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Abstract

Recent years revealed a notable trend for rolling bearings to be increasingly replaced by plain bearings for particular
applications. A prominent example is the planetary stage in wind turbine gearboxes. The advantages of plain bearings are
higher realizable power density due to smaller installation space compared to rolling bearings as well as the possibility
of wear-free operation under ideal operational conditions. In real applications, however, plain bearings are subject to
wear, for example due to start-stop processes, which lead to mixed friction conditions. Since the wear of plain bearings
strongly depends on the operational conditions, monitoring is essential to detect inadmissible operating conditions. To
avoid extra installation space and to achieve a minimal influence on the surrounding system, this work aims to integrate an
energy-autarkic sensor system into the bearing volume to monitor the operational status of the plain bearing. To achieve
autarky, the resulting data must be transmitted wirelessly and the external power supply must be eliminated. In this work,
the software and hardware architecture of a sensor-integrating plain bearing prototype for monitoring the minimum oil
gap height and the displacement angle of the shaft based on in-situ temperature measurements is presented. Furthermore,
energy harvesting and energy saving measures are implemented and evaluated which intend to enable completely autarkic
operation of the sensor integrating machine element in the future. A prototype of the sensor system is in turn used
in-the-field to investigate required sampling rates and the spatial resolution of the temperature measurements.
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Design eines vollintegrierten Sensorsystems fiir Gleitlager

Zusammenfassung

In den letzten Jahren ist bei bestimmten Anwendungen eine deutliche Verschiebung von Wilzlagern hin zu Gleitlagern zu
beobachten. Ein prominentes Beispiel ist die Planetenstufe in Getrieben von Windkraftanlagen. Die Vorteile von Gleitlagern
sind die hohere realisierbare Leistungsdichte aufgrund der geringeren Bauraumgrof3e im Vergleich zu Wilzlagern sowie die
Moglichkeit des verschleilfreien Betriebs unter idealen Betriebsbedingungen. In realen Anwendungen unterliegen Gleit-
lager jedoch einem Verschleif3, beispielsweise durch Start-Stopp-Vorginge, die zu Mischreibungszustidnden fiihren. Da der
Verschleil von Gleitlagern stark von den Betriebsbedingungen abhiingt, ist eine Uberwachung unerlisslich, um unzulissige
Betriebszustidnde zu erkennen. Um zusitzlichen Bauraum zu vermeiden und eine minimale Beeinflussung des umgebenden
Systems zu erreichen, zielt diese Arbeit darauf ab, ein energieautarkes Sensorsystem zur Uberwachung des Betriebszustan-
des des Gleitlagers in das Lagervolumen zu integrieren. Um Autarkie zu erreichen, miissen die anfallenden Daten drahtlos
iibertragen werden und die externe Energieversorgung muss entfallen. In dieser Arbeit wird die Hard- und Softwarear-
chitektur eines Prototypen fiir ein vollintegriertes Sensorsystem zur Uberwachung der minimalen Schmierspalththe und
des Verlagerungswinkels der Welle im Gleitlager auf Basis von in-situ Temperaturmessungen vorgestellt. Dariiber hinaus
werden Energy-Harvesting- und Energiesparmaflnahmen implementiert und evaluiert, die in Zukunft einen vollstindig
autarken Betrieb des sensorintegrierenden Maschinenelements ermdglichen sollen. Ein Prototyp des Sensorsystems wird
im praktischen Einsatz getestet, um die erforderlichen Abtastraten und die rdumliche Auflosung der Temperaturmessung

zu untersuchen.

1 Introduction

The integration of sensors into machine elements is
paramount in modern engineering and manufacturing for
a multitude of compelling reasons. First and foremost, it
enables real-time condition monitoring. The sensors can
measure critical parameters such as temperature, pres-
sure, vibration, and more, providing valuable insights into
the health and efficiency of the machine element. By
continuously tracking these variables, potential issues or
anomalies can be detected early, even before they become
critical problems and maintenance intervals can be maxi-
mized. This early warning system is crucial for preventing
unexpected breakdowns, which can result in costly down-
time and repairs [1]. This holds particular significance
within the context of plain bearings as they are responsible
for a significant amount of failures in electrical machines
[2]. Considering the abundance of applications for plain
bearings, such as wind turbines, combustion engines, in-
dustrial manufacturing [3, 4] and many more, this further
underlines the importance of sensor integration into plain
bearings. Moreover, sensor integration harmonizes with the
overarching framework of the Internet of Things (IoT) and
Industry 4.0 [5, 6]. These paradigms advocate seamless in-
terconnectivity between devices and data-driven decision-
making, potentially leading to enhancements in the devel-
opment, maintenance, and application process of machine
elements.

A cost-effective method for monitoring plain bearings
is the utilization of temperature profiles. A persistent oc-
currence of mixed and solid-state friction induces a sudden
temperature increase in the load zone close to the running
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surface [7]. Thus, mixed and solid-state friction can be de-
tected by temperature sensors. Furthermore, DIN-Standard
31652 even provides a way to approximate the minimum
oil gap height from the system shaft misalignment, given
by the temperature distribution, using the Giimbel-curve
[8-11].

However, in particular within the context of multi-axis
rotating systems, external wiring of the sensors is often not
possible. This results in the need for an energy-autarkic
system. Thermogenerators (TEG) are optimally suited for
energy harvesting from plain bearings due to their ability
to efficiently convert the naturally occurring temperature
differentials even at low-temperature differences of a few
Kelvin using the Seebeck effect [12, 13]. By this, the need
for an external power supply could even be omitted for
some applications [14]. Besides the need for an internal
power supply, the wireless system also necessitates the sub-
stitution of the wired data exchange. Resultantly, a sensor
system fulfilling these demands can be declared as a Sen-
sor-Integrated Machine Element as classified in [15].

The development of such a sensor integrating system is
driven in particular by the recently rapidly advancing possi-
bilities in the field of energy efficiency and reliability of en-
ergy harvesters [16-20] on the one hand and wireless data
transmission technologies [21] on the other hand. Hence,
there are not many comparable approaches for energy-au-
tarkic sensor integrating plain bearings yet. However, the
research in the field of sensor integrating machine elements
including plain bearings is growing [22-24].

In Chap. 2 the chosen method to derive the minimal oil
gap height from temperature sensor data using the Giimbel-
curve is described and results of an experimental prototype
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and corresponding conclusions are presented. In Chap. 3,
a precise analysis of the energy consumption of the com-
ponents of the presented sensor integrating system will be
given and compared to the amount of harvestable energy.
Additionally, an evaluation of different wireless data trans-
mission technologies will be given and a conclusion regard-
ing the possibilities of the implementation into the plain
bearing will be drawn. Finally, in Chap. 4 the software ar-
chitecture is described, and specific energy-saving measures
are discussed.

2 Method and test setup

Basis of the approximation of the minimal oil gap height is
the measurement of the temperature profile to determine the
angle of the maximal temperature. This angle is associated
with the minimum oil gap height by the Giimbel-curve. In
the following this connection is explained in detail and cor-
responding results of the presented prototype are depicted.
Subsequently, measures to enhance the result accuracy are
discussed.

2.1 Determination of the minimum oil gap height

In hydrodynamic plain bearings, the required pressure to
separate the shaft and bearing shell surfaces is generated by
a lubricant film building up due to the convergent gap ge-
ometry caused by the relative motion. DIN standard 31652
represents a dimensioning guideline for the safe operation
of hydrodynamic radial plain bearings [9—11]. In the DIN
standard, the Reynolds equation [25] is solved for discrete
operating points and provided in tabular and graphical form
for the determination of the variable of interest. DIN stan-
dard 31652-2 includes the Giimbel-curve, which provides
a relationship between the shaft misalignment angle § and
the eccentricity e. Fig. 1 displays the Gilimbel-curve and
the minimum oil gap height huin, which was determined via
the eccentricity € for the bearing geometry investigated, as
a function of the bearing angle ¢ (p=[+ 180°).

In simulative investigations of a thermoelastohydrody-
namic (TEHD) bearing model, it was shown that the bearing
angle of the shaft misalignment has a high agreement with
the angle of the maximum occurring temperature (rmax On
the bearing running surface [26]. The sensor system, there-
fore, follows the approach of measuring the relevant tem-
perature field. The bearing angle of the maximum occurring
temperature (prmax is in turn used to determine the minimum
oil gap height hyi, via the relationship of the Giimbel-curve.

Followingly initial experimental results of a fully inte-
grated sensor system prototype for a plain bearing are pre-
sented. The detailed concept of the system design is dis-
cussed in [27]. The prototype of the fully integrated sensor
system is equipped with all electronic components neces-
sary for data generation, processing, and energy generation
incorporated into the plain bearing volume. The experimen-
tal investigations are carried out on a test rig for hydro-
dynamic plain bearings, which is shown schematically in
Fig. 2. A detailed description of the test bench setup can be
obtained from [28].

During the test, the prototype is positioned in a bear-
ing support. The test radial force F, is applied to the plain
bearing via the bearing support (Fig. 2 center). The plain
bearing is made of the bronze alloy CuSn12Ni2-C [29] and
has an inner diameter of D= 120 mm. Further data regard-
ing the test bearing geometry can be obtained from Fig. 1.
The rotary shaft movement is realized via an electric motor.
In the testing setup, a mineral oil of class ISO VG 320 is
selected.

In Fig. 3 the initial prototype of the sensor system tested
is shown. On the left-hand side, the rear view of the proto-
type, including the printed circuit board (PCB) with temper-
ature sensors as well as the energy conversion components,
is shown. On the right-hand side, the front view of the
prototype including a thermogenerator for thermoelectrical
energy harvesting, is displayed.

In TEHD simulations, it was shown that in the inves-
tigated tribological system edge bearing occurs [8]. The
temperature field relevant for measuring shaft displacement
occurs in the direct vicinity of the end faces of the bearing.

Minimum oil gap height h;, determined via GUMBEL-curve

o] 180 | 182.85 | 185.73 | 187.7 | 190.38 | 192.4 | 194.11 | 195.63
h,;, [um] 0 0.07 | 0.35 0.7 1.4 2.1 2.8 3.5
o] 201.79 | 211.25 | 219.33 | 226.83 | 234.07 | 241.21 | 248.3 | 255.39
h,;, [um] 7 14 21 28 35 42 49 56

® tg=180°

Bearing geometry: B/D = 0.25; Inner diameter D = 120 mm; Width B = 30 mm;
Bearing clearance e = 140 ym; Rel. bearing clearance y = 1.1667 %o

Fig. 1 Minimum oil gap heights determined via the Glimbel-curve for the examined plain bearing geometry
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Shaft sleeve

Circuit boar

Motor side

Fig.2 Test bench setup for the experimental investigation of the condition monitoring system

Fig. 3 Prototype of an energy-
autarkic, temperature-based
condition monitoring system for
plain bearings

Rear view (motor side)

Front view

Digital temperature sensors
(TILM 73)

Quantity: 24

Angle resolution: 7.5
Sample rate: 0.2 Hz
Area: 97.5-270°

Gold-Cap (Energy buffer)

DC-DC-converter (LTC 3106)

Slot
microcontroller (NHS 3152)
Interface data transmission

Spez. pressure:

max: ~65 MPa
Sliding speed:
0.0006-3.6 m/s

Shaft sleeve

Lubrication groove
oil supply

Thermogenerator
(MGM250-71-10-16)
Edge length: 22 mm
Bearing angle: 90°

Accordingly, the printed circuit board is placed in a face
milling with a depth of I mm. The temperature sensors
have thermal contact with the bearing inside the milling.
The radial distance of the sensors to the running surface of
the bearing is 1 mm. The temperature is measured slightly
below the running surface, as measuring in the lubrication
gap entails challenges. On the one hand, temperature sen-
sors that measure in the lubrication gap could influence
the lubricant film formation. On the other hand, sensors in
the lubrication gap can be irreversibly damaged if mixed
friction and high thermal loads occur.

The shaft of the test rig performs a rotary motion in
a mathematical positive direction from the front view of
test bench (see Fig. 4 right-hand side). Therefore, the dis-
placement of the shaft occurs within the bearing angle range
of (p=180-270° and the relevant temperature field for the
temperature-based gap height determination via Giimbel-
curve is localized here. However, in the first prototype of
the sensor system investigated, almost the entire lower half
of the bearing was equipped with temperature sensors in
the range ¢p=97.5-270° to be able to record the tempera-
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ture distribution in a broad range. To measure temperature
distribution 24 temperature sensors with an angular sepa-
ration A¢g="7.5° are placed on the PCB (Fig. 4 right-hand
side).

2.2 Experimental results

The results of a representative test procedure for the proto-
type are presented below. Fig. 4 shows the test plan of the
test performed at the top. A constant specific pressure of
p=1.388MPa was used for the test. Starting from a slid-
ing speed v=3m/s, the sliding speed step of Av=0.5m/s
was decreased every At=10min. After t=60min and a fi-
nal sliding speed step v=0.5m/s, the test was terminated as
scheduled. The associated Sommerfeld-number (So< 1) is
consistently in the fast-running range during the test pro-
cedure. In the center graph of Fig. 4, the measured tem-
perature curves of the 24 temperature sensors are shown as
a function of the respective angular positions over the test
time.
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Test plan (T,; = 20°C = const.)
4

v [m/s]

0

2 L
— Sliding speed [m/is]—-\—l—\—\—
Specific pressure [MPa]

Temperature curve over time for each measuring position (97.5° - 270°)

0 0.2 04 Time [h]

0,8 1

Fig.4 Experimentally measured temperature curves and resulting oil gap heights for different sliding speeds

At the beginning of the test, the measured tempera-
tures increased rapidly in all measuring positions. Subse-
quently, the temperature curves within the first-speed stage
follow a degressive positive gradient. At the end of the
first stage (I), the globally recorded maximum temperature
Of Trax o =40.875°C is reached. At this point, the differ-
ence between the minimum and maximum temperatures is
AT1omin=8.75°C. The reduction of the sliding speed at the
beginning of each stage is accompanied by a decline in all
measuring temperatures. Subsequently, there is another de-
gressive increase in temperatures within each speed stage.
Over time, the global temperature difference AT, between
the maximum and minimum measured temperatures is suc-
cessively decreased. The measured data are subsequently
used to calculate the gap height hmin using the temperature-
based Giimbel-curve. The angular position of the maximum
temperature is determined from the test data for the respec-
tive time period. The angular position is then used to calcu-
late hpin by linear interpolation using the table values shown
in Fig. 1. The resulting oil gap height curve during the test is
displayed in Fig. 4 below. The determined oil gap height is
in the range hpin=19.41-48.21 pm. It is evident that a lower
sliding speed v (p=1.388 MPa=const.) results in a lower
bearing angle of the maximum temperature @rm.. and thus
a lower determined hyin.

Examining the gap height plot, the gap height resolu-
tion is in the range of Ahyin=6.88-7.41 um. In this regard,
it should be mentioned that the relationship between Ag
and Ahpi, depicted by the Giimbel-curve is not linear (see
Fig. 1). A higher level of input value ¢ in the Giimbel-curve
results in a higher Ahy,, corresponding with A (= const.)-
value. By recording the temperatures in the lower half of
the bearing, it could be shown that the relevant temperature
field is always in the range ¢@=180-270° due to the rota-
tional direction. In the next prototype iteration, therefore,
only the third quadrant will be equipped with temperature
sensors. Moreover, it is possible to halve the angular resolu-
tion to Ag=3.75° without the sensors contacting. Accord-
ingly, 25 temperature sensors will be placed in this quadrant
in the next prototype iteration.

However, as a higher number of temperature sensors in-
evitably results in increased energy consumption, it is still
advisable to strive for the minimization of sensor quantity in
the final sensor system. To achieve this, a regression analy-
sis of the sensor temperatures is conducted. An example of
such an interpolation with a fourth-degree polynomial for
randomly selected time points from previous experiments
is illustrated in Fig. 5. It appears that this interpolation can
potentially compensate for measurement inaccuracies and
significantly enhance the angular resolution of the angle as-
sociated with the maximum temperature. However, whether

@ Springer
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Fig. 5 Interpolation of temperature distribution at randomly sampled time points taken from previous experiments

this method provides an accurate approximation of the ac-
tual temperature distribution or if a higher angular resolu-
tion of the measurement data is necessary for a meaningful
interpolation must be further assessed. This will be accom-
plished through the higher angular resolution of the next
prototype by sampling, for instance, every second tempera-
ture sensor. An experimental validation of the temperature-
based gap height determination will be performed by using
inductive eddy current sensors. Two eddy current sensors
are mounted flush with the surface of the plain bearing, off-
set by 90 degrees, to determine the kinetic shaft path [7].
The recorded shaft path in turn allows the determination
of the misalignment angle § and the minimum lubrication
gap height hyi,. Additionally, an evaluation using a TEHD
model is possible.

3 Energy management

In this chapter, the demand of the different components in
multiple scenarios will be discussed and subsequently com-
pared to the harvestable energy. Some simple considerations
regarding this have already been made in [26]. However,
the following section will update these considerations and
refine them.

The energy demand of the sensor system is mainly driven
by the microcontroller, the sensory and the wireless com-
munication. Thus, energy consumption will be discussed
in this outline. Other components, such as the I2C switch,
will be neglected as they have comparatively low energy
consumption [30].

3.1 Microcontroller
The NHS3152 supports external voltages between 1.72 and

3.6 V. According to [31], very low energy consumption can
be achieved at a system clock frequency of 0.5MHz and
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an operating voltage of 1.8 V. However, 0.5 MHz clock fre-
quency is not sufficient to operate the 12C bus at the stan-
dard mode [32] and the deep power down mode will not
be used for this purpose, as this would require saving all
temperature and operating information in the EEPROM re-
sulting in additional power consumption due to write costs
of 300pA/MHz and significantly limited endurance [33].
Instead, the deep sleep mode will be used. Resultantly, the
power consumption will be analyzed for the specific param-
eters chosen for the sensor system setup in the following.
Besides, a comparison between a supply voltage of 1.8 and
3.3V will be given.

The results of the power measurements of the microcon-
troller at 1.8 and 3.3V can be found in Fig. 6. The mea-
surements depict the power consumption of the NHS3152
during the execution of basic continuous I2C operations or
during the deep sleep mode respectively. The values have
been measured using a multimeter and do not cover poten-
tial short-time peaks but only averaged values. As the test

1.8V Deep Sleep

1.8V Running
—>— 3.3V Deep Sleep
== 3.3V Running

3000 1

2500 1

2000 1

1500 A

1000 A

Power Consumption [UW]

500 1

0.03125 2 4 8
System Clock Frequency Rate [MHz]

Fig.6 Comparison of energy consumption at different system clock
frequencies and supply voltages during deep sleep and active phase
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setup used for these measurements differs from the actual
setup of the prototype, the data should not be regarded to
determine an energy budget, but only for qualitative com-
parison of the influence of supply voltage and system clock
frequency on the energy consumption. The data reveals that
energy consumption can be significantly reduced at a volt-
age of 1.8V compared to a voltage of 3.3 V. Furthermore, it
is apparent that the current scales with the system clock fre-
quency. Although the system clock frequency of 31.25kHz,
that was used for the current prototype setup, results in
the lowest energy consumption, it could be increased to at
least 2MHz in the next iteration to fulfill the aforemen-
tioned requirements. Additionally, this increase of the sys-
tem clock frequency enables significantly shorter running
periods. Therefore, despite the higher clock rate, the energy
consumption of the prototype can be further reduced in the
next iteration due to the transition to a supply voltage of
1.8 V and shorter active periods.

To compare the energy consumption of individual proto-
type components, the CPU’s energy consumption was mea-
sured individually afterward. For the prototype, using a sup-
ply voltage of 3.3V and a clock frequency of 31.25kHz,
a current of 0.298mA in deep sleep mode and 0.457mA
during active phase was measured. Even though the com-
bination of 3.3V supply voltage and 31.25kHz clock fre-
quency may not be optimally energy-efficient, this config-
uration will be employed to assess the energy budget, as it
corresponds to the current prototype setup.

3.2 Temperature sensors

The typical energy consumption of the LM73 temperature
sensor at 3.3V is 320uA during operation and 1.9 yA dur-
ing shutdown [34]. Considering 24 sensors, this results in
a shutdown current of 45.6pA and an energy demand of
7.68 mA when operating all sensors at once. However, this
power demand can be distributed temporally to avoid ex-
cessive energy peaks.

To reduce the energy requirement of the system, the volt-
age will be reduced to 1.8V in future. As the LM73 does
not meet this requirement, it needs to be replaced by the
TMP117. In addition to a lower energy requirement, the lat-
ter also offers a higher resolution, smaller dimensions and
an EEPROM for buffering measured values [35].

3.3 Wireless communication

While the wireless communication serves the main purpose
of transmitting an alarm signal and does not require contin-
uous operation, it is imperative to account for the notably
substantial power consumption of the wireless components.
This consideration is essential to ensure that the ESP32-C3
can operate for a sufficient duration, allowing for the trans-

mission of the intended signal. Consequently, the impact on
the energy consumption of distinct wireless protocols will
be assessed and compared to the amount of energy that can
be saved. The hardware configuration facilitates communi-
cation through Wi-Fi and BLE, both utilizing the ESP32-C3
module and NFC, provided by the NHS3152. However, due
to the limited range of NFC and the poor accessibility of
the microcontroller within the plain bearing, NFC may not
be suitable for every application case. However, for NFC-
compatible cases, energy consumption does not need to be
considered, as the energy can be consumed from the cor-
responding counterpart. Thus, NFC is excluded from the
scope of the discussion regarding energy consumption.

Wi-Fi and BLE present contrasting characteristics. Wi-
Fi is renowned for its high data transfer rates, while BLE,
in contrast, exhibits lower transfer rates, making it partic-
ularly suitable for handling small data packages. Simul-
taneously, BLE is engineered for exceptional energy effi-
ciency, whereas Wi-Fi necessitates higher energy consump-
tion. Thus, Wi-Fi is optimally suited during the develop-
ment phase, as energy constraints are of minimal concern
and the high data rates are advantageous for monitoring the
system continuously. When transitioning to in-the-field ap-
plications, energy consumption becomes a paramount con-
sideration, necessitating the careful selection of a wireless
protocol. In this operational phase, the need for transferring
substantial data volumes is generally insignificant. Thus,
the priority shifts towards energy-efficient communication,
as low power consumption is pivotal in ensuring prolonged
device operation, making BLE optimally suited for this pur-
pose. This conclusion is also reflected in a multitude of IoT
devices [36].

3.4 Energetic feasibility conclusion

The consideration of the energy measurements of the en-
tire system and the microcontroller, as well as the technical
data of the other components results in the energy distribu-
tion depicted in Fig. 7. The given energy consumption is
based on the average of a full cycle comprising an active
phase of slightly more than a second and a four second
deep sleep phase. The predominant share of power con-
sumption is due to the microcontroller. The primary reason
for this is that the NHS3152 exhibits only a low reduc-
tion in power consumption during the deep sleep phase.
Furthermore, the power consumption of the temperature
sensors also constitutes a significant portion of the over-
all energy consumption. Notably, this energy consumption
is concentrated almost exclusively during the active phase.
The measured energy consumption not covered by these
considerations is caused by other small energy consumers,
such as pull up resistors and capacitors.

@ Springer
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Fig.7 Energy consumption
breakdown of the presented
system of a full cycle

Microcontroller
(active phase)

Temperature sensors
during shutdown (n=24)

The above considerations result in an average power of
P = % = 1.958mW . This power already falls be-
low the harvestable power determined in [26]. Consider-
ing additional further power reduction measures, such as
the transition to a supply voltage of 1.8V and the imple-
mentation of more energy-efficient temperature sensors, the
average power will be further reduced significantly. Thus,
the results indicate that operating the measurement system
using the power generated by the TEG is feasible and also
buffering excess energy becomes a viable prospect.

This, however, remains the main challenge, as the power
consumption of the ESP32-C3 is at least an order of mag-
nitude higher than the power consumption of the residual
sensor system depending on the operational mode. With the
ESP32-C3 using Wi-Fi, for example, the time required to
connect to a Wi-Fi network and then send an HTTP request
is 2.18 s on average. According to [37] the ESP32-C3 con-
sumes 276 mA during wireless transmission. Consequently,
an approximation of the energy necessary for this scenario
is Ewimi = 276mA - 33V -2.18s = 1985.544mWs. This
value significantly exceeds the power that can be harvested
in the given period. However, the current prototype includes
a gold capacitor with a capacity of 470 mF [38], enabling to
save Ecyp = 470mF - (5.5 V)? = 14217.5mWs. If needed,
even a gold capacitor of same construction size is avail-
able with up to 1.5F. Thus, even when considering possible
losses due to the DC-DC converter and a minimal voltage
needed to operate it, the amount of energy is sufficient to
power the ESP32-C3 for the given period.

@ Springer

1.628 mWs
16.50%

Microcontroller
(deep sleep phase)

0.706 mWs
7.16%
Other

12C Switch

2.839 mWs
28.77%

Temperature sensors
during conversion (n=24)

4 Software realization

Optimization possibilities with regard to energy consump-
tion are not only available on the hardware side. On the
software side, for example, shorter active phases and inter-
lacing when reading out the temperature sensors can also
contribute here. It is also necessary to consider which cal-
culations must be performed on the microcontroller and
which externally. Hence, the software architecture is de-
scribed, and the named aspects will be addressed.

The software implementation of the measurement sys-
tem is divided into two main parts. One part compromises
the software of the components inside the bearing and the
other part covers the software of the corresponding remote
counterpart outside the bearing. The realization details of
these two parts are addressed in the following.

4.1 Intra-Bearing component software flow

Inside the bearing, there are two central sub-components.
The NHS3152 implements the essential operating sequence
including querying the measurement results, performing
preprocessing steps and saving measurement data to be able
to compute the oil gap height. The ESP32-C3 is used for
the wireless communication with the data receiver. For in-
formation exchange between the NHS3152 and the ESP32-
C3 an I2C connection is used.
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Initialization

v

Sensor discovery and calibration

hl

Fetch user instruction

v
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¢ Wakeup

Send measurements to
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Fig.8 Intra-bearing program flow

4.1.1 NHS3152

The microcontroller NHS3152 was programmed using the
MCUXpresso IDE v11.7.1. The program flow, outlined in
Fig. 8, is described followingly.

Initially the NHS3152 and all its peripherals are initial-
ized. Subsequently a sensor discovery procedure is initi-
ated to query how many sensors are connected and deter-
mine their specific [2C addresses. Following this, multiple
temperature measurements are conducted to compute an
average temperature value for calibrating each sensor. Fi-
nally, the temperature sensors are placed into sleep mode.
Potential user commands like adjusting the sleep interval,
precision or restarting the system are then fetched from the
ESP32-C3. Additionally, initialization data including sen-
sor information and calibration data is sent to the ESP32-
C3. It’s worth noting that these user commands and supple-
mentary communication with the ESP32-C3 serves debug-
ging purposes and raises valuable insights and information.
Nevertheless, in-the-field the ESP32-C3 is intended to run
only to issue an alarm when the oil gap height is undershot
and if possible, when demanded e.g., by a mobile device,
to retrieve status information of the sensor system. After
the communication with the ESP32-C3 the main query for
sensor data is started to obtain the temperature values from
all sensors and the temperature data is processed. Subse-
quently, the measured temperatures are transmitted to the
data receiver outside the bearing. Whenever the data cannot

be sent to the data receiver the data is also buffered inter-
nally to the SRAM of the NHS3152 inside a ring buffer. At
present, the system can store up to 6720 temperature values
within the SRAM, equating to 280 measurement points,
with each point consisting of twelve temperature values.
Nevertheless, this can be drastically increased if data com-
pression is implemented [39]. Since, depending on the ap-
plication, data points from several days may be necessary,
an external [2C-EEPROM is intended for the next version
of the prototype to be able to save significantly more mea-
surements. The preserved data is processed in alignment
with edge computing principles to ascertain the oil gap
height. This approach minimizes communication overhead,
thereby adhering to the conventions of a prevalent data pro-
cessing methodology within the domain of the Internet of
Things [40]. Nevertheless, when incorporating interpola-
tion into the processing pipeline, a thorough evaluation is
required to determine whether it should be conducted in-
ternally. Finally, the NHS3152 is put into deep sleep mode.
The NHS3152 wakes up from Deep-Sleep mode after a cer-
tain amount of time using the real-time clock and restarts
the temperature query process. In addition, the microcon-
troller can be woken up by the temperature sensors via
interrupt if a certain threshold is exceeded [34, 40]. How-
ever, the energy saving depends on whether the temperature
course is stationary most of the time. For this reason, such
an implementation would have to be application-specific.

4.1.2 ESP32-C3

The ESP32-C3 was programmed using Visual Studio Code
v1.83.1 and the PlatformIO IDE extension v3.3.1.

When powered, the ESP32-C3 starts hosting its own Wi-
Fi network and a web server as a debug interface provid-
ing all necessary information on the status of the sensor
system as well as all temperature values. Subsequently, the
ESP32-C3 waits for incoming requests and sent data us-
ing 12C. Whenever the NHS3152 requests information the
ESP32-C3 will send an answer depending on the user’s
last input and requests, which are done using one of the
provided counterparts as described in section 4.2. Further-
more, data sent by the NHS3152 is additionally saved into
the SRAM of the NHS3152 such that a longer history of
temperature values can be accessed by the user. The self-
hosted network can be substituted by an existing Wi-Fi net-
work using a command sent to the ESP32-C3 via the remote
counterpart.

Additionally, the hosted web server serves as an interface
for Over-the-Air (OTA) updates, essential for enhancing
software functionality and security. OTA updates enable
seamless integration of new features and critical security
patches, all facilitated without physical interventions. This
OTA update functionality has already been implemented for
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the ESP32-C3 and is intended to be implemented for the
NHS3152 using the I2C connection to the ESP32-C3. The
OTA updates can be performed by the Android application
depicted in section 4.2.

4.2 Remote data receiver

The remote counterpart builds upon the web server inter-
face provided by the ESP32-C3. Using this an Android
application was implemented to monitor the sensor system
in depth and to send instructions to the sensor system. An
overview of the Android application and its functionali-
ties can be seen in Fig. 9. Additionally, to simply log and
monitor the temperature measurements a Python script was
implemented.

5 Conclusion

In conclusion, this study has elucidated critical insights into
the energy consumption dynamics of the sensor-integrat-
ing plain bearing system. The integration of advanced tem-
perature sensors, coupled with meticulous adjustments in
operational parameters such as supply voltage and clock
frequency, demonstrates a promising measure for optimiz-
ing energy efficiency. The utilization of the thermoelectric
generator (TEG) as a power source for the system, along

@ Springer
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with the usage of the gold capacitor as an energy buffer for
wireless communication, presents a viable prospect.

Furthermore, the strategic reduction of the sensor count,
supported by temperature interpolation techniques, offers
a pragmatic approach to mitigating energy consumption
without compromising the system’s overall efficacy. The
potential benefits of these methodologies have been exem-
plified through preliminary experiments and will be vali-
dated using multiple approaches including inductive eddy
current sensors, determining the oil gap height as a val-
idation metric. The operating conditions of the bearing
tested in chapter 2 were all in the high-speed range (So<
1). Higher loads and structural deformations of radial plain
bearings occur in a large number of applications. These
load cases will be considered further in future investigations
and the limits of the applicability of temperature-based gap
height determination will be examined. In future coupled
TEHD-FE simulations, the influence of the measuring po-
sition on the recorded temperature and the degree to which
these measured temperatures deviate from the temperatures
in the lubrication gap will be investigated.

Moreover, the software architecture of the sensor sys-
tem has been discussed and specific energy-saving measures
were described. Further application-specific possibilities to
save energy have been proposed. Finally, the debugging
system using a Wi-Fi interface and an android application
was outlined.
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