is driven. The equivalent circuit around the
bearing is roughly a circuit connecting the capacitance
components of each element, and the voltage is divided
according to each capacitance component. The voltage
is also divided in the bearing according to the capacitive
component of the bearing. When the voltage exceeds a
certain value, dielectric breakdown occurs, and the electric
charge stored in the capacitance components is considered
to be instantaneously discharged.

On the other hand, the circulating current is considered
to be generated by the magnetic imbalance caused, for
example, by the misalignment of the rotor and stator. It
flows circulating in the shaft, bearing, and case. When a
circulating current occurs, the bearing oil film maintains

and sustains the electrical discharge, leading to early
electrical erosion damage such as ridge marks.

Unit manufacturers sometimes find that electrical
erosion occurs in bearings after the mid-term
development of EV drive units, leading to the need for
countermeasures. In such cases, where the bearing size
is fixed due to the predetermined shaft layout for the
unit and there is a necessity to minimize impact on the
unit development schedule, ceramic ball bearings with
ceramic rolling elements, which provide reliable protection
against electrical erosion without changing the bearing
dimensions, are often employed. However, using ceramic
ball bearings without clarifying the factors causing
electrical erosion could shift the site of electrical erosion
to other areas where no countermeasures have been
taken. In this situation, expensive ceramic ball bearings
should be installed in many locations, resulting in high
countermeasure costs. It is therefore very important
that we understand the mechanism of electrical erosion
correctly and apply countermeasures in the appropriate
locations according to the particular electrical erosion of
each unit.
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Circulating current
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Stator iron core

Common mode
voltage
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4
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potential of the motor (common mode voltage)
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Fig. 2 Schematic diagram of common mode current and circulating current
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3. Trends in Countermeasure
Technologies against Electrical
Erosion

As mentioned earlier, when electrical erosion becomes a
problem in the middle stage of EV drive unit development,
ceramic ball bearings are required as a remedial measure
against electrical erosion. These bearings have a good
track record as an electrical erosion countermeasure
and are regarded as highly reliable against electrical
erosion. Despite their high cost, their use in EVs is
rapidly increasing, while the need for electrical erosion
countermeasures have resulted in a high demand and
a supply shortage. Subsequently, there is a significant
demand for countermeasures against electrical erosion
that are more cost-effective and can be more stably
supplied compared to ceramic ball bearings.

In the area of bearings for railways running on electric
motors, insulated bearings with ceramic sprayed on the
outer diameter of the raceway ring or with resin over-
molded on the outer diameter of the raceway ring have
been used to prevent electrical erosion. Ceramic-sprayed

N Development
targets for eAxle

High

K

brushes

Electrical erosion resistance

Static Conductive fabric
electricity \ (under development)
removal

Conductive
grease/seal

Low

3 Ceramic ball Low cost
bearings ——

Conductive New addition Al
NSK original

Resin mold

insulated bearings have also been developed for general
industrial motors and are already on the market. On the
other hand, conductive bearings filled with conductive
grease are used in office equipment applications.
Countermeasures that have been developed and sold other
than bearings include earthing parts, such as carbon
brushes, conductive brushes, and conductive rubber, which
are used to lower the shaft potential to the GND potential
or to bypass the electricity flowing in the bearing.

In applying countermeasures against electrical erosion
to EV drive units, optimization in specifications and
costs is in progress based on the performance required of
the countermeasures. Specifically, the target insulation
capability, durability, cost, and production method
are being optimized based on differences in operating
conditions, performance against electrical erosion, bearing
size, and planned quantity. In addition, to accommodate
a wide range of electrical erosion phenomena and various
unit layouts, the number of countermeasures against
electrical erosion is continuously expanding (Figure 3).

Ceramic ball . .
bearings Railways, wind
turbines, etc.
el

Bullet train

Ceramic thermal
spraying J

O Insulation
O Conductive

A

Low Cost

Fig. 3 NSK solutions to resist electrical erosion
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4. Electrical Erosion Countermeasures

Electrical erosion occurs when electricity flows through
the bearing. Consequently, protecting bearings from
electrical erosion requires preventing electricity from
flowing through the bearing oil film. Two countermeasures
are possible: (1) stop the electricity and (2) bypass the
electricity (Figure 4). The effective measures depend on
the mode of bearing current generation and construction of
the unit, among other factors. NSK aims to solve various
EV drive unit problems by developing both insulation

Keeps electricity from passing
through the bearing

Electricity flow

measures to stop electricity and conductive measures

to bypass electricity. For instance, for common mode
currents, the shaft potential is controlled near the GND
using conductive elements so that the neutral point
potential does not exceed the electrical voltage resistance
of the bearing. For circulating currents, using insulating
elements to block large loops of electrical circulating paths,
including those in front of and behind the motor shaft,

is considered effective. In the next section, we introduce
representative countermeasures.

Electricity
conduction

Electricity is passed
outside of the bearing

Electricity flow

Housing Housing
Insulator :
2 Conductor .
. Bearing Bearing
1
v Shaft

(@) Insulating technology

(b) Conductive technology

Fig. 4 Methods to prevent electrical erosion in bearings
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4.1 Insulation countermeasures
4.1.1 Insulating coating bearings

A sintered resin coating with insulating properties was
applied to the outer diameter of the raceway ring”. Photo 2
shows the insulating coating bearings and the results of
electrical erosion tests with and without the insulating
coating. The test conditions for the standard bearing
without insulating coating were bearing: 6206, voltage:

3 Vp-p, frequency: 1 kHz, and test duration: 20 hours.
The test conditions for the insulating coating bearing
were bearing: 6206 (insulating coating), voltage: 50 Vp-p,
frequency: 100 kHz, and test duration: 20 hours. Ridge
mark-like electrical erosion occurred in the standard
bearing (without insulating coating). However, no
electrical erosion damage occurred in the insulating

coating bearing tested under more severe electrical
conditions. This test confirmed that the application of an
insulating coating to the bearing interrupts the flow of
electricity and is effective as a countermeasure against
electrical erosion. NSK offers multiple technologies in the
field of insulating coatings so that it can make optimal
proposals according to the user’s operating environment
and the unit’s production site. All specifications allow for
sufficient performance in preventing electrical erosion
under the assumed electrical conditions. Insulating
coatings can be produced thinly, so insulation measures
can be taken without changing the bearing’s dimensions.
It is also an effective countermeasure when there is a
strong need to downsize the bearing, such as when the
overall size of the drive unit needs to be reduced.

Bearing
raceway surface
appearance

Electrical erosion damage

Standard bearing
has electrical
erosion damage

Insulating coating
has no electrical
erosion damage

Photo 2 Insulating coating bearing and result of electrical erosion test
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4.1.2 Resin-mold bearings

The outer circumference of the raceway ring was over-
molded with a resin having insulating properties. Photo
3 shows the results of the electrical erosion test with and
without a resin mold. The test conditions for the standard
bearing without a resin mold were as follows: bearing:
6206, voltage: 3 Vp-p, frequency: 1 kHz, and test duration:
20 hours, and as for the resin-mold bearing, bearing: 6206
(resin mold), voltage: 50 Vp-p, frequency: 100 kHz, and
test duration: 20 hours. As with the insulating coating,
the resin over-molding can suppress electrical erosion
damage to the bearing (Photo 3). The resin mold can be
thicker than the coating, allowing a higher breakdown
voltage to be set. In addition, the parasitic capacitance
of the resin layer can be made smaller, which allows the
effective impedance value to be maintained up to higher
frequencies compared to that of the coating. Figure 5

shows a comparison of impedance measurements for 6207
bearings with various insulation measures.

When the resin is over-molded onto bearing raceway
rings, if the joint strength is weak, there is concern that
the resin may peel off or float on the bearing end face.

Resin-mold bearings for railway applications have a special

anchor groove shape to ensure joint strength®. As for
resin-mold bearings for EV vehicles, the resin is trapped
in a seal groove to act as an anchor. The resin layer and
raceway ring are successfully and firmly joined (Figure 6).
Using the seal groove as an anchor groove allows for the
required strength, mass production, and cost reduction.
The sufficient joint strength makes assembly possible
even with an insulating layer if a light press-fit is used,
and thus widens the range of options for bearing handling
and installation. The following press-fit tests were
conducted. The resin-mold bearing was press-fitted into
an aluminum jig, simulating the bearing mating surface

Bearing
raceway surface
appearance

Standard bearing
has electrical
erosion damage

Resin-mold bearing
has no electrical
erosion damage

Photo 3 Resin-mold insulated bearing and electrical erosion test results

24  \iotion & Control No. 35 (June 2024) INSK

of an EV drive unit to check for damage to the resin part
and dimensional changes. The bore diameter of the jig was
¢ 63 (-0.067/-0.072), the tightening allowance was 0.054
to 0.072 mm, and the test N number was N = 5 (separate
unit). The bearings were press-fitted into the housing jig

10 000

and then taken out to check for damage and dimensions.
None of the bearings pulled out after press-fitting was
damaged, and no significant change was observed in the
outer diameter dimensions after press-fitting. The bearings
were slightly shinier than the new bearings, and press-

1000 Ceramic ball bearing

100

Impedance, kQ
-~ o

S
-

0.01

0.001
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Resin-mold bearing

Insulating coating bearing

= Z (Ceramic ball bearing)
= Z (Resin-mold bearing)

= Z (Insulating coating bearing)

0.001 0.01

0.1 1 10

Frequency, MHz

Fig. 5 Impedance of 6207 Series of ceramic ball, resin-mold, and insulating coating bearings
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Fig. 6 Comparison of anchor shapes between resin-mold bearings for railways and resin-mold bearings for e-Axle
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fit scratches caused by housing edges were observed, but
these were within an acceptable range in terms of avoiding
any functional issues (Photo 4).

Using a resin softer than the aluminum used for the
housing makes it less likely to wear the housing mating
surface, even if rotational creep occurs. Figure 7 shows the
results of the rotational creep test. Rotational creep tests
were conducted under two loading conditions: rotational
loading and unidirectional loading. The test results
showed that the resin-mold bearing suppressed housing
wear compared to the standard bearing regardless of
rotational load or unidirectional load. The resin mold itself
shows little wear and is effective as a countermeasure
against rotational creep.

The resin layer is set with a thickness of about 0.5 to
2.0 mm, which increases the bearing size by about 1.0
to 4.0 mm in both outer diameter and width. Therefore,
if the bearing size cannot be changed during or late in

Conditions Resin mold
Test bearings 6206
Radial load, N 1000
Radial load direction Rotational load
Axial load, N 0
Rotation speed, rpm 7 000

Temperature, °C Room temperature, naturally developed

Current waveform Alternating current

Frequency, kHz 10
Approx. 404

Testing time, hour

the development of the unit, it is necessary to adjust the
raceway ring thickness and, in some cases, the bearing
internal specifications.

Outer diameter appearance Outer diameter appearance
before test after test

Photo 4 Appearance of resin-mold bearing after press-fit test

_ Resin mold (rotational load)
I o2

Housing bore Outer ring outer

s surface diameter surface
Fitting
surface

. No.abnormal wear
Shape (housing bore surface) I

o abnormal wear
! (outer ring outer diameter surface)

(a) Test conditions and test results under rotating load

Conditions Resin mold
Test bearings 6206
Radial load, N 7 800
Radial load direction Unidirectional load
Axial load, N 0
Rotation speed, rpm 7 000

Temperature, °C Room temperature, naturally developed

Current waveform Alternating current

Frequency, kHz 10
74 (Lyg x 2)

Testing time, hour

_ Resin mold (unidirectional load)
Appearance ﬁq m

Housing bore Outer ring outer

_ surface diameter surface
Fitting
surface

B e S —

No abnormal wear
Shape (housing bore surface)

;
+No-abnormal wear

| (outer ring outer diameter surface) |

(b) Test conditions and test results under static load

Fig. 7 Creep test conditions and results for resin-mold bearings
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4.2 Conductive countermeasure items
4.2.1 Conductive brushes

NSK’s development concept was to create a conductive
brush that can be used in oil. Conventional conductive
brushes are often used in radial contact, and it is difficult
to ensure conductive performance in oil because an oil film
is formed between the brush and shaft. Applying them to
oil-cooled motors therefore necessitates the use of such
measures as installing oil seals and preparing a dry space
where the oil does not enter the brush section.

The conductive brush developed by NSK (Photo 5,
Figure 8 (a)) uses a configuration in which the brush
and shaft rotational center axis are in axial contact via
steel balls. In this configuration, the relative velocity
at the point of contact between the shaft and brush
is zero, which ideally prevents the formation of an oil
film (Figure 8 (b)) and thus ensures stable conductive
performance even in oil.

Housing

o

Brush

Steel ball

Shaft « ----=

Electricity flow

(a) Cross-section of conductive
brush development

»

Steel ball Brush

Photo 5 Conductive brush under development (initial prototype)

Brush and steel
balls in contact
Rotation (relative velocity = 0)

Steel balls
on the shaft Lubricating Brush

oil

| Electricity flows even in oil

(b) Contact area between conductive
brush and steel balls

Fig. 8 Cross-section of conductive brush sample and state of contact between brush and steel ball
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Figure 9 shows the results of the conductivity
verification tests. When a general radial contact brush
was used in oil, electricity flowed through the bearing. 1 000 I I
However, when an NSK-developed conductive brush was
installed, the current flowed through the conductive brush,
confirming that the brush bypassed the electricity flowing
in the bearing as intended.

Figure 10 shows the impedance measurement results of
the conductive brush. The measurement conditions were
a shaft rotation speed of 5 000 rpm, oil lubrication, and

— Conductive brush ‘

100 l/‘
1 d
-

Impedance, Q
=

an oil temperature of 60°C. A HIOKI IM3563 LCR meter 0.1
was used for the measurement. The measurement results 0.1 1 10 100 1000 10000
show that an impedance performance of less than 1 Q was Frequency, kHz

achieved at a frequency of 10 kHz.

Conductive brushes can be applied as an EMC
countermeasure in addition to their countermeasure
effect against electrical erosion. A spark in a bearing
would cause a sudden change in current. The consequent
generation of electromagnetic waves is problematic.
Applying conductive brushes bypasses the current,
dropping the shaft voltage to below the dielectric strength
of the bearing oil film. Consequently, electromagnetic
disturbances caused by sparks in the oil film can be
reduced.

Fig. 10 Measured impedance of conductive brush

_ General radial contact brush NSK-developed product

Brush current

Bearing current

Brush current

Bearing current

Waveform
observed by
oscilloscope Shaft voltage Shaft voltage

Current flowing in the bearing No current flowing in the bearing

Brush conductivity under oil lubrication

Fig. 9 Brush conductivity under oil lubrication
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5. Postscript

The automotive industry is witnessing the spread
of EVs, leading to accelerated development by unit
manufacturers and shortened lead times. NSK is
committed to staying aligned with these trends and will
continue to develop products that meet user requirement
while promptly adapting to evolving market demands.

This article introduces the latest countermeasure
technologies against electrical erosion for EVs, including
those currently under development at NSK. Through the
development of these products, NSK will contribute to the
realization of a sustainable society by providing value in
the form of improved reliability, low vibration, and low
noise for EVs and by reducing environmentally hazardous
materials and energy consumption.
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Efforts for Higher Reliability and
Recent Technical Trends in Hub Unit

Bearings
Keiju Haraguchi

Automotive Bearing Technology Center, Chassis Bearing Technology Department

Abstract

As the automotive industry undergoes a once-in-a-century transformation towards electrification, stronger
environmental regulations around the world are shaping the active development of electric vehicles (EVs). The
improvement of power consumption in EVs requires lower friction in hub unit bearings. At the same time, hub unit
bearings must be highly reliable and resist damage even in harsh environments. NSK has developed technologies to
achieve both high reliability and low friction while also establishing a method to predict brinelling depth.

1. Introduction

The automotive industry is undergoing its biggest
transformation in a hundred years. Electrification is a
particularly hot topic these days, with electric vehicles
(EVs) being actively developed in response to stricter
environmental regulations around the world. Extending
the cruising range of EVs has become an issue, and
improving electricity costs is an urgent priority. Reducing
various resistances generated from running a car is
necessary to improve electricity costs, and hub unit
bearings (Figure 1) need to reduce friction.

Hub unit bearings play an important role in EVs as
well, as they support the vehicle’s wheels, and require
high reliability as a basic function to prevent damage
even in harsh environments. The hub unit bearing is an
underbody component. Road conditions are often poor
in markets where infrastructure is not well developed,
such as in emerging countries, so when driving through
puddles, muddy water is splashed up by the tires and
splashes around the hub unit bearing. When used in

30  \otion & Control No. 35 (June 2024) INSK

such a harsh environment, muddy water intrudes into
the bearing, causing delamination due to rust and poor
lubrication, which results in abnormal noise. For reasons
discussed below, reducing the friction of hub unit bearings
associated with the shift to EVs in vehicles often increases
the risk of muddy water intrusion. When the ball rides
over a pothole or curb, and an impact load is applied,
plastic deformation called brinell indentation occurs at a
ball pitch on the balls and ring raceway surfaces, causing
abnormal noise. The risk of brinelling becomes higher
with increases in vehicle weight due to the conversion to
EVs. Additionally, in an investigation of market-recalled
products, muddy water ingress and noise caused by brinell
indentations were the main causes of hub unit bearing
failures.

This article introduces technologies that can achieve
low friction while maintaining the robustness and
high reliability of hub unit bearings, technologies that
can improve brinelling resistance and technologies for
predicting brinelling depth.

2. High Reliability Low-Friction Seal

Figure 1 shows the structure of the drive wheel
components and hub unit bearings that transmit power
from the engine or motor. In most cases, hub unit bearings
have an inner seal and an outer seal. Seals prevent the
muddy water splashed up from the road surface from
entering the bearing.

Conventional inner seals are often used in combination
with slingers, with three lips in contact with the slinger
to prevent muddy water from entering the bearing. On
the other hand, the conventional outer seal has no slinger
and has three lips in contact with the hub shaft and one

Brake disc |

Underbody (axle) structure

Fig. 1 Components of hub unit bearings

Lip Labyrinth lip
Slinger —% :7 X‘

non-contacting labyrinth lip to prevent muddy water from
entering the bearing.

Reducing the number of lips in contact or the contact
force of the lips is effective for meeting the low friction
requirements for hub unit bearings in the EV conversion
of vehicles. As a drawback, however, these modifications
aimed at lower friction may compromise reliability, the
basic function of the hub unit bearing. NSK has developed
a seal that achieves low friction without compromising
muddy water resistance, which is described in the next
section.

| Inner seal I | Outer seal I
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2.1 Low-friction inner seal

The conventional inner seal’s slinger is L-shaped,
whereas the low-friction inner seal, which retains muddy
water resistance, changes to a U-shaped slinger (Figure 2).
The U shape tends to reduce the amount of water in
the seal when the slinger rotates, compared to the
conventional product. This is because the U-shaped slinger
creates a flow of muddy water inside the seal that moves
outward, preventing muddy water from entering.

NSK created a fluid analysis 3D model up to the center
of the shaft immersed in water and confirmed the validity
of this consideration through fluid analysis. Figure 3
shows the results of fluid analysis for the conventional
and new products. The percentage of water or air in the
inner space of the seal of the hub unit bearing is indicated
by color: brown for 100% water, white for 100% air, and
blue for 50% each of water and air. The seal cross-section
in water at a standstill is 100% water in the space from

L-shaped
slinger

C "/

Conventional product

Fig. 2 Concept for high reliability low-friction inner seal
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the side lip to the outside of the bearing. From this state,
the slinger was rotated, and the behavior of water in the

space outside the bearing from the side lip was compared
between the conventional and new products.

In the conventional product, a large amount of water
had entered the space outside the bearing from the side
lip, and although there was some air mixed in, water had
also reached the tip of the side lip. As for the new product,
there was less water in the space outside the bearing
from the side lip compared to the conventional product,
indicating that water did not reach the tip of the side lip.
The inability of the water to easily reach the tip of the side
lip, compared to the conventional product, facilitates water
resistance.

Figure 4 shows the muddy water resistance and torque
test results for both products. The new product showed the
same or better resistance to muddy water than the other
and achieved a 30% reduction in torque.

[~~~ U-shaped

slinger

New product

Tisoe Seep 1

Rotating

Volume Fraction of waler

(v 1LY e i
H
50%: Water 100%: Water
50%: Air

Fluid analysis 3D model
of shaft center immersion

Fig. 3 Fluid dynamics of conventional and developed seals
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of bearing
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Inside of slinger
bearing Side lip
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of bearing
Side lip

New product

Fluid analysis results for
the conventional and new products

Seal single unit torque test result

e

Gof)’dﬁi%c )
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C

Conventional product
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Conventional product

[
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Fig. 4 Sealing performance and torque reduction with developed seal
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2.2 Low-friction outer seal

Figure 5 shows the low-friction outer seal that retains
muddy water resistance. Changes from the conventional
outer seal include the addition of U-shaped slingers
and the use of two lips instead of three. The addition of
U-shaped slingers creates a labyrinth structure and keeps
muddy water away from the side lips. As a result, the
amount of muddy water reaching the side lip is reduced, in
turn reducing the number of lips, and low friction can be
achieved simultaneously.

Figure 6 shows the muddy water resistance and torque
test results for both products. The new product’s muddy
water resistance is equivalent to that of the other, but the
torque can be reduced by 40%.

Seal single unit muddy water test result

Side lip

N

Conventional product

U- shaped\ \|
slinger R

Side lip

New product

Fig. 5 Low-friction outer seal concept

Seal single unit torque test result

A
. |

I

>

ﬁi’st\ance
to. myd\dyyter

Good
L;

Conventional product New product

Fig. 6 Sealing performance and torque reduction with developed seal
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2.3 New seal grease

As previously mentioned, the hub unit bearing is
equipped with a seal to prevent muddy water from
entering the bearing. Sections 2.1 and 2.2 describe these
seals’ low-friction performance. NSK has developed a new
seal grease to achieve even lower friction. This grease
is also introduced here because it achieves low friction
without compromising muddy water resistance.

It has a lower base oil kinematic viscosity than the
conventional grease and uses a thickener with higher base
oil retention. Employing thickeners with high base oil
retention reduces the amount of thickener used, thereby
reducing the thickener’s shear resistance. When the
kinematic viscosity of the base oil is small, however, its
high fluidity tends to cause oil film breakage and allow
muddy water to intrude through the seal. The new grease
contains a polar polymer in the base oil so as not to reduce

Muddy water
resistance

the muddy water resistance, and technology has been
developed to reduce water ingress even when the oil film
at the seal lip is thin through an ingenious molecular
structure. Figure 7 shows how polar polymers work. Polar
polymers have a long molecular structure, and the complex
intertwining of these chains holds the base oil molecules
that intervene between the lip tip and the sliding surface
in place. This prevents the oil film from rupturing
when the oil film comes into contact with muddy water.
Moreover, the polar polymers improve the affinity between
the lip rubber material and sliding surfaces of the slinger,
making it easier for oil film and grease to intervene in the
sliding section.

Figure 8 shows the results of a muddy water test and
torque test conducted on the seal single unit to confirm
its effectiveness. The sealing performance was improved
by 50%, and torque was reduced by 25% compared to the
conventional product.

formulation

. Grease
Singer o 0 ® 0 @O J:/

1'-'/ -. ,.-_ '\::\I]
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prevent water
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Characteristics of polar polymers

- Multiple electric charges
- Long molecular structure

=)

]

5

Lip

Fig. 7 Polymer function in new seal grease
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Fig. 8 Sealing performance and torque reduction with developed grease
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3. Second Generation Low-Friction
Grease with Water Resistance

Although the new seal improves muddy water
resistance, it is difficult to completely prevent muddy
water from entering the bearing. If even a tiny bit of
moisture intrudes into the bearing, the grease will not
form a lubricating film as easily. This results in metallic
contact between the raceway surface and balls, wear, and
micro-cracking, which can lead to delamination. NSK
has developed and marketed water-resistant grease for
bearings as a technology that renders this small amount of
water intrusion harmless.

Figure 9 shows the technology of making water-resistant
grease harmless. Additives provide two actions to water-
resistant grease. One is to control the particle size of water
that enters the bearing, keeping water away from the balls
and raceway surfaces. The other is the early formation of
a thick oxide film on the balls and raceway surfaces, which
inhibits water-metal contact.

NSK developed a first-generation low-friction grease
with low friction and reliability in high temperature and
high load ranges by employing a base oil with a viscosity
that does not change with temperature. This first-
generation low-friction grease has the water-resistant
effect previously mentioned. We have already started mass
production and introduced this grease to the market.

NSK has also recently developed a second-generation
low-friction grease, aiming for even lower friction than
the first-generation low-friction grease. As in the first
generation, the base oil is a chemically synthesized oil
with low viscosity change over a temperature range to
reduce rolling resistance over a wide temperature range.

Internal friction o Lower friction than

1st generation

A 30%
1st 2nd
generation generation

The use of a thickener with finer fibers than that of the
first generation aims to increase the retention of base oil,
reducing the amount of thickener and stirring resistance.
Furthermore, the consistency of the grease is made
smaller (harder grease) to reduce stirring resistance. The
smaller consistency prevents grease pushed out of the
raceway surface by the balls and cage from returning to

the raceway surface, thereby reducing stirring resistance.

Figure 10 shows a performance comparison of
first- and second-generation low-friction greases. The
second-generation grease has 30% lower friction while
maintaining high speed, high-load endurance, and low-
temperature fretting resistance.

Particle size control of intruded water

Ball
Intruded
‘/ water

Raceway surface

Surface protection by coating

Ball

N

Intruded
water
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Fig. 9 Technology to make water harmless
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Fig. 10 Performance of second-generation low-friction grease
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4. Technology to Improve Brinelling
Resistance

So far, we have introduced technologies for high

reliability and low friction against muddy water intrusion.

As mentioned at the beginning of this article, brinell
indentation, caused by excessive or impact loads on
the hub unit bearings, is another cause of abnormal
noise. To increase the reliability of hub unit bearings,
taking measures against brinelling is crucial. One
countermeasure against brinelling is to increase the
bearing size and static load rating, but increasing the
bearing size leads to more weight, interference with
surrounding parts, and assembly impact.

NSK has developed a high-performance cage that can
increase the static load rating while maintaining the
bearing size as a technology to improve the brinelling
resistance. In addition, a new analysis method has been
devised to improve the prediction accuracy of brinelling
depth.

Conventional product

With pillars
between pockets

Fig. 11 Conventional cage and high-performance cage

4.1 High-performance cages

The new high-performance cage allows for one more
ball without changing the bearing size (ball PCD), or
the addition of one ball with minimal size increase, thus
allowing for the high load capacity of the bearing.

In contrast to the conventional product, the new one
removes the pillars between the balls, as shown in Figure
11. This narrows the distance between adjacent balls and
increases the number of balls by one without changing the
PCD. This cage makes it possible to improve the brinelling
resistance without affecting the surrounding components.
In fact, a hub unit bearing with the same ball PCD and
one more ball was found to reduce the brinelling depth by
about 30% in the brinelling test.

To meet the demand for lower friction, NSK has
incorporated low friction technology into the new product
to achieve both brinelling resistance and lower friction.
The low-friction technologies are described below.

New product

Removed pillars

between pockets:
Reduced grease stirring
resistance between

balls and retainers

Increased inner

diameter dimension: ;
Reduced grease stirring |
resistance between
the inner ring and cage
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- Reduction of stirring resistance between the balls and
cage by eliminating the pillars

- Reduction of stirring resistance between the inner
diameter of the cage and the outer diameter of the
shaft by changing the inner diameter dimensions of the
cage

Figure 12 shows the friction reduction effect of the new
product. The product can achieve a 10% reduction in
internal torque compared to the conventional product.

4.2 Brinelling depth prediction method

While it is known that a high-performance cage
improves brinelling resistance, it is difficult to predict
brinelling depth quantitatively on a theoretical basis. The
brinelling index, calculated by static load rating, distance
between working points, shaft weight, and rim radius,
qualitatively predicts market failure. NSK has been
working to establish a new brinelling depth prediction
method to prevent brinelling failures and propose optimal
bearing sizes.

Conventional evaluation tests for the brinelling depth
of hub unit bearings are performed by applying an axial
load to a loading arm attached to the hub flange. NSK has
been performing an assembly analysis that simulates this
evaluation test to predict the brinelling depth (Figure 13).

The raceway surfaces are quenched by induction heat
treatment and have a hardness gradient from the raceway
surface layer to the depth. The material properties
that account for this hardness gradient are used in the
analysis.

4

10% reduction

1]

Conventional product New product

Internal torque ratio

Fig. 12 Friction reduction performance of low-friction cage

Fig. 13 Assembly analysis to predict brinelling depth
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The actual brinelling depth obtained from the analysis
and test results are close (Figure 14), confirming the
validity of the brinelling depth prediction method based on
assembly analysis. In the future, we will aim to establish a
method for predicting brinelling depth to further improve
accuracy.

= Analysis
m Actual measurement

Brinelling depth

Small load Large load

Fig. 14 Simulated and tested results for brinelling depth

5. Conclusion

In recent years, the demand for low-friction hub unit
bearings has been increasing along with the shift to
EVs. Low friction, however, often reduces muddy water
resistance, and the increase in EV-related weight often
reduces brinelling resistance, making compatibility with
high reliability a challenge. NSK has been developing
low-friction technologies based on its highly reliable
technologies, and the technology described in this article
has been developed to achieve low friction without
compromising reliability.

NSK will continue to contribute to the development of
automotive technology by developing even more reliable,
low friction technologies to satisfy the market’s need for
reduced defects and lower friction.

Keiju Haraguchi
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Performance Study of Rattle Noise in
EPS Reduction Gears Using Multibody

Dynamics

Masahiro Harunaga

NSK Steering & Control, Inc., Steering Engineering Center, Mechanical Design

Department

Abstract

The adoption of hybrid and electric vehicles is accelerating worldwide, increasing the need for quiet electric power
steering (EPS). The sound and vibration phenomena of EPS systems are influenced by various factors. When these exceed
certain thresholds, EPS systems can affect the sound inside the vehicle. A lot of time is therefore spent on addressing
EPS noise and vibration. This article includes a case study on EPS performance using simulations of multibody dynamics
(MBD) to efficiently resolve vibration issues. In the case study, we analyzed the rattle noise generated in the EPS
reduction gear. Using MBD simulations enabled significant improvements in rattle noise without the need for multiple

prototypes.

1. Preface

The need to reduce CO; emissions to protect the global
environment” has led countries around the world,
including the United States, China, and in Europe, to
set a goal of eliminating internal combustion engine-only
vehicles, accelerating the movement toward hybrid and
electric vehicles. Accordingly, to make vehicle interiors
quieter, electric power steering (EPS) installed in vehicles
must be quiet.

EPS consists of mechanical components (reduction
gears, etc.), hardware (motor, ECU), and software
(control). It generates various sound and vibration
phenomena due to different factors, such as rattle noise
caused by the rattling of mechanical components due to
reverse input from the road surface when driving on rough
roads, operating noise from the motor’s order components,
and vibration from resonance between the EPS and
vehicle. If these phenomena exceed a certain threshold
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value, the cabin’s quietness is impaired, resulting in the
driver’s discomfort. The sound and vibration phenomena
of EPS vary widely depending on vehicle type and the
operating environment. A lot of time is therefore spent
on trial and error in efforts to solve the problem. The
challenge for product development is how to make the
process more efficient. Model-based development (MBD) is
an important development method that aims for efficient
product design by enabling performance studies before
manufacturing?. Computer-aided engineering (CAE)
technology is indispensable for MBD®, and performance
studies (strength, sound and vibration, behavior of objects,
etc.) that apply various simulation methods (structural
analysis, mechanism analysis, etc.) are now used widely.
This article presents a case study using mechanism
analysis to investigate the performance of rattle noise
generated in the reduction gear of an EPS due to reverse
input from the road surface.

2. Simulation of Steering Products

High safety, functionality, and durability are required of
steering products because they are responsible for turning,
one of the three major actions of an automobile (driving,
turning, and stopping). There are also requirements
for steerability and quietness related to driver comfort.
Because they must be designed to satisfy such a wide
range of needs, verification is usually very costly and time-
consuming. The aim of MBD is to boost design efficiency
by upfront examination of each design stage virtually on
a computer. This reduces unexpected failures later in the
design process, minimizing the need for expensive real-
machine testing®.

Vehicle e
EPS System =1

Subsystem

In our steering product design, we have been conducting
design studies using computer-based structural analysis
since the early 1990s®. NSK has been using software
since then to address a wide range of requirements
such as mechanism analysis and 1D-CAE, as well as
structural analysis, in accordance with the V-shaped
process development flow. We have developed various
analysis methods that can be applied at each stage of the
design process. These are based on correlation with test
results and intended to improve the validity of analysis
results and reproducibility of real-world performance. The
analysis methods developed to date cover each stage of the
steering system design process (Figure 1).

The mechanism analysis of the reduction gear section for
rattle noise, discussed in this article, is at the component
level.

Design Verification Validation

Component

Part

Fig. 1 Simulations in V-model for steering components
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3. Mechanism Analysis Model of the
Reduction Gear Section

The reduction gear section importantly amplifies the
torque output from the motor so that the driver can steer
with an appropriate load. The reduction gear section is an
important component in considering the EPS’s sound and
vibration performance because of the backlash (a small
gap between the teeth necessary to make gear rotation
smooth without undue force) that causes rattle noise.

Figure 2 shows a schematic diagram of the reduction
gear section mechanism analysis model. The reduction
gear section consists of a worm gear, a support section that
supports the worm gear, a connection section between the
motor and worm, and a preload section that suppresses
the worm gear’s backlash with an elastic material to
reduce tooth-beating noise during gear reversal.

The reduction gear section mechanism analysis model is
modeled by the parts representing the shape and moment
of inertia of each component on the rotation axis, springs

and friction representing the characteristics between each
part. The model is simple except for the contact calculation
by importing the 3D shapes of the worm and worm wheel.
For example, the support can be modeled in detail by using
the 3D geometry of the bearing or by using NSK’s bearing
calculation program developed in-house. While detailed
modeling allows the confirmation of the microscopic
behavior of each part, a simple model such as that shown
in Figure 2, has the following advantages.

- To achieve the target performance of the reduction gear
section, it is possible to investigate the characteristics
of each part of the reduction gear components without
being limited by the component’s shape

- Small computational load

This method can be used to determine the requirements
for each section (connection, support, preload, etc.) not
only later in the development process, when the detailed
shape is fixed, but also earlier, when the shape is still
ambiguous. This article presents a case study of its use
later in the development process.

Gearbox (ground)

Motor % § mSuppoH section é [] Preload section

Gl

torque
4 Motor Eﬁ'\.. Worm

Contact section

Connection
section

Reverse input

Steering

heel
Torque L Whee
sensor

Wy : Translational spring - : Rotation spring <—- : Friction

Fig. 2 Schematic model of multibody dynamics simulation for the reduction

gear section

42  \iotion & Control No. 35 (June 2024) INSK

4. Application of Mechanism Analysis
to Rattle Noise

In this section, we present a case study in which
rattle noise was generated while studying the preload
characteristics of a reduction gear. The noise had never
been heard before and was resolved through mechanism
analysis.

4.1 Mechanism of the target rattle noise

Figure 3 is an overview of the target rattle noise
phenomenon. The noise occurs when the reverse input

torque (caused by the road surface during rough road
driving) entering the worm wheel changes direction and
passes through the zero torque point. Torque is applied
as a reverse input, and the worm moves in the direction
of separation (+Y direction) due to the engagement of the
worm gear. Because of backlash in the worm gear, the
worm moves rapidly in the —Y direction as the torque
decreases. The worm and worm wheel then collide,
generating sound and vibration.

Reverse input
torque, Nm
o

] 2]

L L=
c
S«
®T=0
__§ €
>

Time, s
S
Fulcrum Q

(1) Worm gear meshes with
worm wheel

(2) Worm moves in the
direction of separation from
the worm wheel due to the
mesh reaction force

Fig. 3 Overview of the rattle noise phenomenon

’ i \Revlerse input torque

(1) Reverse input torque
decreases

(2) Worm returns to its original
position

(8) Worm and worm wheel
collide
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4.2 Comparison of actual and simulated results

The mechanism analysis model used here was
introduced in Section 3. As described in Section 4.1,
the backlash of worm gears causes rattle noise, so the
preload section, which suppresses backlash, was selected
for development. The characteristics of other parts were
obtained from actual equipment measurements.

The targeted rattle noise is primarily influenced by
the behavior of the worm, as indicated in Section 4.1. To
confirm the validity of the simulation, the displacement
of the worm in each direction was compared between the
actual equipment test and the simulation results. The
results are shown in Figure 4.

(a) Definition of coordinate system

As for the behavior of worm displacement, the
simulation still deviates from the actual equipment
test. Overall, however, the simulation can represent the
behavior of the actual equipment test, especially regarding
the timing of the rattle noise that occurs when the reverse
input torque crosses the zero point.

Since it is known from the evaluation of the actual
equipment that there is a correlation between the
vibration that causes the rattle noise and the Y-directional
speed of the worm, we next checked whether the same
tendency could be obtained in the simulation (Figure 5).
Our testing confirmed a correlation between vibration
during the actual equipment test and the Y-directional
speed in the simulation. This suggests that the simulation
model can be effectively used to analyze rattle noise
performance.

4.3 Rattle noise performance study

Using the simulation model described in section 4.2,
we examined the appropriate preload characteristics to
reduce the rattle noise. To efficiently study the preload
characteristics, we first conducted a parameter study of
the preload characteristics, and two parameters were

Vibration in actual equipment
test, m/s?

Worm Y-directional speed in simulation, mm/s

Fig. 5 Comparison of vibration in the tested machine and
simulation of worm speed in the Y direction

— — *
_ ég'i:(eagligﬂ _ )égliieeg'igg extracted that have a significant effect on the worm’s €
Test on actual | — Zdirection — Zdirection Y-directional speed, a surrogate characteristic for E
equipment | — Reverse input torque Simulation [ — Reverse input torque rattle noise. Next, we checked the relationship between g :
£ those two parameters and the worm’s Y-directional @'
1S 5 E = speed (Figure 6). Parameters (1) and (2) are found to be g
- a £ - o E . X . . k)
£5 £z £t £z correlated with the worm’s Y-directional speed. g
SEO 038 Se0 069 Since the preload section must meet various = =
=3 o) =g olieg . . . . ——
& 35 8 3o requirements, including those related to the target rattle > e e
£ T & T noise and other rattle noise phenomena, friction, etc., the % - A ==
requirements for the preload section characteristics were = — i =

Time, s

Time, s

(b) Worm displacement in each direction

determined by simulation. The improvement effect of the
preload section designed based on these requirements is

Parameter (1) ——=———"_ Parameter (2)

shown in Figure 7. Both the worm Y-directional speed in
the simulation and the vibration in the actual equipment
test after the improvement were reduced to about half
the level, indicating that a significant improvement was
achieved.

Fig. 6 Relationship between two parameters and worm speed in

Fig. 4 Comparison of measured data and simulation the Y direction
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5. Postscript

In this article, we introduced a case study on the
performance using simulation technology to investigate
the rattle noise generated in the reduction gear section of
the EPS. The case study involved simulation technology at
the middle to lower levels of the development process for
rattle noise performance. In the future, we will continue
to develop simulation technology that can be used at
higher levels of the development process and to advance
simulation technology to achieve the ultimate goal of
simulation in the development process, which eliminates
the need for prototype evaluation.

m Simulation results

Measurement results of
actual equipment test

Worm Y-directional speed, m/s
(simulation results)

Vibration, m/s?
(measurement results of actual equipment test)

Before After
improvement improvement

Fig. 7 Comparison before and after improvement
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Efficient Development for EPS

Controls Using Simulation Technology
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Abstract

The automotive industry is undergoing a once-in-a-century transformation, with model-based development proving
to be an effective development method for the times. In the development of electric power steering (EPS), NSK has
introduced model-based development to improve design efficiency with the use of simulations, particularly in the design
of EPS controls. We use simulations in many processes, including system configuration studies, the design of assist
control functions, parameter calibrations, and design verification. Here, we introduce actual examples of how simulation
technology is used in the development of EPS controls at NSK.

NSK has been using MBD on a full-scale basis since
the control development of column-type EPS, which it
began mass-producing in 2004. In various cases of design

- g Y and verification, simulation using tools represented by
power steering (EPS) are becoming more sophisticated and MATLAB®/Simulink® by MathWorks® has been used to
complex, including advanced driver-assistance systems

(ADAS), automated driving, over-the-air (OTA) updates,
and cyber security. Shorter product development cycles
and lower costs are also in demand.

One of the most important development methods for
overcoming this period of great change is model-based
development (MBD). MBD is characterized by the use of
models to represent the control function and the control
target (plant) and is a method for improving development
efficiency through simulation.

1. Preface

The automotive industry is undergoing a once-in-a-
century transformation, and the requirements for electric

improve development efficiency.

The control development of EPS has been discussed in a
previous article”, and here we will look at how simulation
technology is used throughout the control development
process.
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2. Overview of the EPS Control
Development Process

Figure 1 shows the control development process for
EPS. The main function of EPS is to assist the steering
force, which is achieved by driving a motor. EPS control is
responsible for precisely controlling the motor so that EPS
can generate an appropriate assist force.

In system design, system requirements are defined
from customer requirements, and architectural design
is performed to assign requirements to components.

Here, requirements for the control design are also
defined. Control design involves the design of a controller
function based on system requirements, including

design verification. The deliverable is a control model.
Software implementation involves optimizing control
model resolution conversion and variable definition and
includes mass production code generation performed

by an automatic code generation tool. NSK mainly uses
dSPACE’s TargetLink as an automatic code generation
tool. The system is then integrated with functions outside
the MBD process and comprehensively tested as an EPS
system, including self-diagnostic functions and durability.
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Various simulation technologies are used in the
EPS control development process, including design,
implementation, and testing. This article discusses the
use of simulation in control design, which has the longest
history of MBD at NSK. The article also touches on the
use of simulation in system design, an upstream process
closely related to control design.

‘; ______ _,\ Scope of
M. System \| explanation
\\ design

\ \\ Testing

\
\ Control

i AY
V, design \

Software
implementation

Fig. 1 Development process for EPS control functions

3. Application Examples in Control
Design

Figure 2 shows a schematic block diagram of the EPS
control. Conventional assist control primarily calculates
target assist characteristics based on the driver’s steering
information and vehicle speed information and controls
the motor to achieve the calculated target characteristics.
However, with the growing popularity of ADAS functions
these systems now require controlling the steering wheel
angle based on the vehicle’s inputs. The ADAS function
and assist control are not exclusive, and the driver can
steer the vehicle at any time during the ADAS function’s
control of the steering angle. Coordination between the
ADAS function and conventional control is therefore
crucial. With the increasing complexity of control, the
use of simulation is also important to promote rapid
development. In this section, we introduce a simulation
application example in actual control design using this
ADAS function as a subject (Figure 3).

System MILS X
design control design i N
Control Bypass —a
don. e control 1 -
£S190 design
Software HILS X
implementation adaptatllc.)n .
Kand verification 1%

Fig. 3 Case study using simulations for control design
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Fig. 2 Block diagram of EPS control functions
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3.1 Control design with MILS

In the ADAS function, the camera unit requests the
target steering angle from the EPS via the in-vehicle
network. The EPS must control the steering angle to
enable the actual steering angle to follow the target
steering angle. In addition to these ADAS functions,
we are using model-in-the-loop simulation (= MILS) as
the first step in functional design, including cooperative
control with conventional assist control.

In functional design by MILS, the control function and
control target (plant) are modeled. Plant models include
vehicle models for generating target steering angles and
expressing load characteristics, mechanical models for the
mechanical elements of steering, and electrical models for
the behavior of sensors and motors. These plant models
are combined according to purpose to construct the MILS
environment.

Because NSK uses Simulink to design the control, the
plant model also uses Simulink or commercially available
vehicle simulation software that can be integrated with it.

When building a plant model in Simulink, it is necessary
to model each element based on physical equations. Since
the basic mechanism of steering has many common parts,
each element model is managed as a library so that it
can be used in various projects, thereby improving the
efficiency of model creation.

In vehicle simulation software, the entire vehicle
is pre-modeled, including elements necessary for the
development of ADAS functions such as cameras and
radar. Simply replacing the pre-model with the part
to be developed allows for a simulation including the
vehicle behavior. NSK owns HILS manufactured by IPG
Automotive, and the company’s simulation platform,
CarMaker, is also used in MILS to develop ADAS
functions.

Simulink also provides a wealth of functions for model
verification. One can implement tests with varying levels
of granularity and from different perspectives on the
control model of the development target. The process at
the MILS stage helps boost the completion level of the
development target functions.
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3.2 Control design using bypass

Although the MILS environment enables basic control
design, situations remain where actual equipment is
preferred in design evaluation, such as the steering feel
when the driver steers the vehicle during ADAS function
operation. In such cases, the bypass method, a type of
rapid control prototyping (RCP), is used.

In the bypass method, a processor in the actual ECU
and a real-time computer are connected by a debug
interface or other means, and only some functions of the
EPS are calculated on a real-time computer (Figure 4).
The advantage of the bypass is that the control model
designed by MILS can be easily operated at the 10
interface and execution timing of the actual equipment. In
addition, because the control model is running on a real-
time computer, any functional changes can be made in just
a few minutes. Compared to creating software for testing,
a significant reduction in working hours is possible. In this
case study, MicroAutoBox II from dSPACE was used as
the real-time computer for bypass.

Actual ECU
Assist
— characteristics D drivl\élcc):tgr:trol —
calculation

ADAS control
o |
o ‘-hihm:h g_?

Functions to be developed are calculated by a computer outside
the ECU, and the calculation results are returned to the ECU

Fig. 4 Schematic of bypass method

3.3 Adaptation and verification using HILS

NSK is working to reduce the use of actual vehicles as
much as possible from the viewpoints of safety and cost.
In the development of ADAS functions, hardware-in-the-
loop simulation (= HILS) is used as a substitute for actual
vehicles. Figure 5 shows the difference between MILS and
HILS.

In MILS, both the steering system and the vehicle to be
developed are models. In HILS, the vehicle is the model,
while the steering system is the actual equipment. IPG
Automotive’s HILS, used in this case study, can apply
the same CarMaker as the MILS environment so that the
same vehicle models can be employed.

In the ADAS function development, HILS equipped with
an actual steering system allowed for the building of more
detailed functions and adapting parameters, using the
bypass method based on the functions designed in MILS.
In addition, HILS allows the driver to operate the actual
steering wheel. HILS thus enables efficient design in a
short time while minimizing the use of actual vehicles,
although the coordination between the steering control
by the ADAS function and the driver’s steering requires
sensory and sensitive characteristics.

In addition, HILS can be also used for verification
work. The customer presented more than 100 evaluation
conditions for the characteristics of ADAS functions,
especially steering angle tracking. Since evaluating all
of these manually is time-consuming, HILS, discussed in
the previous section, was automated to handle this task
(Figure 6).

Steering

Vehicle
system

MILS Model Model
HILS PEE] Model
equipment

Fig. 5 Difference between MILS and HILS
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Fig. 6 Architecture for automating HILS
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AutomationDesk from dSPACE was used for automation
control. For adaptation and measurement control, we
employed the company’s ControlDesk, which supports
measuring internal EPS-ECU data. Since simulation
conditions such as vehicle speed had to be set in the HILS
system, we used an API to link with AutomationDesk.
Controlling MATLAB from AutomationDesk and executing
analysis scripts automated the pass/fail judgment of the
steering angle tracking performance and the generation
of reports. This automation series could shorten the
time required for evaluation from several days, if done
manually, to about three hours.

Figure 7 compares the tracking of the actual steering
angle to the target steering angle and the control output
of the ADAS function between MILS and HILS after the
design and verification were completed in this way. It
should be noted that the MILS results are quite close to
the HILS results using the actual steering system, and
the completeness of the MILS plant model is important to
obtain these results.

HILS enables efficient design, reduces rework in the
development of ADAS functions, and reduces the amount
of work required in actual vehicles, thereby contributing to
safety and cost-saving.

4, Examples of Use in System Design

In system design, a high-level process of control design,
after defining system requirements, requirements are
assigned to each component based on architecture. At
this time, it is necessary to proceed with the work while
confirming its feasibility as a system.

This section presents examples of simulation
applications in system design (Figure 8).
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Fig. 8 Case study using simulations for system design

4.1 System steering response examination

An EPS’s primary functional requirement is the
generation of assist force, and its typical performance
requirement is output steering response. The customer
requires the steering response to be in the form of rack
thrust or column shaft output. The initial stage of system
design needs to consider the system configuration that can
satisfy this steering response requirement.

Many steering response studies use a simplified one-
degree-of-freedom model for the steering mechanism. On
the other hand, the motor drive control and motor model
use a detailed model because it is necessary to check that
the supply voltage and current consumption constraints
can also be satisfied.

Figure 9 shows an example of a waveform that
superimposes the customer’s requirements, simulation
study results, and measurement results of the actual
steering response. The simulation study showed that the
proposed specifications have sufficient performance for the
requirements. Subsequent comparisons with the measured
results of the actual equipment show that the simulation
results are quite similar in characteristics to those of the
actual equipment.

Simulation has therefore facilitated the system
configuration study that satisfies the output steering
response in the initial stage of system design.

4.2 System stability evaluation

The EPS can change the assist characteristics by
adjusting the control function parameters, but some

= Request
— Simulation
— Actual equipment

Steering speed

Output torque

Fig. 9 Test results for assist performance

parameters may cause the system to become unstable. For
this reason, the system’s stability is evaluated in advance,
and the adjustable range of parameters is predefined.

Conventionally, the system stability of EPS has been
evaluated using actual equipment. However, actual
equipment evaluation still led to several problems.
Extensive preparation was required, including arranging
specimens and measuring instruments, setting them up
on a table, and configuring the measuring instruments.
Furthermore, the number of data measurement patterns
increased significantly when considering the combinations
of parameters of each function, input signals, and load
conditions. We therefore modeled all components and
attempted to evaluate their stability by full simulation.

The overall model was built in Simulink, and the assist
control and electrical components, such as motors, were
also created in Simulink. The mechanical components
were divided into columns, motor, reduction gear,
intermediate shaft, and rack and pinion. They were
modeled using a non-causal modeling tool and then
integrated with the overall model in Simulink.

Figure 10 shows the waveforms of the stability
simulation using the model after measuring and
identifying the stability data of the actual equipment
with several parameter combinations. The simulation
results captured the characteristics of the actual
equipment results well, establishing the model as a
useful tool for determining the gain margin and phase
margin, which are stability evaluation indices. This model
enabled simulations to evaluate stability with various
combinations of parameters.
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Fig. 10 Simulation results for system stability
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5. Postscript

This article has presented several examples of efficient
EPS control development using simulation technology.
NSK has been using MBD for EPS control development for
about 20 years and has been developing EPS efficiently by
using simulation technologies. In recent years, there have
been an increasing number of opportunities to provide
simulation models at customers’ requests, and factors
such as ease of coupling with other vehicle components are
also in demand. We will continue to improve development
efficiency through further use of simulation technologies.
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Abstract

In this study, the electrical impedance method was developed to monitor the thickness and breakdown ratio of oil
films in elliptical elastohydrodynamic (EHD) contacts of practical ball bearings. First, it is theoretically shown that the
oil film thickness and breakdown ratio can be simultaneously measured from the complex impedance generated when
a sinusoidal voltage is applied to elliptical contacts. Subsequently, lubrication conditions of practical ball bearings
were monitored at an ambient temperature to verify the measurement accuracy of the developed method. The oil film
thickness in the low-speed range was consistent with the theoretical value calculated by Hamrock—Dowson equation.
However, in the high-speed range, the oil film was thinner than the theoretical value considered an ambient temperature.
In this high-speed range, the results of both the outer ring temperature and bearing torque revealed that the viscous
shear heating and starvation were occurring simultaneously, thus supporting that the measured thickness would be
thinner than the theoretical value. Besides, the developed method can also measure the breakdown ratio, confirming
that it increases in the low-speed range where the bearing torque increases. That is, it indicates that not only the oil film
thickness but also the breakdown ratio can be evaluated quantitatively.

Keywords
electrical impedance method, condition monitoring, oil film thickness, breakdown ratio, elastohydrodynamic lubrication,
ball bearing

(EHD) contacts ® of rolling bearings, causing various
surface damages ®®. Therefore, the ideal lubrication
condition to further reduce the bearing torque is a state in
which the oil film has the thinnest thickness achievable
but does not break down. Therefore, the oil film thickness
and the breakdown ratio in EHD contacts are especially
important as indexes of lubrication conditions.

1. Introduction

In recent years, global warming ™ has led to increased
demands for further decreases in the torque of rolling
bearings used for rubbing parts in various machines.

To reduce the bearing torque, the viscosity or amount of
lubricant may be reduced. However, these approaches
induce breakdown of oil films in elastohydrodynamic
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There have been various studies conducted on
conventional methods of monitoring lubrication conditions
in EHD contacts . Optical interferometry "% is widely
used as it is well suited for measuring the oil film thickness
in EHD contacts with high accuracy. Johnston et al.””
developed the optical method which measured molecularly
thin films (i.e., several nm) with high accuracy by applying
a SiO; spacer layer on a glass disc. The optical method also
allows for detailed understanding of oil film distribution
in EHD contacts; thus, it has been applied to measure the
oil film thickness under non-steady states ® !, abnormal
film shapes "> ¥ or temporal change in the thickness of
adsorbed films ", However, the material must transmit
light for the optical method to work, which means that
lubrication conditions of practical bearings cannot
be visualized. As methods for monitoring lubrication
conditions in steel/steel contacts that do not transmit light,
electrical methods have been generally proposed. Electrical
methods are classified into three: electrical resistance

21-24] , and

method "% electrical capacitance method "
electrical impedance method %2,

First, the electrical resistance method measures the
breakdown ratio of oil films by measuring electrical
resistance in EHD contacts. Therefore, this method
has been mainly used to elucidate the friction or
wear mechanism under the mixed lubrication. For
instance, Lugt et al."® and Load et al.” reported on the
relationship between surface roughness and breakdown
ratio by using the electrical resistance method.

Meanwhile, the electrical capacitance method measures
the oil film thickness in EHD contacts from the measured
electrical capacitance. Jablonka et al.”® 24 showed that
the oil film thickness was measured with high accuracy
comparable to that of the optical method by considering
the electrical capacitances not only the inside but also
the outside contact area. In general, there are two types
of the outside contact area. One is the area filled with
oil, and the other is the cavitation area not filled with
oil. They assumed that about 25% of the oil-filled area is
the cavitation area that it remains constant. However,
the size of the cavitation area has been reported to vary
based on test conditions %%, Besides, under the starved
lubrication, the area not filled with oil exists in the
183-361 which means the surrounding
area in EHD contact not filled with oil is not constant.
Furthermore, the electrical capacitance method cannot
be applied to monitoring lubrication conditions under the
mixed lubrication since oil films partially collapse.

inlet of contact area
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Recently, the electrical impedance method has been
proposed that simultaneously measures the oil film
thickness and the breakdown ratio from the complex
impedance measured by applying a sinusoidal voltage
to contact areas. This method has an advantage of being
able to measure the oil film thickness under the mixed
lubrication. Nakano et al.?> 2% developed the electrical
impedance method to investigate into the breakdown
process of oil films between metal surfaces, in which
mercury was used as a counter surface of a steel surface.
By using mercury as a lower specimen, it can be assumed
that the apparent contact area is equivalent to the area
of capacitor electrodes. Thus, it indicates that the oil
film thickness and breakdown ratio can be evaluated
quantitatively. However, as it uses mercury, EHD contacts
are not the target.

Studies that applied the electrical impedance method
to EHD contacts include those by Schnabel et al.?”,

Nihira et al.?® and Maruyama et al.”?”. Schnabel et al.?”
measured the complex impedance in EHD contacts under
the mixed lubrication in order to simultaneously monitor
the oil film component (i.e., the electrical capacitance) and
the breakdown component (i.e., the electrical resistance).
However, they did not calculate the thickness and
breakdown ratio of oil films. In contrast, Nihira et al.
made quantitative measurements of the oil film thickness

[28]

and breakdown ratio simultaneously when a ball collided
with a plate coated with a thin layer of lubricating oil.
However, as it is unknown how much of the surround EHD
contact is filled with the lubricating oil, they ignored the
capacitance in the surrounding area. Maruyama et al.””
took the capacitance in the surround EHD contact into
consideration, and discovered that the oil film thickness
could be measured with high accuracy comparable to

the optical interferometry. However, as this is a method
that targets a ball-on-disc-type apparatus (i.e., a point
contact), it cannot be applied to a practical ball bearing
(i.e., elliptical contacts), where two rubbing surfaces have
different curvatures.

Therefore, in this study, we improved the conventional
electrical impedance method ' and derived theoretical
equations for the thickness and breakdown ratio of oil
films in elliptical EHD contacts. The developed method is
able to monitor lubrication conditions of practical bearings
with high accuracy; thus, we believe that it would be an
extremely important technique in achieving both lower
torque and longer life of bearings.

2. Measurement principle

This paper focuses on the lubrication condition
monitoring in elliptical EHD contacts of practical ball
bearings. In the proposed method, a sinusoidal voltage
is applied to contact areas of bearings, and the complex
impedance is measured as a response. Using the modulus
and phase of the measured impedance, the oil film
thickness and breakdown ratio of contacts are quantified.
For the quantifications, two types of models (i.e., a
“geometrical model” and an “electrical model”) of contacts
are needed.

2.1 Geometrical model

First, let us consider the geometrical model of the
contact area of deep groove ball bearings. The raceways
of the inner and outer rings of bearings have grooves to
guide the rolling elements, which make elliptical contacts
in shape. As the curvature radii of the inner and outer
rings are different, the oil film thickness in each contact
is also different ®”. Meanwhile, if the developed method
is applied to practical bearings, only the total value of the
complex impedance Z generated in all contact areas can
be measured. In short, it is impossible to measure the
oil film thickness and breakdown ratio in each contact,
respectively. Therefore, as shown in Fig. 1, the present
study assumed all contacts in a rolling bearing as a contact
between ellipsoid and plane, and obtained the mean values
of oil film thickness and breakdown ratio. Here, # is the
semi-axis of the ellipsoid in the x-axis direction (i.e., in the
rolling direction of the rolling element), 7 is the semi-axis
of the ellipsoid in the y-axis direction (i.e., perpendicular
to the rolling direction), and 7, is the semi-axis of the
ellipsoid in the A-axis direction, which are defined by the
following equations:

7x:(l"xl'i_”‘xz)/z """ (1
ry=@ptre)/2 e (2)
=t /2 e (3)

where rx is the effective radius between rolling element
and inner ring in the x-axis direction, ry is the effective
radius between rolling element and outer ring in the
x-axis direction, ry; is the effective radius between rolling
element and inner ring in the y-axis direction, and rys is
the effective radius between rolling element and outer ring
in the y-axis direction. As shown in Eq. (3), 71 is defined
as the average value of 7x and 7y because the curvature
radii of the ellipsoid in the x-axis and y-axis directions are
affected by not only 7« and 7, but also 7. In other word, 7
is defined so as to affect the curvature radii of the ellipsoid
in the x-axis and y-axis directions equally. Therefore, the

formula £ (x, y) that describes the gap between ellipsoid
and x-y plane is expressed as follows:

/)2 + W)+ (hs—h (x, ) [ )2 =1 = (4)

where hs is the height from the x-y plane to the center of
the ellipsoid, satisfying hs = h (x, ¥). Note that we regarded
it as an ideal ellipsoid (i.e., no elastic deformation). In
addition, we defined the mean values @ and & of the
semimajor and semiminor axes of all contact ellipses as
the following equations:

a=(m+a)/2 e (5)
b=(b1+b)/2 e (6)

where a; and b; are the semimajor and semiminor
axes of the contact ellipse in the inner ring, a2 and b-
are the semimajor and semiminor axes in the outer ring,
respectively. Note that the developed method can be
applied when only an axial load is applied to practical ball
bearings (i.e., when all contact ellipses are the same size).
When a radial load is applied, all contact ellipses are not
constant, which means that the developed method is not
applicable.

h
- - \\ . N .
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Fig. 1 Consideration of effective radius of deep groove ball
bearing.
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Subsequently, Fig. 2 shows the geometrical models of
the ellipsoid in the x-axis and y-axis directions. Note that
not only the “contact area” but also its “surround area”
is considered. Here, A is the thickness in oil film formed
area within EHD contacts, r, is the radius of the rolling
element, S, is the EHD contact area (= the Hertzian
contact area), S2 is the surround area of the x-y plane filled
with oil, and « is the breakdown ratio of oil films (i.e., 0 <
a = 1). If we assume that the oil film thickness A1 is
constant shown in Fig. 2, the Hertzian contact ellipse does
not exist in any cross-section of the ellipsoid expressed
by Eq. (4) because @ : b = 7y : 7. Thus, we defined a new
contact ellipse satisfying its contact area S; = 7ab and
semimajor axis: semiminor axis = 7y : 7x. The newly defined
semimajor axis of contact ellipse @’ and semiminor axis '
can be expressed using the following equations:

Therefore, hs of Eq. (4) can be obtained from Egs. (7), (8):

Furthermore, as shown in Figs. 1, 2, we assumed that
the surround area is completely filled with the lubricating
oil in the y-axis direction up to y = rp. The maximum oil
film thickness A2 in the surround area filled with the oil is
expressed as Eq. (10) from Eq. (4) as he = h (x,y) = h (0, rv):

ho=hs—ru1—@m/rm)? e (10)

Meanwhile, we cannot assume that the surround area is
filled with the oil in the x-axis direction up to x = r;, since
7x < ry. Therefore, as shown in Fig. 2, we assumed that it
is filled up to the distance of x = r,’ that satisfies i (',

0) = h2 in the x-axis direction. From Egs. (4), (10), ry' is
obtained by Eq. (11):

"n = l’b7x/7y ...... 68))

In short, in the case of an elliptical EHD contact, the
thickness 4 (x, y) in the breakdown area is expressed with
Eq. (12), h (x, y) in the lubricated area is expressed with
Eq. (13), and & (x, y) in the surround area is expressed
with Eq. (14), respectively:
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Fig. 2 Geometrical model of elliptical EHD contact.
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heoy)y=h e (13)

h(x,y):hts—?h\/l—(X/FX)2—(x/7y) ...... (14)

2.2 Electrical model

Figure 3 shows the equivalent circuit assuming ball
bearings, where R is the electrical resistance in the
breakdown area, C: is the capacitance in the lubricated
area, and C: is the capacitance in the surround area. Each
value is a physical quantity per contact area. Actually, the
curvature radii of the inner and outer rings are different,
and the oil film thickness in each EHD contact is also
different; thus, the above R1, C1, and C; are different
between rolling element and inner/outer rings . However,
as shown in Fig. 1, we considered a simple contact of the
ellipsoid whose semi-axes are the mean values of the
effective radii between rolling element and inner/outer
rings. Therefore, in this study, the R:, C1, and C; were
assumed to be equal between rolling element and inner/
outer rings, which means that all contact areas of ball
bearing have the same complex impedance under the
axial load. Moreover, as shown in Fig. 3, we assumed that
contact areas of the inner and outer rings are connected
in series circuits, while all rolling elements are connected
in parallel circuits. In this situation, R1, C1, and Cs can be
expressed using the following equations:

Ri=Ry/a e (15)

Ci=c(1-a)Si/h=me(l—a)ab/h - (16)
o (1

c2=gja, IZ’ AhGy)dedy e 17

where ¢ is the dielectric constant of the lubricating oil,
and Ry is the electric resistance under the stationary
contact (i.e., a = 1). By using Eqgs. (7) —(9), (11), (14),
Eq. (17) can be expressed as follows:

Co =2me rxry (hsln (ha / h1) + h1 — ha) /T2 e (18)

Generally, 7 > b, 7y > @, and 71 > h1; thus, Eq. (18) can
be approximated as Eq. (19):

Co=2mersry (In (wrn /b)) —w)/rn e (19)

where y is a dimensionless constant expressed with the
following equation:

y=1-y1-m/rm)? e (20)

Note from Eq. (19) that C; is independent on both @ and b.

2.3 Complex impedance analysis

In the complex form, the alternating voltage V =V (¢)
(as the input) and the alternating current I = I (¢) (as the
output) are given:

V=|V]exp jwt) e (21)
I=1lexp (j(wt—-6) e (22)

where j is the imaginary unit, and ¢ is the time.
Equations (21), (22) mean that, by applying an alternating
voltage with an angular frequency w and an amplitude
| V|, we obtain an alternating current with an amplitude
|I| and a phase 6 at the same angular frequency w. Then,
the complex impedance Z is obtained:

Z=V/I=|Z|exp(j6) e (23)

Note that in the electrical impedance measurement,
the modulus |Z| (= |V|/|I|) and phase 6 of the complex
impedance Z are obtained. The complex impedance Z for
the overall equivalent circuit, as shown in Fig. 3, can be
obtained by Eq. (24) if the number of rolling elements per
rolling bearing is n:

1/Z=n(1/Ri+jo(Ci+Ca))/2 == (24)
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Fig. 3 Electrical model of ball bearing;
R;: resistance in breakdown area,
C;: capacitance in lubricated area within contact area,
C,: capacitance in surround area completely filled with oil
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Normally, multiple bearings are used for the rotating
shaft of the machine. Therefore, to make Eq. (24)
versatile, we consider the number of rolling bearings,
the measurement target, to be k. If £ bearings are the
measurement targets, all bearings are connected in
parallel circuits; thus Eq. (24) would be expressed with
Eq. (25):

1/Z=kn(1/Ri+jo (Cr+Ca)) /1 o (25)

where, [ is the number of contacts per rolling element.
For example, as in a ball-on-disc-type apparatus, if there
is one contact per rolling element, / = 1 (i.e., one contact
area between ball and disc). On the other hand, in the case
of a rolling bearing, [ = 2 (i.e., two contact areas between
rolling element and inner/outer rings). In this study, to
derive general equations for the electrical impedance
method that can also work for a ball-on-disc-type
apparatus ?”, we will use Eq. (25) hereafter. Of course,
when multiple bearings are the measurement target, we
obtain the mean value for all contact areas of all bearings.
From Eqgs. (23), (25), Egs. (26), (27) are given:

Ri=kn|Z|/Ilcos®0 e (26)
Ci+Co=—1Isinf/knw|Z| e 27)

Therefore, from Eqs. (15), (26), the breakdown ratio of oil
films o can be obtained as follows:

o=IRwcost/kn|Z| e (28)

Meanwhile, from Egs. (16), (19), Eq. (27) are expressed
with Eq. (29):

6/ 1) exp (8 / h1) = (3 / yrn) exp (w — Csind | Z|)

...... (29)
where ¢ and ( are constants defined as follows:
S=(—-a)abr/2rry e (30)
{=1rn/ 2nknecorsry e (31)

Based on Eq. (29), we introduced the Lambert W
function *®** in order to derive the explicit function for
h1. For the arbitrary complex number z’, the Lambert W
function 71 (z’) is defined by Eq. (32):

WE)exp (AW &)=z e (32)
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Therefore, the following equation is obtained as the
explicit function for A; from Eqgs. (29), (32):

hi=0/M(O/yrn)exp(y—Csind/|Z]|) = (33)

When oil films partially collapse in EHD contacts (i.e.,
the mixed lubrication), the mean oil film thickness % can
be obtained from Eq. (34) using a and Ai:

h=(—-o)hy e (34)

As such, it was showed that the oil film thickness
and breakdown ratio in EHD elliptical contacts of deep
groove ball bearings can be obtained from Eqgs. (28), (34),
respectively. As these equations can also be applied to
point contacts, such as a ball-on-disc-type apparatus *”,
they are general equations for the electrical impedance
method.

3. Experimental details

3.1 Apparatus

In this study, we verified the measurement accuracy of
the developed method using a ball bearing test rig shown
in Fig. 4. The measurement targets of this study were
two test bearings, and we applied only the axial load Fa
using a spring. To apply the electrical impedance method
to this test rig, we applied a sinusoidal voltage from the
LCR meter between rotating shaft and bearing housing.
The rotating shaft was rotated while being insulated from
the motor using a rubber timing belt. This test rig is able
to simultaneously measure the outer ring temperature
T and the bearing torque M in addition to the mean oil
film thickness 4 and the breakdown ratio a when the
rotational speed of the inner ring N is varied. The outer
ring temperature was measured by directly attaching a
thermocouple to the outer ring of the test bearing. The
bearing torque was measured by a load cell pulling a
string attached to a freely rotating bearing housing.

3.2 Materials

The test bearings were deep groove ball bearings 608
(inner diameter: 8 mm, outer diameter: 22 mm, width:
7 mm) made of 52 100 steel (Young’s modulus: 207 GPa,
Poisson’s ratio: 0.30). The cage and seal were made of resin
and metal, respectively. The tested oil was PAO (poly-a-
olefin oil, viscosity at 40°C: v = 19 mm?s). The relative
permittivity of oil was constant (¢, = 2.0) in a frequency
range of f = 30 Hz to 1.0 MHz for a sinusoidal voltage
(RMS amplitude: V. = 1 V); therefore, we calculated the
oil film thickness with ¢ = & €0 = 2.0 &0 F/m, where & =
8.85-107'2 F/m is the dielectric constant in a vacuum.

3.3 Procedure

Bearing tests were all conducted at an ambient
temperature (26°C). Before performing experiments, test
bearings were cleaned thoroughly in petroleum benzine
with an ultrasonic cleaner. After the lubricating oil 40 mg
was injected into the each bearing, the metal seals were
attached. Two test bearings were installed to the rotating
shaft, and applied a sinusoidal voltage (RMS amplitude:
V.=1.5V, frequency: f =1.0 MHz) between shaft and
housing while only applying the axial load shown in Fig. 4.
First, the initial complex impedance Z, was measured
under stationary contacts (i.e., o = 1). From the measured
Zo, we obtained the electrical resistance R in Eq. (28)
using the following Eq. (35).

Rio=kn | Zo | /lcos6y e (35)

where |Zo| and 6o are the modulus and phase of Z,
respectively. By substituting Eq. (35) into Eq. (28), it
can be seen that o is not affected by k&, [, and n. Besides,
we rotated the inner rings of two test bearings, and
simultaneously measured four parameters |Z|, 6, T, and
M under dynamic contacts (sampling rate: 1 Hz). In this
study, we increased the rotational speed N from 50 min™
every 40 min up to 6 000 min~ (the total test time: 10 h).
Note that all experimental results are the mean values for
two test bearings. The mean oil film thickness obtained
by the electrical impedance method was compared to
the theoretical value calculated by Hamrock—Dowson
equation ®”. Note that the theoretical value was the mean
value of the central oil film thickness generated in the
inner and outer rings.

4. Results

4.1 Examples of |Z| and 6

Figure 5 shows examples of the obtained electrical
measurements for two ball bearings, which are the
measured values of the modulus |Z| (upper) and
phase 0 (lower) of the complex impedance Z at a varied
rotational speed N under the axial load F. = 30 N. Each
plot shows the measured value after 40 min at each
rotational speed N. Under the experimental conditions,
| Z| varied approximately from 0.1 to 1.5 kQ2 and 6 varied
approximately from —10° to —90°. In the following section,
the mean oil film thickness 4 and the breakdown ratio
will be quantified by using |Z| and 6.

h:

o

Fig.

Fig.

axial load
spring
oil film thickness test bearings (608)
: breakdown ratio
T: outer ring temp.
M: bearing torque
LCR meter
carbon brush :

AC servomotor

rubber belt

4 Schematic diagram of ball bearing test rig.
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5 Measured values of modulus |Z| (top) and phase
(bottom) for varying rotational speed N in practical ball
bearings; oil: PAO (viscosity at 40°C: v = 19 mm?/s) and
axial load: F, = 30 N.

Motion & Control No. 35 (June 2024) NISIK 61



4.2 Measurements of h, a, T, and M

The mean oil film thickness 4, the breakdown ratio o,
the outer ring temperature 7, and the bearing torque M
were measured simultaneously while the rotational speed
N was varied from 50 to 6 000 min', as shown in Fig. 6
(i.e., the same experimental conditions as Fig. 5). Each plot
shows the measured values after 40 min at each rotational
speed N. Besides, each plot is also the mean values of four
tests performed under the same conditions. The ranges
of errors in Fig. 6 represent the standard deviation, and
the red open circles are measured values obtained by the
electrical impedance method developed in this study. The
black dashed line in the top left graph represents the
theoretical oil film thickness at an ambient temperature.
The black dashed line in the bottom left graph indicates
an ambient temperature. Figure 6 shows that 4 obtained
by the developed method was consistent with the
theoretical value in the low-speed range. Furthermore, as
a and M increased together in the low-speed range, this

indicated that the developed method is able to evaluate «
quantitatively. On the other hand, ~» was thinner than the
theoretical value in the high-speed range, confirming that
T was increasing. We also confirmed that M decreased in
this high-speed range.

Figure 7 shows the temporal changes for 40 min in the
low-speed range (N = 100 min™). It was confirmed that £
was similar to the theoretical value although it became
occasionally thin (several nm). On the other hand, o and M
behaved very similarly, which means that the larger the
metallic contact, the higher the bearing torque.

Figure 8 shows the temporal changes occurring in the
high-speed range (N = 6 000 min™). It was found that
the experiment was performed under the hydrodynamic
lubrication since a ~ 0. The results of 2and M indicated
that the increased oil film increased the bearing torque. It
was considered that the bearing torque increased when the
race track was replenished with the lubricating oil “*2,
Besides, Fig. 8 confirmed that T increased with time.
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Fig. 7 Time evolutions of measured oil film thickness h (left top), breakdown ratio a (right top), outer ring temperature T (left bottom), and
bearing torque M (right bottom); oil: PAO (viscosity at 40°C: v= 19 mm?/s), rotational speed: N = 100 min~!, and axial load: F, = 30 N;
red lines in graphs: measured values by electrical method; black dashed line in left top graph: theoretical prediction at room
temperature (26°C) by Hamrock and Dowson.
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Fig. 6 Measured values of oil film thickness h (left top), breakdown ratio « (right top), outer ring temperature T (left bottom), and bearing
torque M (right bottom) for varying rotational speed N; oil: PAO (viscosity at 40°C: v = 19 mm?/s) and axial load: F, = 30 N; red open 30 ‘ : : ‘ 0 ; ; ; ;
circles in graphs: measured values by electrical method; black dashed line in left top graph: theoretical prediction at room 0 10 20 30 40 50 0 10 20 30 40 50
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Fig. 8 Time evolutions of measured oil film thickness h (left top), breakdown ratio a (right top), outer ring temperature T (left bottom), and
bearing torque M (right bottom); oil: PAO (viscosity at 40°C: v= 19 mm?/s), rotational speed: N = 6 000 min-!, and axial load: F, =
30 N; red lines in graphs: measured values by electrical method.
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an interference microscope. The y-axis (horizontal axis) in
Fig. 10 is perpendicular to the direction of the inner ring
rotation. Figure 10 (b) shows that the surface roughness
after experiments increased due to wear.

4.3 Observations of inner ring

Figure 9 shows the observations of the inner ring using
an optical microscope. Figure 9 (b) indicates that the wear
occurred during the experiment shown in Fig. 6. Next, the
surface roughness of the wear track was measured using

_, Wear track

Fig. 9 Photographs of inner rings for v = 19 mm?/s, N = 50 to 6 000 min~!, and F, = 30 N; (a) photograph of inner ring before experiments
and (b) photograph of inner ring after experiments; red arrow: rotation direction of inner ring.
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Fig. 10 Surface roughness profiles of inner rings for v = 19 mm?/s, N = 50 to 6 000 min~', and F, = 30 N; y-axis: coordinate across rotation
direction of inner ring, f (y): height of surface roughness, R,: root mean square roughness; (a) measured profile before experiments
and (b) measured profile after experiments.
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5. Discussion

5.1 Validation of measured h-values

Figure 6 shows that 4 obtained by the developed method
agrees with the theoretical oil film thickness in the low-
speed range. On the other hand, A was thinner than the
theoretical value in the high-speed range, and at this
time, T increased; therefore, it was considered that the
viscous shear heating “***' occurred, which caused the
decrease of viscosity. For reference, Fig. 11 shows the
theoretical oil film thickness when assuming that the
EHD inlet temperature is equal to T'. It shows that the
measured values (red solid circles) are still thinner than
the theoretical values (red dashed circles) that took T
into consideration. In short, it indicates the EHD inlet
temperature is higher than T'. Besides, in this high-
speed range, Fig. 8 confirmed that 2 and M decreased
or increased simultaneously, which means that the
starvation and replenishment have repeatedly occurred
in EHD contacts. That is, in the high-speed range, it was
found that not only the viscous shear heating but the
starved lubrication also occurred, resulting in the oil film
thickness obtained by developed method being thinner
than the theoretical values. Furthermore, it is suggested
that the reason M decreases in the high-speed range,
shown in Fig. 6, is also the same.

Incidentally, the developed method is characterized by
taking the capacitance C: in the surround EHD contact
into consideration, as shown in Fig. 3. Therefore, it
was considered the influence of C; on the measurement
accuracy of the oil film thickness. The mean oil film
thickness Anot considering C: is obtained by the following
equation where C: = 0 F is substituted into Eq. (27).

h=—n(1-a)?abknew |Z|/Isind = (36)

Figure 12 shows the influence of C: on the measurement
accuracy under the hydrodynamic lubrication (i.e., a = 0).
Here, h is the theoretical values considering Ce, h'is the
theoretical values not considering C, the red solid line
is the case of a deep groove ball bearing 608 used in this
study (i.e., elliptical contacts), and the red dashed line
is the case of a ball-on-disc-type apparatus used in the
previous study ® (i.e., a point contact). It is indicated that
the oil film thickness was underestimated when C; was not
considered. Besides, when comparing the ball bearing with
the ball-on-disc-type apparatus, the influence of C; on the
oil film measurement was different. In short, it depends
on the shapes of the contact area and its surrounding.
However, in both cases, the thinner A, the smaller the
impact of Cs. Therefore, from Egs. (16), (19), we calculated
C, and C; respectively when the oil film thickness varied.
Figure 13 shows that the magnitudes of C: and C; reversed
at h = 400 nm for the test bearing, and & = 50 nm for the
ball-on-disc-type apparatus. In both cases, it is confirmed
that Co/C1 becomes smaller as the oil film becomes thinner.
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top graph: measured values by electrical method; red
dashed circles in top graph: theoretical prediction at
outer ring temperature T by Hamrock and Dowson; black
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red line: simulated results of practical ball bearing, red
dashed line: simulated results of ball-on-disc-type
apparatus.
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This is the reason why the influence of Cs on the oil film
measurement becomes smaller, as shown in Fig. 12.

By the way, shown in Fig. 8, it was suggested that the
starved lubrication occurred in the high-speed range. This
means that surround EHD contacts are not sufficiently
filled with the lubricating oil, which may affect Cs.
However, according to Fig. 13, it is considered that C» does
not significantly affect the measurement accuracy because
the oil film generally becomes thin under the starved
lubrication. As for the influence of the starved lubrication
(or the cavitation) on the measurement accuracy of the oil
film thickness, the previous study has already discussed in
detail .

5.2 Validation of measured a-values

In order to confirm the validity of « obtained by
the developed method, the relationship between film
parameter 4 and breakdown ratio a was examined. Here,
A is the ratio of the oil film thickness to the surface
roughness ®, which is obtained by the following equation:

A=h/ Ra*+ Ry e (37)

where Ry and Ry are the root mean square surface
roughness of the rolling element and inner ring raceway,
respectively (Rq1 = 4.0 nm, and R = 7.6 nm). Figure 14
shows the relationship between 4 and «, and the range
of error in the figure is the standard deviation from four
rounds of experiments. From this graph, it is found that a
increases at 4 < 3, which means that the mixed lubrication
has occurred. Johnson et al.“% expected that the number
of asperity contacts within the EHD contact was given
by a Poisson distribution, and indicated that the oil film
breaks at 4 < 3 in theory. Therefore, Fig. 14 confirmed
that the developed method evaluates not only Zbut also «
quantitatively.

Moreover, Fig. 7 confirmed that a and M behaved
similarly in the low-speed range. Specifically, the bearing
torque increases as the metallic contact area increases.
Bowden et al.*" ¥ also pointed out that the friction force
increased as the real contact area increased, supporting
the results shown in Fig. 7. Besides, Figs. 9 (b), 10 (b)
confirmed that the surface roughness increased after the
experiment due to wear. These observations also support
that a actually increased in the low-speed range (i.e., the
mixed lubrication occurred).
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6. Conclusions

In this study, we developed the electrical impedance
method that could be applied to elliptical EHD contacts.
Furthermore, we applied the developed method to
monitor the lubrication condition of practical deep groove
ball bearings, and verified the measurement accuracy.
Specifically, we simultaneously measured the outer ring
temperature and bearing torque in addition to the oil
film thickness and the breakdown ratio obtained by the
developed method, and compared these results to verify
the measurement accuracy of the developed method. Our
findings are as follows:

1. It was shown that the thickness and breakdown
ratio of oil films could be theoretically derived from
the complex impedance generated when a sinusoidal
voltage was applied to elliptical contacts of practical
ball bearings. The equations derived in this study
can be applied to not only elliptical contacts but also
a point contact; thus, they can be considered general
equations for the electrical impedance method.

2. The results of varying the rotational speed confirmed
that the mean oil film thickness by the developed
method agrees with the central oil film thickness by
Hamrock—Dowson equation in the low-speed range.

3. On the other hand, the measured oil film thickness
was thinner than the theoretical value in the high-
speed range. From the fact that the outer ring
temperature increased in this range, it is considered
that the viscous shear heating occurred, which
caused the decrease of viscosity. Besides, the finding
that the oil film thickness and bearing torque were
linked indicated that the starved lubrication also
occurred. Both results support that measured values
are thinner than theoretical values in the high-speed
range.

4. The electrical impedance method developed in this
study is characterized by taking the capacitance Cs
in the surround EHD contact into consideration.

It was confirmed that the influence of C; on the
measurement accuracy of the oil film thickness
differs based on the shapes of the contact area and its
surrounding. In addition, it was also found that the
thinner the oil film, the smaller the influence of C: on
the measurement accuracy.

5. The developed method confirmed that the mixed
lubrication occurs at 4 < 3, where both the
breakdown ratio and bearing torque have increased
simultaneously. It means that this method can also
evaluate the breakdown ratio of practical bearings
quantitatively.

The electrical impedance method developed in this study
is able to simultaneously monitor the oil film thickness
and breakdown ratio in elliptical EHD contacts; thus,
it is hoped that this method will contribute to a better
understanding of lubrication conditions in practical ball
bearings. Furthermore, since this method can be applied
to a ball-on-disc-type apparatus, it could also contribute to
basic studies of steel/steel point contacts.
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Nomenclature

semimajor axis of contact ellipse between rolling element and inner ring
semimajor axis of contact ellipse between rolling element and outer ring

mean semimajor axis of contact ellipse expressed as a = (a1 + a2) / 2
estimated mean semimajor axis of contact ellipse expressed as a’=+a bry/rx

semiminor axis of contact ellipse between rolling element and inner ring
semiminor axis of contact ellipse between rolling element and outer ring

mean semiminor axis of contact ellipse expressed as b= (b1 + b) / 2
estimated mean semiminor axis of contact ellipse expressed as b'=+abrx/ 7y

frequency of sinusoidal voltage

height of surface roughness in y-axis direction

oil film thickness

oil film thickness in lubricated area

maximum oil film thickness in surround area

coordinate of ellipsoid center from x-y plane

mean oil film thickness expressed as h = (1 — a) k1

oil film thickness not considering C:

imaginary unit

number of bearings

number of contact areas per rolling element

number of rolling elements per bearing

radius of rolling element

estimated radius of rolling element in rolling direction expressed as 1’ = rorx / 7y
semi-axis of ellipsoid in h-axis direction expressed as rn = (r« +ry) /2

effective radius in rolling direction between rolling element and inner ring

effective radius in rolling direction between rolling element and outer ring
semi-axis of ellipsoid in rolling direction expressed as rx = (rx1 + rx2) / 2

effective radius perpendicular to rolling direction between rolling element and inner ring
effective radius perpendicular to rolling direction between rolling element and outer ring
semi-axis of ellipsoid perpendicular to rolling direction expressed as 7y = (ry1 + ry2) / 2
time

coordinate in rolling direction

coordinate perpendicular to rolling direction

complex number

capacitance in lubricated area within contact area

capacitance in surround area completely filled with oil

axial load
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alternating current (AC) expressed as /=] exp (j (wt— 6))
amplitude of alternating current

bearing torque

rotational speed

resistance in breakdown area under dynamic contact conditions
resistance of breakdown area under stationary contact conditions
root mean square roughness

root mean square roughness of rolling element

root mean square roughness of inner ring

Hertzian contact area

surround area of EHD contact

outer ring temperature of bearing

sinusoidal voltage expressed as V'=| V| exp (jwt)

amplitude of sinusoidal voltage
RMS amplitude of sinusoidal voltage expressed as Ve=|V|/ \/E

complex impedance expressed as Z=V/I=|Z|exp (j)

modulus of complex impedance under dynamic contact conditions
modulus of complex impedance under stationary contact conditions
breakdown ratio of oil films

constant expressed as 6 = (1 — o) abry / 277y

complex constant of oil

dielectric constant of vacuum

relative permittivity of oil

constant expressed as { = [y / 2whknewrsry

phase of complex impedance under dynamic contact conditions
phase of complex impedance under stationary contact conditions

kinematic viscosity of oil

dimensionless constant expressed as y=1—1 —( / 7v)?

angular frequency of sinusoidal voltage expressed as 2zf

film parameter expressed as 4 =k /yRq? + Rq2?
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Abstract

Recent workstyle reforms and the ongoing decrease in the working population are creating significant challenges for

staffing in healthcare facilities. We developed a robot to assist in the transport of patients on stretchers in hospitals

as a way to ease the burden during a labor shortage and support healthcare staff with this physically demanding task.

Through an implementation project sponsored by Kanagawa Prefecture, we compared the physical burden of moving
patients on a stretcher with and without the assistive robot at Shonan Kamakura General Hospital. Using the Ovako
Working Posture Assessment System (OWAS), we found that the manual transport of stretchers is AC4, a work posture
with a very harmful effect on the musculoskeletal system. Using the assistive robot reduces the OWAS level to AC1, the

lowest level of risk to the healthcare provider.

1. Preface

Japan, known for its cutting-edge medical technology,
offers daily access to high-quality healthcare services.
However, this advanced system heavily depends on the
long hours and dedication of its doctors. Given that doctors
often continue to treat patients and perform surgeries
despite exhaustion from overnight shifts, it is clear that
the current medical system requires improvements to
ensure patient safety and the well-being of healthcare
workers. Against this backdrop, the Ministry of Health,
Labour, and Welfare (MHLW) is implementing working-
style reform for doctors in FY2024. This reform aims
to optimize doctors’ workloads, focusing on agreements
related to working hours, including a standard limit of 960
hours of overtime per year for practicing physicians.

While this represents a significant step forward in
terms of keeping doctors healthy and reducing medical
errors, the healthcare industry also must move away from
traditional staffing practices that overburden healthcare
facilities. In addition, the looming “2030 problem”
exacerbates this concern—specifically, as the population
continues to decline, with falling birthrates and an
aging demographic, and where approximately 30% of the
population will be 65 or older by 2030, it will become more
difficult than ever to secure sufficient healthcare workers.
To address this, healthcare facilities need to embrace new
solutions for workforce shortages while also enhancing
their operational efficiency. This can be achieved by
shifting some tasks from doctors to other healthcare
professionals, and by incorporating robots to take over
some of the work.
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In this article, we discuss the development of a robot
designed to assist with patient transport, created
after observing and analyzing the tasks performed by
healthcare staff at Tokushukai Shonan Kamakura General
Hospital (Medical Corporation). The robot addresses
the physical strain experienced by nurses and nursing
assistants during stretcher-based patient transport. With
this robot, the OWAS method” for posture assessment
showed a reduction in physical stress and burden on the
healthcare staff, confirming its effectiveness in alleviating
the strain associated with patient transport.

2. Ward Observation

We observed and analyzed the tasks of nurses and
nursing assistants at Tokushukai Shonan Kamakura
General Hospital (Medical Corporation) to identify the
actual needs of a healthcare facility. Our analysis revealed
that the daily task of transporting patients on stretchers is
physically demanding and thus places a significant burden
on the staff.

A typical medical stretcher weighs approximately 70 kg,
and when transporting a patient who weighs between 50
and 70 kg, the total weight reaches 120 to 140 kg. Since
nurses and nursing assistants routinely transport patients
for check-ups, they frequently lift, turn, and stop, which
can lead to strain on their backs and knees. Furthermore,
because stretchers are long and horizontal, they can be
difficult to maneuver, particularly for smaller nurses and
nursing assistants, who are often women. This adds to the
physical burden and increases the risk of handling errors.

Hospital administrative staff face additional challenges,
such as concerns about health risks for nurses and nursing
assistants caused by the physical strain of stretcher
transport, the cost of repairing healthcare facilities
damaged by stretchers due to their mishandling, and
stretcher transport quality in relation to patient comfort,
which can vary from one staff member to another.

3. Patient Transport Assistance Robot

After observing and analyzing stretcher transport work,
we developed a remotely controlled patient transport
assistance robot with the aim of reducing the physical
burden on nursing staff.

The concept behind the robot is to use existing hospital
assets and not limit its application to specific types of
stretchers. For instance, it can be attached to the currently
used stretchers, providing a versatile and adaptable
solution for patient transport. Moreover, the robot comes
equipped with five key functions (Figure 1) designed to
meet these requirements and facilitate smoother, safer
transport.

(1) Motor assistance allows for movement in all directions
(2) Easy connection with an elevator

(3) Replaceable battery supports continuous operation
(4) Intuitive remote-control operation

(5) Stretchers can be used with attachment devices

1. Motor assistance allows for

movement in all directions } -
F 3

oy

4. Kanagawa Prefecture’s FY2022
Robot Implementation Project for
New Coronavirus Infectious Disease
Control

The patient transport assistance robot has been chosen
for Kanagawa Prefecture’s FY2022 Robot Implementation
Project for New Coronavirus Infectious Disease Control,

a program that promotes the use of robots to help combat
coronavirus infections. The robot has been deployed to
assist with stretcher transport for patients in wards at
Tokushukai Shonan Kamakura General Hospital (Medical
Corporation). Specifically, nursing assistants at the
hospital use the robot to transport patients by stretcher.

2. Easy connection with an elevator

3. Replaceable battery supports
continuous operation

Patient transport

‘-h _assistance robot
+ 4. Intuitive remote-control
@ operation allows for
: equal transport quality
Remote from all staff
control

5. Stretchers can be used

with attachment devices

Fig. 1 Patient transport assistance robot
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5. Whole Body Assessment Method—
Assessment According to the OWAS
Method

While seeking a method for assessing the physical
burden associated with stretcher transport, we found that
there is currently no established quantitative assessment
method for doing this. We therefore focused on the OWAS
method, a whole-body assessment approach used by the
Labor Standards Inspection Office and others. The OWAS
method, which dates back to 1997, involves categorizing
body positions into segments (back, upper legs, lower legs,
and arms) to assess posture-related burden and determine
the need for ergonomic improvements based on an AC
(action category) value.

However, because it requires observing and scoring
a worker’s posture at regular intervals, it can be
time-consuming and require significant expertise.

Given these limitations, we turned to PosCheck, an
automatic workload measurement system developed

by Bionet Laboratories, Inc., to enhance accuracy and
reproducibility while reducing the potential for arbitrary
scoring. PosCheck uses a 3D camera to automatically
determine the workload of a healthcare employee every
second, without requiring the subject to wear any special
equipment. This allows for a less intrusive assessment of
nurses’ and nursing assistants’ physical burden, by simply
filming their routine activities. For this study, Bionet
Laboratories, Inc. handled the entire process to prevent
measurement errors caused by improper equipment
installation, and their role included everything from
equipment setup to measurement and analysis.

The measurement site was a corridor corner in the

NSK Kanagawa Prefecture’s FY2022 Robot Implementation

Project for New Coronavirus Infectious Disease Control

Transport assist: None Y r ( ety |

Transport worker: . ii iE il H
46 years old - S i r

Transport subject: 53 kg

Even experienced workers have a high
instantaneous physical burden (AC4)

injury ward of Shonan Kamakura General Hospital,
where we assessed physical burden during stretcher
transport under the following conditions.

1. Transport worker: Nursing assistant (40s)
Transport subject: Our employee playing the role of
an elderly patient (approx. 50 kg)
2. Transport worker: Nursing assistant (70s)
Transport subject: Our employee playing the role of
an elderly patient (approx. 70 kg)
Note: The nursing assistants were employees of Shonan
Kamakura General Hospital.

Our analysis showed that at corridor corners during
current stretcher transport, even highly skilled nursing
assistants face considerable physical strain, regardless of
their age or the weight they are transporting. This strain
is classified as AC4, indicating that the associated posture
is “very detrimental to the musculoskeletal system, and
improvements to working conditions should be made
immediately” (Figure 2).

In contrast, when using a patient transport assistance
robot, the stretcher transport is controlled remotely with
the operator walking, resulting in much less physical
strain. This method consistently scored an AC1, indicating
that “the burden on the musculoskeletal system caused by
this posture is not a problem, so no improvements to these
working conditions are necessary.”

The OWAS method thus demonstrates that using a
patient transport assistance robot significantly reduces the
physical burden on nursing assistants (Figure 3).

NSK Kanagawa Prefecture’s FY2022 Robot Implementation
Project for New Coronavirus Infectious Disease Control
Transport assistance: None
Transport worker:

72 years old
Transport subject: 70 kg
oo

* i Generaylﬁm;l L ]

Even highly experienced workers have a high
instantaneous physical burden (AC4)

Fig. 2 Physical burden when moving stretchers normally (OWAS analysis results)
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INSK Kanagawa Prefecture’s FY2022 Robot Implementation

Project for New Coronavirus Infectious Disease Control

Transport assistance: None
Transport worker:
46 years old
Transport subjec

Remote control operation in walking
posture entails no physical burden (AC1)

e B

NSK Kanagawa Prefecture’s FY2022 Robot Implementation

Project for New Coronavirus Infectious Disease Control

Transport assistance: None
Transport worker:
72 years old

Transport subject:
Tomatieges Gopor

sl 1

Remote control operation in walking
posture entails no physical burden (AC1)

Fig. 3 Physical burden when moving a stretcher using the patient transport assistance robot (OWAS analysis results)

6. Postscript

Using the OWAS method, we demonstrated that a
patient transport assistance robot can significantly reduce
the physical burden on nursing assistants during stretcher
transport. Furthermore, nursing assistants who have used
the robot confirmed this, reporting a noticeable reduction
in physical strain, reinforcing the conclusion that this
robot effectively eases their workload.

However, there is currently no widely accepted
method for quantitatively assessing the physical burden
of stretcher transport. This study applied the OWAS
method, which has the longest track record in whole-
body assessment, to provide a basis for evaluation where
no standard methodology exists. The OWAS method is
considered a reliable starting point for assessing the strain
involved in stretcher transport.

More recently, Rapid Entire Body Assessment (REBA)?
has emerged as a more practical approach, and there
is hope that future studies will adopt REBA for a more
thorough assessment of physical burden.

In healthcare environments where lives are at stake,
healthcare professionals face immense mental and
physical demands. In our study, we aimed to show how
robots can help alleviate some of that burden, even if only
slightly. We hope that more people will become aware of
this project through this article and engage with the effort
to develop robots that can be seamlessly integrated into
healthcare facilities.
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New Products

J-Type ROBUSTDYNA™ Angu

Ball Bearings for Machine Tool Spindles

With the shift toward electric vehicles (EVs) in recent
years, there has been an increasing demand for machine
tools, such as automotive parts processing machines, to
handle heavier cutting and tougher materials. As a result,
main spindles must now balance heavy-duty cutting with
high-speed operations, requiring higher load capacities.
This article introduces several technological requirements
that machining centers have demanded in recent years,
focusing specifically on the needs of main spindles and the
bearings that address those requirements (Figure 1).

While bearings for main spindles must offer both
high load capacity to withstand heavy cutting and high-
speed rotation like conventional bearings, no products
have successfully met both demands until now. NSK
has developed and added to its product lineup the
ROBUSTDYNA™ Series: J-Type, designed to address the
above problem. The new series improves upon the H-Type
of the ROBUST™ Series (hereinafter the “conventional
product”).

1. Composition, Structure, and
Specifications

To develop the ROBUSTDYNA™ Series, we optimized
internal specifications, including the use of larger-

Machine tool needs
Efficiency

Enhanced processing capacity
- Diversifying processing objects
- Processing a portion of #50 with #40
- Processing difficult-to-cut materials, etc.

Automation

Maintenance free
- Improved uptime
- Longer lives of parts
- Collision (bumping) resistant, etc.

Carbon neutral

Reduced environmental impact
- Reduced CO? emissions in business activities
(higher productivity, reduced equipment
power consumption)
- Contribution through environmentally friendly
products
(e.g., downsizing through longer service life)

Fig. 1 Example needs for machining centers
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Needs of main spindles

Resource and
energy conservation

diameter balls, to achieve both high load capacity and
high-speed rotation. In addition, the rolling elements are
made of ceramic materials for improved performance. We
also used specialized materials, such as our proprietary
high-speed heat-resistant steel and long-life steel, for
the outer and inner rings, depending on the bearing type
(Figure 2).

Photo 1 J-Type of ROBUSTDYNA™ Series

Requirements for bearings

Shift to heavy cutting
(improved processing

- Machining capacity
efficiency) (load capacity)

Supports high-speed

rotation - Supports low-speed to
ultra-high-speed

Long-term stable

operation : ) .
- Life (dynamic load rating)

Reduced CO, emissions

- Application of materials
technology

- Internal design optimization

lar Contact

Series ROBUST Series ROBUSTDYNA series
(Conventional bearing) (New bearing)
—_—
Ball ~_| w|
Ball ~_|_ . outer : ™ Outer ring
uter ring
Composition
(Cross-section)
— ~{
AN
—_—  {"Innerring L J\ Inner ring
Type H-Type X-Type J-Type X-Type
Ball Ceramic Ceramic Ceramic Ceramic
(Ball diameter: small) (Ball diameter: small) (Ball diameter: large) (Ball diameter: large)
Part
Outer and B High-speed heat-resistant A High-speed heat-resistant
inner rings Bearing steel SHX steel Lot szl SHX steel
Fig. 2 Specifications for ROBUSTDYNA™ Series
2. Features
2.1 Adoption of long-life steel N
For the ROBUSTDYNA™ Series: J-Type, we used NSK’s Four times

unique long-life steel (Figure 3). Furthermore, optimizing
internal specifications has boosted the dynamic load rating
by approximately 40% compared to the conventional
product, leading to a bearing lifespan of up to six times
longer. This improvement significantly enhances the long-
term stability of spindle operation.

2.2 High load capacity

Optimizing internal specifications, including the adoption
of larger-diameter balls, has increased the load capacity by
approximately 15% compared to the conventional product.
This enhancement supports the transition to heavier
cutting and shorter processing times in machining centers
(Figure 4).

2.3 High speed

Thanks to the optimizations, the new product achieves
the same high-speed performance as the conventional
product. This compatibility between heavy cutting and
high-speed rotation leads to increased productivity.

3. Applications

The product is ideal for machine tools that perform
heavy cutting and fast finishing, such as machining
centers for general parts and automotive components.

4. Postscript

We remain committed to the further development of
machine tools by creating new bearing technologies that
meet the various evolving needs of the industry.

Twice

Material life ratio

Once

Bearing Long-life High-speed
steel steel heat-resistant
SHX steel

Fig. 3 Example material life for developed materials

Lifetime:
up to 6:times

Maximum
load-capacity
increased by
approx. 15%

External radial load

H-Type ROBUST
(Conventional product)

Lifetime

Fig. 4 Improved machining load capacity and bearing fatigue life

Motion & Control No. 35 (June 2024) NSK = 11



New Products

ROBUSTGRD " Improved Seizure

Resistance Grease

Machine tools require high productivity, so efforts are
underway to increase both maximum spindle speed and
load capacity. Oil-air lubrication is often used to lubricate
spindle bearings to increase reliability. However, oil-air
lubrication requires a sizable compressor and consumes
a lot of power, as it continuously uses compressed air.
Given the growing emphasis on carbon neutrality, there
is increasing attention on downsizing equipment and
reducing power consumption. Against this background,
NSK has developed a new grease for machine tool spindle

bearings, ROBUSTGRD™, which offers greater reliability.

1. Composition, Structure, and
Specifications

ROBUSTGRD™ was developed with an optimized
composition to ensure high reliability at high speeds and
in coolant environments (Photo 1). Table 1 compares

the composition of conventional products with that of
ROBUSTGRD™.
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Photo 1 ROBUSTGRD™ grease for enhanced seizure resistance

Table 1 Grease specifications

Composition Conventional product ROBUSTGRD™
Thickener Urea Spe.C|z-.1I compound
lithium soap
Base oll Ester oil-based Synthetl_c hydrocarbon
oil-based
Consistency NLGI Grade 2
Water-resistant Witihout With

additive

2. Features

2.1 Seizure resistance

In a seizure test under accelerated conditions,
ROBUSTGRD™ resulted in more than five times the
resistance to seizure compared to our conventional product
(Figure 1).

2.2 Coolant resistance

By formulating a water-resistant additive with a
proven track record in our automotive hub bearings and
steel bearings, ROBUSTGRD™ reduces the possibility
of moisture entering the lubrication area and disrupting
oil film formation (Figure 2). ROBUSTGRD™ is also less
prone to changes in consistency caused by moisture from
coolant, compared to conventional products (Figure 3).
Also, the water-resistant additives contribute to excellent
corrosion resistance (Table 2).

3. Applications

Machine tool spindles for general parts and
automotive components are sometimes operated with
oil-air lubrication, even under conditions where grease
lubrication is possible, to improve reliability. With
ROBUSTGRD™, it is possible to switch from oil-air
lubrication to grease lubrication for machine tool spindles,
reducing the need for compressed air while maintaining
the same level of reliability.

4. Postscript

We will continue to develop environmentally friendly
grease lubrication to broaden their applications and
support machine tools in achieving carbon neutrality.

Test conditions

Test bearings: 50BNR10 (steel balls)
Revolution speed: 18 000 min

Preload: 2100 N

Contact surface pressure: 2 GPa

5 times or more

Endurance time ratio

Conventional product ROBUSTGRD™

Fig. 1 Results of seizure resistance test under accelerated
conditions

ROBUSTGRD™

Do not absorb
too much water

Lubrication

Moisture is not finely IRkl Gl il

dispersed, and oil film

is difficult to break

Fig. 2 Improved reliability in presence of coolant

Compliant with ASTM D1831
Water absorption roll stability test
25°C, 24 hr, 165 min'', 10% water
content

Indicates the ratio of change when
pre-test consistency is set to 1

2.0

1.6

1.5

1.0

0.5

Consistency change ratio

0.0

Conventional product ROBUSTGRD™

Fig. 3 Change in consistency from coolant

Table 2 Test results for rust prevention

Conventional product | ROBUSTGRD™ | Compliant with ASTM
D1743-73

#3 # Anti-Corrosion Test

25°C, 0.5% saltwater,

5% content, 24 hr

Criteria #1: No occurrence
#2: Within 3 points of small

corrosion
#3: #2 or higher
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New Products

NSK Ball Screw for High-Load Drives:
Long-Life Specification

To increase the productivity of electric injection molding

machines, the “high cycling” process is being developed
by increasing the feed rate. High cycling increases the
distance traveled by the ball screw per unit of time,

requiring longer-lasting ball screws. To meet this demand
for heavy-load drive ball screws with extended lifespans,
we have developed a long-life ball screw option (Photo 1).

1. Composition, Structure, and
Specifications

When an axial load acts on a ball screw, the nut,
screw shaft, and balls are elastically deformed by the
load. The load generated per ball inside the nut is not
uniform, as the load near the point of load action is
greater, resulting in a non-uniform load distribution. As

the load acting on the ball screw increases, the variation

of the load distribution inside the nut also increases.
Since the outset of developing ball screws for heavy-
load drives—designed to endure significant loads—we
have focused on load distribution within the nut. To
achieve a more uniform load distribution, we have
recommended specific circulation circuit
arrangements and ball screw mounting
orientations to our customers.
As the demand for higher load capacity

load by distributing the load acting on each ball so that
the load distribution is uniform. We have developed

a long-life option that optimizes the load distribution

in each circuit by obtaining and applying the optimal
internal specifications for the operating conditions through
simulation. This reduces the maximum ball load and
extends the ball screw’s fatigue life (Figure 2).

Photo 1 HTF-SRC Model

and longer service life grew in recent years, = Main load
adding a circulation circuit became common If)xaallrgglr‘:vc\’/f Z Sizzﬂ fixing
to increase the number of balls under load. use A ) Circuit
However, this extended the nut’s length, number M @ ©® @ 6
resulting in more nut deformation and
greater load distribution variation. To
address this, we have developed internal Load acting Egﬂggt”k‘:ggh the =_§ Q1 ______ N /(5)
specifications by integrating the following ontheballsof | Gircuits that cannot E? M S
technologies. eachcircuit |\ tordie the load @ @ @

N Ball position

- High-precision machining technology:
Development of specialized machining
equipment

- Analysis technology:

Use of real digital twins

- Precision measurement technology:
Correlating processing data with
measurement data

Before applying the long-life option

Fig. 1 Relationship between load direction and load distribution (Example A)

After applying the long-life option

Ball load

2. Features

In Figure 1, Example A shows a ball screw
in use. where circuits 1 and 5 experience
higher loads than circuits 2 through 4. The
fatigue life of a ball screw is calculated at the
position where the load is greatest. Efforts
are thus being made to reduce the maximum
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$ Variation in load distribution: Improved
@ Max. ball load: Decreased

Fig. 2 Effects of long-life specification (Example A)

In use case B, shown in Figure 3, circuit
(1) has a load that is more concentrated
compared to that of other circuits. But with
our long-life option, the lifespan of the circuit
can be extended (Figure 4).

Key features of the long-life option include:

(1) Up to twice as effective in extending the
service life compared to conventional
products’. Table 1 shows an example
of simulation results from a sample
specifications.

(2) Even with the long-life option, the nut’s
dimensions remain fully compatible
with conventional designs and maintain
the usability of the ball screw while also
facilitating easy replacement.

(3) With the longer lifespan, it is possible to
consider the advantages of downsizing
(Figure 5).

3. Applications

The long-life option is suitable for
applications that require high load capacity
and load carrying capacity, such as electric
injection molding machines and servo
presses. The corresponding ranges are shown
below.

- Screw shaft outer diameter:
$100 to $200 mm
- Model: HTF-SRC type (to be expanded
sequentially)

4. Conclusion

The long-life option introduced here will
enhance the reliability and productivity
of industrial machinery. Expanding the
available range will further drive the
electrification of industrial machinery and
reduce environmental impact.

Table 1 Simulated life-extending effects

—> Main load
Example of 7), Shatt fixing
ball screw /A side

use (B) ) Circuit
number
Position with the B :;
Load acting highest load £ #ﬁ
on the balls of i 3

sl G /77, Circuits that cannot

‘<_-7 handle the load

Fig. 3 Relationship between load direction and load distribution (Example B)

he long-life option

e
) M9 6

Before applying the long-life option After applying t
R 3
e, D)
@ “'t\'., @ s
heios' SRR
Ball position B

all position

$ Variation in load distribution: Improved

@ Max. ball load: Decreased

Fig. 4 Effects of long-life specification (Example B)

Current specifications Applications
| T
[,/ h—%‘ Smaller nut outer diameter
/" H LAY By | (Shaft diameter reduced)
SN
- -
— r=1 | Shorter nut length
'_I_ /AN Z H-t/Aas/ % (Reduced number
_I:I_ L of circuits)
=) .
\ @ Equipment more compact
i v A ‘\‘\‘\“\‘/ (Change of nut mounting
-M direction)

Fig. 5 Possible advantages of downsizing

Mounting direction Ball screw specifications Working load, kN Specifications Service life
%gml; Screw Shaft O.D.: ¢ 100 600 it L )7
= Lead: 20 mm Long-life option applicable 1.4
&= Screw Shaft O.D.: ¢ 100 Standard 1
ﬁ-!';!zls Lead: 20 mm 525 )—
= (with options for high load capacity, S-HTF) Long-life option applicable 2.0
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New Products

Ball Screw Unit for Electric Hydraulic

Brake Systems

The electrification of powertrains, mandatory collision
damage mitigation brakes, and increasingly sophisticated
automated driving are all pushing up demand for electric
brake boosters. Also, safer and more advanced vehicle
control requires that these boosters deliver faster, more
precise motion. For this reason, ball screws, which offer
a superior response, efficiency, and positioning accuracy
compared to sliding screws, are being increasingly used
for a range of applications. The ball screw converts the
rotational motion of the motor into a linear motion and
generates the thrust required to boost the brake fluid
pressure in the master cylinder.

NSK has been developing a broad selection of ball screws
for automotive use. These include a ball screw unit for
electric brakes that has a circulating mechanism with an
internal deflector and is integrated with a bearing, which
we introduce in this article.

1. Composition, Structure, and
Specifications

Figure 1 shows the structure of the developed ball screw
unit. The screw section includes a screw shaft and a nut
with a spiral groove, a ball that rolls between them, a
plastic internal deflector that circulates the ball within
the nut, and a sleeve that holds the deflector in place. The
inner ring of the bearing that supports the nut’s rotation is
integrated into the outer circumference of the nut. An anti-
rotation device is mounted on the screw shaft to prevent
the nut and screw shaft from rotating in unison.

Bearing section

Sleeve \
Integrated

anti-rotation stopper

Internal deflector
(circulation section)

Fig. 1 Structure of the ball screw unit for electric hydraulic brake
systems

2. Features

(1) Integrated bearings

The product features an integrated bearing section that
supports the nut’s rotation. By forming the bearing’s inner
ring raceway grooves directly on the outer diameter of the
nut, a compact radial design is achieved (Figure 2). Press-
fitting the bearing also reduces variations in ball screw
clearance, significantly enhancing quality.

Outer diameter reduced by integration

Structure with a sleeve
holding the back of the
plastic internal deflector

Conventional
bearing
section

Inner ring is separate
from nut

Integrated bearing
inner ring section and nut

Fig. 2 Integrated bearing and plastic deflectors
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(2) Plastic internal deflector and sleeve

The product uses plastic internal deflectors for ball
circulation. The cylindrical sleeve prevents the internal
deflector from falling out of the nut (Figure 2). eliminating
the need for press-fitting or press-tightening to secure the
deflector. This simplifies assembly and supports low-cost,
high-volume production.

(3) Integrated anti-rotation stopper

An anti-rotation component on the screw shaft prevents
the nut and screw shaft from rotating in unison.

This “anti-rotation” also acts as a rotation stopper.
When the screw shaft returns to its origin, a protrusion
at the nut’s end comes into contact with the anti-rotation
component, stopping the nut’s rotation and preventing
the shaft from moving further in the opposite direction
(Figure 3).

Anti-rotation part

Prevent the nut and
screw shaft from
rotating in unison

Stopper section

Collides with the nut’s
protrusion, preventing
further stroking in the

opposite direction

Fig. 3 Integrated anti-rotation stopper

3. Conclusion

The new product has already been adopted for electric
hydraulic brake boosters for vehicles, mainly light trucks.
This bearing-integrated ball screw unit with an internal
deflector circulation mechanism adds to our existing
lineup of mass-produced ball screw products.

Looking ahead, we aim to continue developing products
that meet market demand and contribute to greater safety
and comfort in the automotive industry.

Photo 1 Mass-produced ball screw for electric hydraulic brake
boosters
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New Products

Integrated Bearing and Resolver

With the critical need to save vehicle space and
extend the navigation range by reducing vehicle weight,
demand is increasing for compact and lightweight motor/
reducer units for electric vehicles such as HEVs and EVs.
Meanwhile, the installation of a resolver, mounted on the
shaft of the motor that powers the vehicle, to determine
the angle of rotation for motor control, requires a certain
amount of axial space due to magnetic forces and assembly
constraints.

To address these issues, we have developed the
integrated bearing and resolver that allows for a more
compact and lightweight motor unit with a shorter shaft.
The bearing even simplifies manufacturing, as the resolver
and bearing are assembled to the unit at the same time.

Bearing

Plastic holder

Resolver stator

Rivet

Photo 1 Integrated bearing and resolver
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1. Composition, Structure, and
Specifications

Figure 1 shows the components of the integrated
bearing and resolver. The resolver stator is riveted to a
plastic holder, which is then press-fitted into a groove
in the bearing outer ring, thus integrating it with the
bearing. This design eliminates the need for conventional
through-holes on the resolver periphery and thus allows
for a significant reduction in the radial dimensions. The
axial dimensions can also be reduced through the modified
layout (described in the next section), which contributes to
an overall lighter and more compact unit.

Standoff Press-fitting

Bearing
outer ring

Plastic holder

Rivet

Electromagnetic
steel plate

Insulator

Y
Resolver stator Bearing

Fig. 1 Structure of the integrated bearing and resolver

2. Features

Figures 2 and 3 illustrate the conventional resolver
and bearing configurations. As for the structure, layout
methods are generally divided into two types. The order
of arrangement for Type A, shown in Figure 2, is resolver,
bearing, and motor rotor, whereas the order for Type B,
shown in Figure 3, is bearing, resolver, and motor rotor.

Both layouts require additional space due to clearance
requirements. Furthermore, Type A requires additional
space for mounting the resolver, while in Type B, the
resolver is positioned farther away to avoid the magnetic
influence of the motor rotor, and the bearing is placed on
the motor cover side, contributing to an increase in the
shaft length of the unit.

On the other hand, if the resolver is integrated with
the bearing, the arrangement is similar to that of Type A
(Figure 4), but downsizing through integration can reduce
the shaft length. In addition, compared to Type B, this
structure keeps the resolver in nearly the same position
but relocates the bearing, originally on the motor cover
side, to between the resolver and rotor, which leads to
further shortening of the shaft length. As the reduction of
shaft length that can be carried out is, from the results of
benchmarking current market products, estimated to be
about 60 mm, a significant effect of reducing shaft length
is expected.

Furthermore, the new structure’s compactness and
lightweight design resulted in a 40% reduction in both
the inner and outer diameters and a 75% reduction in
weight within the resolver stator section. By integrating
the bearing (supporting component) and resolver (sensor
component) into a single unit, the impact of shaft runout
is minimized, which improves resolver sensing accuracy
by 36%.

3. Applications

The integrated bearing and resolver facilitates the
downsizing of drive motor units for electric vehicles,
thereby improving fuel efficiency, reducing electricity

costs, extending navigation range, and enhancing comfort.

4. Conclusion

The integrated bearing and resolver is a development
that can contribute to smaller drive motor units. We aim
to continue developing new products that meet market
needs, further improving electric vehicle efficiency.

Motor cover Motor housing  Gear housing

Shaft
Motor
rotor
Bearing
Bearing
Resolver
Fig. 2 Layout of the resolver and bearing (Type A)
Motor cover Motor housing Gear housing
Bearing
Shaft
Motor
rotor
Resolver Bearing
Fig. 3 Layout of the resolver and bearing (Type B)
Motor cover Motor housing Gear housing
Shaft
Motor
rotor
Bearing

Integrated bearing and resolver
Shaft length reduction

Fig. 4 Layout of the integrated bearing and resolver
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New Products

Deep Groove Ball Bearing with
Enhanced Overhang Strength for EVs

Concerns about global warming and other
environmental issues are driving social movements
toward carbon neutrality, making electric vehicles (EVs)
increasingly appealing due to their lower environmental
impact. For EVs to gain broader acceptance, extending
their driving range by reducing energy consumption
is essential, and this is creating demand for compact,
lightweight, and low-friction bearings in EV drive units,
also known as eAxles.

One approach to reduce bearing friction in eAxles is by
replacing conventional tapered roller bearings with deep
groove ball bearings on high-load gear shafts. However,
deep groove ball bearings typically have a smaller load
capacity, necessitating larger bearings—a specification
contrary to the goals of downsizing and weight reduction.

To address this, NSK has developed a deep groove
ball bearing with a unique groove shoulder design and
enhanced overhang strength. This innovation allows for a
more compact, lightweight deep groove ball bearing with
higher load capacity.

1. Composition, Structure, and
Specifications

The new deep groove ball bearing enhances overhang
strength by incorporating the following two key design
changes:

(1) Optimization of the groove shoulder shape to reduce
the edge surface pressure when the contact ellipse of
the ball overhangs on the groove shoulder

(2) Increased height of the axial load-loaded groove
shoulder to reduce its overhang

The amount of the contact ellipse’s overhang on
the groove shoulder varies with the raceway groove’s
curvature, and this has a trade-off with the contact
pressure, which impacts bearing life. Therefore, the new
product optimizes the groove curvature and enhances
overhang strength, allowing for reduced contact pressure
and consequently extending the bearing’s lifespan.

2. Features

- Special groove shoulder specification enhances groove
shoulder overhang strength
- Optimized groove curvature reduces contact pressure
and extends service life
=> Contributes to the downsizing and weight reduction
of deep groove ball bearings

(1) Optimization of
shoulder shape
= Reduced edge load

Q@

i J

(2) Asymmetrical
shoulder height

= Reduced overhang ratio

Fig. 1 Structure of deep groove ball bearing with enhanced overhang

strength
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> Rolling element load

Groove curvature Contact ellipse

Large Small

Contact ellipse

Contact pressure distribution

Ball overhang (= b/2a)

Contact pressure Ball overhang

High Small

Small Large

Low Large

Fig. 2 Relationship between contact pressure and overhang from groove curvature

3. Applications

This technology allows for smaller, lighter deep groove
ball bearings, reducing the size and weight of the eAxle.
In addition, by replacing tapered roller bearings with
deep groove ball bearings, bearing friction is reduced,
potentially extending EV driving range and lowering
electricity costs.

4. Conclusion

As a result of optimizing the groove curvature and
reinforcing overhang strength by applying a special groove
shoulder shape, the new bearing offers a greater load
capacity while maintaining low-friction characteristics.

Looking ahead, NSK will remain committed to
developing products that meet market needs and to
contributing to the realization of carbon neutrality
while supporting the proliferation of EVs and other
environmentally friendly vehicles.

Table 1 Downsizing and weight reduction for the new bearing

Standard Spec.1 Spec.1+2

Outer
diameter ¢105 mm ¢100 mm $91 mm
Bearing

weight 1.06 kg 0.94 kg 0.91 kg
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New Products

Compact and Lightweight Redundant

Column-Type EPS

As cars become increasingly sophisticated, electric
power steering (EPS) systems are expected to surpass
conventional safety standards to meet the demand for
critical components for advanced driver-assistance
systems (ADAS). This includes ensuring continued power
assistance even during malfunctions, so the EPS is
required to achieve higher safety standards, lower failure
rates, and quantifiable performance indicators.

In the EPS motor and ECU, the systems responsible for
detecting steering force and generating assist force should
operate independently to ensure reliability. This has
involved adding redundant input/output systems, which
means more components. However, it has also led to such
issues as increased size, weight, and cost compared to
conventional systems.

To address these issues, we have developed a compact,
lightweight, and low-cost motor control unit (MCU) that
integrates the motor and ECU, allowing for continued
operation even when a malfunction occurs (Figure 1).

1. Composition, Structure, and
Specifications

Figure 2 shows the structure of the new MCU. In
conventional MCUs, the motor and ECU are separate
units. With our new MCU design, however, the motor
cover acts as the ECU case, housing the circuit board. This
structure allows for heat from both the motor and ECU to
dissipate through a common heat sink integrated into the
ECU case. The motor rotation angle sensor is mounted
on the ECU circuit board instead of the motor board. This
design features a motor section with the same diameter
as a conventional product but is multi-pole. Enlarging the
rotor diameter increases the amount of radial flux linkage
and shortens the shaft length.
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Motor control unit

Fig. 1 Redundant column-type EPS

ECU circuit board
(with control/drive
circuits and motor
rotation angle

sensor) ECU/motor

common
heat sink

Motor assy
(multipole)

Fig. 2 Configuration of new motor control unit

2. Features

2.1 Integrated motor and ECU

Compared to conventional MCUs, our new design
achieves the following three advantages in reduced size
and weight. (Figure 3)

(1) A heat sink in the motor cover dissipates heat from
both the motor and ECU, eliminating the need for a
separate ECU case.

(2) Motor busbars are directly connected to the circuit
board, removing the need for a connection structure
with a terminal block.

(3) Relocating the motor rotation angle sensor to the ECU
circuit board eliminates the need for internal wiring
harnesses.

2.2 Motor multi-polarization

Motor torque is determined by the product of the
number of poles, flux linkage, and current, and can be
expressed by the following formula.

Motor torque: T = pN (number of poles) x
¢ (flux linkage) x Iq (current)

Increasing the number of poles reduces the magnetic
flux per magnet, allowing for a thinner magnetic path
in the stator. The back yoke can also be made thinner,
so the winding section can be expanded on the stator’s
outer diameter side (Figure 4). Consequently, increasing
the rotor diameter boosts radial flux linkage, resulting in
higher output with the same size. Also, the shaft length
can be shortened, making possible a reduction in the
overall motor mass (Figure 5).

3. Applications

This new MCU design makes the EPS more compact and
lightweight while ensuring continued functionality and
eagsy installation. It supports the column-type EPS with a
redundant design for functional continuity while reducing
size and weight.

4. Conclusion

As vehicles with ADAS become mainstream and
technology advances, there is a growing demand for
more sophisticated features. To address this, our focus is
on developing column-type EPS units that offer higher
performance in a compact, lightweight design, creating a
full product line to meet market demands.

§# Control board - m
' -
g5 Sensor board 5 .
| s Power supply
@ t board
Intaking .

m /4 Terminal block

ECU case
including heat sink

Motor cover

Integration

Fig. 3 Integrated motor and ECU

Optimization by multi-polarization
(multi-polarization from 8 to 12 poles)
(1) Increasing the number of poles reduces the amount
of magnetic flux per magnet.
(2) The magnetic path of the stator can be made thinner.
(8) The back yoke can be made thinner.
(4) The winding section can be expanded on the outer
diameter side of the stator.
(5) The rotor diameter can be increased.

Permanent magnet

Stator core
(electromagnetic
steel plate)

8 poles |:> 12 poles

SPM

Fig. 4 Optimization by multi-polarization

Multi-polarized and enlarged rotor diameter
(1) Increase in total radial flux linkage
(2) Shaft length reduction
(3) Rotor and stator core weight reduction

8-pole, 12-slot 12-pole, 18-slot

Fig. 5 Configuration of multi-polarization core
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HO CHI MINH CITY Unit 609, The Landmark Building, 5B Ton Duc Thang Street,District 1,
Ho Chi Minh City, Vietnam
P: +84-28-3822-7907  F: +84-28-3822-7910

Worldwide Sales Offices

P: Phone F:Fax Yt: Head Office

®Europe

United Kingdom:

NSK EUROPE LTD. (EUROPEAN HEADQUARTERS)

MAIDENHEAD Belmont Place, Belmont Road, Maidenhead, Berkshire SL6 6TB, U.K.
P: +44-1628-509-800 F: +44-1628-509-808

NSK UK LTD.
NEWARK Northern Road, Newark, Nottinghamshire NG24 2JF, U.K.
P: +44-1636-605-123  F: +44-1636-605-000
France:
NSK FRANCE S.A.S.
PARIS Quartier de I’Europe, 2 Rue Georges Guynemer, 78283 Guyancourt, France
P: +33-1-30-57-39-39  F: +33-1-30-57-00-01
Germany:
NSK DEUTSCHLAND GMBH
DUSSELDORF ¢ Harkortstrasse 15, D-40880 Ratingen, Germany
P: +49-2102-4810 F: +49-2102-4812-290
STUTTGART Liebknechtstrasse 33, D-70565 Stuttgart-Vaihingen, Germany

P: +49-711-79082-0 F: +49-711-79082-289
WOLFSBURG Tischlerstrasse 3, D-38440 Wolfsburg, Germany
P: +49-5361-27647-10 F: +49-5361-27647-70

Italy:

NSK ITALIA S.P.A.

MILANO Via Garibaldi 215, Garbagnate Milanese (Milano) 20024, ltaly
P: +39-299-5191 F: +39-299-025778

Netherlands:

NSK EUROPEAN DISTRIBUTION CENTRE B.V.

TILBURG Brakman 54, 5047 SW Tilburg, Netherlands
P: +31-13-4647647 F: +31-13-4641082

Poland:

NSK POLSKA SP.Z 0.0.

WARSAW Ul. Migdalowa 4/73, 02-796, Warsaw, Poland
P: +48-22-645-1525 F: +48-22-645-1529

Spain:

NSK SPAIN S.A.

BARCELONA C/Tarragona, 161 Cuerpo Bajo, 2a Planta, 08014, Barcelona, Spain
P: +34-93-289-2763 F: +34-93-433-5776

Turkey:
NSK RULMANLARI ORTA DOGU TIC. LTD. STI.
ISTANBUL Cevizli Mahallesi. D-100 Giiney Yanyolu, Kuris Kule is Merkezi No:2 Kat:4, P.K.:

34846, Cevizli-Kartal-Istanbul, Turkey
P: +90-216-5000-675 F: +90-216-5000-676

United Arab Emirates:

NSK BEARINGS GULF TRADING CO.

DUBAI JAFZA View 19, Floor 24 Office LB192402/3, PO Box 262163, Downtown Jebel Ali,
Dubai, U.AE
P: +971-(0)4-804-8200  F: +971-(0)4-884-7227

®North and South America

United States of America:

NSK AMERICAS, INC. (AMERICAN HEADQUARTERS)

ANN ARBOR 4200 Goss Road, Ann Arbor, Michigan 48105, U.S.A.
P: +1-734-913-7500 F: +1-734-913-7511

NSK CORPORATION

ANN ARBOR 4200 Goss Road, Ann Arbor, Michigan 48105, U.S.A.
P: +1-734-913-7500 F: +1-734-913-7511

NSK PRECISION AMERICA, INC.

FRANKLIN ¢ 3450 Bearing Drive, Franklin, Indiana 46131, U.S.A.
P: +1-317-738-5000 F: +1-317-738-5050

SAN JOSE 780 Montague Expressway, Suite 505, San Jose, California, 95131, U.S.A.
P: +1-408-944-9400  F: +1-408-944-9405

NSK LATIN AMERICA, INC.

MIAMI 11601 NW 107 Street, Suite 200, Miami Florida, 33178, U.S.A.
P: +1-305-477-0605 F: +1-305-477-0377

Canada:

NSK CANADA INC.

TORONTO ¢ 317 Rutherford Road South, Brampton, Ontario, L6W 3R5, Canada
P: +1-888-603-7667  F: +1-905-890-1938

MONTREAL 2150-32E Avenue Lachine, Quebec, Canada H8T 3H7
P: +1-514-633-1220 F: +1-800-800-2788

Argentina:

NSK ARGENTINA SRL

BUENOS AIRES  Garcia del Rio 2477 Piso 7 Oficina "A" (1429) Buenos Aires-Argentina
P: +54-11-4704-5100  F: +54-11-4704-0033

Brazil:

NSK BRASIL LTDA.

SUZANO ¢ Av. Vereador Jodo Batista Fitipaldi, 66, Vila Maluf, Suzano-SP-Brazil-CEP 08685-000
P: +55-11-4744-2500

JOINVILLE Rua Blumenau, 178, sala 910, Centro, Joinville-SC-Brazil-CEP 89204-250
P: +55-47-3422-2239

Peru:

NSK PERU S.A.C.

LIMA Calle Teniente Enrique Palacios 360 Oficina 311 Miraflores, Lima, Peru
P: +51-493-4385

Mexico:

NSK RODAMIENTOS MEXICANA, S.A. DE C.V.

SILAO, GUANAJUATO  Circuito Mexiamora Oriente No. 331, Parque Industrial Santa Fe |, Puerto
Interior. Silao, Guanajuato, Mexico. C.P. 36275
P: +52-472-500-9500 F: +52-472-103-9403

<As of March 2024>
For the latest information, please refer to the NSK website.
www.nsk.com

Every care has been taken to ensure the accuracy of data in this publication, but NSK Ltd. accepts no liability for any loss or damage incurred from errors or omissions. As
we pursue continuous improvement, all content (text, images, product appearances, specifications, etc.) contained in this publication is subject to change without notice.
Unauthorized copying and/or use of the contents of this publication is strictly prohibited. Please investigate and follow the latest product export laws, regulations, and permit

procedures when exporting to other countries.



Motion & Control

No. 35 June 2024

Published by NSK Ltd.

M

®a "
o. .‘

‘...ﬂ..’

Eco-awareness and
reliability in motion

NSK

NSK used environmentally friendly printing methods for this publication.

CAT. No. ETJ-0035 2024 X-6 Printed in Japan ©NSK Ltd. 2024



