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Abstract

Hydrodynamic journal bearings are a driver of increasing power density and reliability of wind turbine gearboxes. Despite
their high fatigue reliability operating in hydrodynamic conditions, journal bearings can be damaged quickly in the event
of a critical operating condition with solid body contact (e.g. severe overload and mixed friction or failure of the lubricant
supply). In the worst-case scenario, bearing damage occurs suddenly with no clear warning period. To reduce the risk of
damage condition monitoring systems (CMS) can be installed for the continuous monitoring of the bearing’s operating
condition. In the event of a critical condition countermeasures can be taken immediately (e.g. derating the wind turbine)
to reduce the damage risk. This approach has the potential to further increase wind turbine reliability and reduce costs
resulting from downtime and maintenance. However, commercial CMS for journal bearings in wind turbines with the
required level of readiness for field operation have not yet been fully developed and thoroughly tested. One monitoring
technique potentially capable of detecting the change from normal to critical operating conditions immediately is based
on surface acoustic waves (SAW). This work presents the results of an experimental study of planetary journal bearings
equipped with a CMS based on the SAW method. The aim of this work is the proof of concept of the condition monitoring
method based on SAW in a planetary journal bearing and the demonstration of the transferability of the SAW method from
small radial journal bearings to planetary journal bearings. The results show that different friction states can be detected
using the SAW method. The paper gives insights to the application of the measuring equipment, the operation conditions
analyzed and into the analysis of the data. The CMS for the planetary journal bearing based on SAW presented here is
the first of its kind and represents a major step towards the continuous monitoring of journal bearings in wind turbine
drive trains. Through a future introduction of a fully developed SAW-based CMS in the field application in wind turbines
an early detection of critical operating conditions for journal bearings can be achieved. Thus, the prevention of gearbox
damage and the reduction of costs for operation and maintenance due to journal bearing failures can potentially be made
possible.

1 Introduction

Wind energy makes the largest contribution to the electric-
ity supply from renewable energy sources. Wind energy
covered over 27% of Germany’s electricity consumption
in 2023, making it the most important energy source in
This article is based on a previous contribution of some of the the Ger@an electr}mty mix ahead Of .fOSSII fuels [1]. T.O
authors to “VDI Fachtagung Gleit- und Wilzlager 2025”. further improve wind energy competitiveness, technologi-
cal research and development are focusing on the reduc-
tion of the levelized costs of electricity (LCOE). Increas-
ing the reliability of wind turbines (WT) plays a decisive
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of hydrodynamic journal bearings as planetary gear bear-
ings in the gearboxes [3]. Journal bearings can be operated
without wear if designed correctly. Their compact design
allows gearboxes to be designed with a higher torque den-
sity compared to rolling bearings [4]. For these reasons,
journal bearings have already been used successfully in the
field as planetary gear bearings for WTs for a number of
years [5]. Despite their high reliability and robustness, there
are events that pose a risk of damage to journal bearings
WT gearboxes such as strong mixed friction (e.g. due to
overload), overheating, failure of the lubricant supply [6],
or contamination of the lubricant with particles [7]. These
conditions can eventually lead to wear on the bearing and,
in the worst case, to a sudden component failure. Condition
monitoring systems (CMS) can be used to prevent damage
to machine components and reduce downtimes. These sys-
tems record information about the operating and degrada-
tion state of a machine component and communicate with
the system controller in the event of a critical condition
to prevent component failure. Technically established so-
lutions already exist for monitoring rolling bearings and
gears in WT drive trains [8]. Condition monitoring of tooth
flanks or rolling bearings mainly focuses on crack propaga-
tion, degradation, or fatigue progress of the component and
on deriving a remaining useful lifetime (RUL) to schedule
repair efficiently. Conversely, journal bearings are not sus-
ceptible to fatigue. In addition, journal bearing damage is
often caused by the above-mentioned operating anomalies
and adhesive wear rather than the relatively slow progres-
sion of abrasion. Therefore, instead of a RUL prediction,
condition monitoring of journal bearings often focuses on
determining the current load condition (load monitoring) to
detect and prevent critical mixed friction events with a low
latency. This concept of measuring the current operating
condition of journal bearings in WT gearboxes is currently
still the subject of research and development and is referred
to below as condition monitoring.

A few approaches for the condition monitoring of journal
bearings are discussed in the relevant literature: Apart from
the measurement of acoustic emission [9, 10] or tempera-
ture [11, 12], the measurement of surface acoustic waves
(SAW) is a CMS metric with high potential [13, 14]. The
SAW approach is known for its good sensitivity to friction
conditions in tribological systems (e.g. roller bearings [13]).
The SAW method has already proven to be suitable for de-
tecting friction conditions (e.g. mixed friction) in hydrody-
namic radial journal bearings. It has also been demonstrated
before that measuring SAWs in a journal bearing during op-
eration can enable the prediction of the oil film height by
means of machine learning [15]. In addition, the sensitivity
of the propagation behavior of SAWSs in a journal bearing to
a lubricant shortage or contamination of the lubricant with
particles was shown. These anomalous events can be de-
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tected via the change in the SAW signal pattern [16]. The
existing work on the application of the SAW method to
journal bearings is limited to experimental investigations at
an abstract level (small bearings on a component test rig).
Further investigations are needed for the application of the
SAW method on planetary journal bearings in WT gear-
boxes. The aim of this work is to demonstrate the transfer-
ability of the SAW method from radial journal bearings with
a small B/D ratio as presented in [15] to planetary journal
bearings. For this purpose, experiments are carried out on
two different journal bearing test rigs equipped with SAW
sensors and the measurement results are compared. The test
results are compared in terms of load and speed sensitiv-
ity and prediction of the friction state is carried out. The
prediction is done using a machine learning (ML) classifica-
tion algorithm. The prediction quality of both a multi-layer
perceptron (MLP) and a long short-term memory (LSTM)
neural network are compared.

2 Method

The basics of the SAW method are explained in detail in
[17] and the application to journal bearings is demonstrated
in [15]. SAWs are actively excited ultrasonic waves that
propagate along the surface of a solid substrate, the so-
called wave guide. In the context of this work, the slid-
ing surface of the journal bearing acts as the wave guide.
Figure 1 shows the SAW sensor setup for a radial journal
bearing. The system comprises two piezo-electric probes:
emitter and receiver.

The probes are glued into inward-facing radially bore-
holes underneath the sliding surface. The load zone (area of

Journal bearing

Amplitude

Surface
acoustic
wave

Receiver probe

Fig.1 Schematic visualization of the SAW setup on a radial journal
bearing [15]
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smallest oil film height hmin, and highest total pressure p;)
is located between the two probes. This arrangement of the
probes ensures that the SAWs propagate directly through
the load zone. The smallest distance on the sliding surface
between the two probes is referred to as the direct acoustic
path length lp. The SAW measurement is a cyclic process
executed multiple times per second [14]. During one ex-
citation cycle with duration tc the excitation signal X(t) is
emitted by the emitter probe and the response signal x(t)
is measured by the receiver probe. In Fig. 2 an exemplary
excitation wavelet is shown for fg = 350 kHz.

In this work, the excitation signal is a transient burst con-
taining a sinusoidal wavelet with the excitation frequency f
that is equivalent to [15]. The response signal x(t) measured
by the receiver probe is shown in Fig. 3.

The change in the propagation behavior of x(t) between
two excitation cycles provides information about the op-
erating status of the bearing and can be evaluated using
various measured variables:

The propagation time t and amplitude A are measured
at one particular phase of x(t) specified by the gate position
parameter tg. The integral value ¢ describes the amplitude

integral of x(#) within a certain range defined by the param-
eters to and At.

to+At
o= / x (t)dt (1

to

The evaluation parameters tg, to, and A¢f must be defined
specific to the receiver signal and are often chosen in the
range of the first wave packet that arrives at the receiver (e.g.
10ws in Fig. 3). This ensures that the evaluation refers to
a wave packet that has traveled the shortest path Ip through
the load zone. This is crucial, as an inversely running wave
packet (path 1, in Fig. 1) does not interact with the load zone
of the bearing, and is therefore unsuitable for evaluating the
friction condition.

2.1 Transfer of the SAW method to planetary
journal bearings

The propagation characteristics and thus also the quality of
the measurement performed by a CMS based on SAW de-
pend not only on the parameterization of the measurement
(excitation parameters, gate position fg and integral range
tp + At) but also on substrate material, the coating (e.g.
lubricant), bearing clearance, and the length of the path /p.
For this reason, the transferability of the SAW method from
small radial journal bearings to planetary journal bearings
must be explicitly investigated and evaluated. Tests on both
radial journal bearings (RJB) and planetary journal bear-
ings (PJB) equipped with the SAW measurement technol-
ogy are conducted and compared as part of this work. For
the RJB test the same setup as described in [15] is used.
Both bearing types are manufactured with the same material
(CuSn12Ni2-C) and the lubricant used in the experiments
is identical (ISO VG 320—PAO). A detailed comparison
of the bearing parameters of the two types of test bearings
used for this work is given in Table 1.

In Fig. 4, the measurement setup for the RJB is shown.
Both SAW probes are located at the same axial position (at

Table 1 Bearing parameters describing the two test scenarios (RJB and
PJB) used in this work

Parameter Symbol/unit Test rig

RIB PIB
Bearing width B/mm 30 115
Bearing diameter D/mm 120 100
B/D-ratio B/D/- 0.25 1.2
Rel. clearance v/ permil 1.1 1.1
Profile crowning R/pm 0 50
Acoustic path /- 0.14 0.72
ratio
Direct path length [p/mm 47 153

@ Springer
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Fig.4 SAW sensor setup on the radial journal bearing (RJB) compo-
nent test rig relative to the pressure distribution
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Fig.5 SAW sensor setup on the planetary journal bearing test rig (PJB)
relative to the pressure distribution

B=15mm) with the load zone indicated by the plot of the
pressure distribution located between both SAW probes.
Unlike the RJB on the component test rig, the PJB does
not experience uniaxial load (or radial load). It is also sub-
jected to a skew moment caused by the axial tooth forces
in addition to the radial force. This skew moment and the
tilted load zone (indicated by the pressure distribution in
Fig. 5) is typical for journal bearings of helical planetary
gears, such as those used in WT gearboxess. To cover the
entire load zone of the planetary journal bearing (area of
high hydrodynamic pressure) with the SAW method, the
emitter and receiver probes are positioned axially offset
(Bprobe1 = Smm, Bpoper = 100mm), unlike in the RIB
application. This design of the SAW setup leads to a larger
acoustic path length I, between the SAW probes on the PJB
compared to the RIB (see also Table 1). The ratio « of the
direct acoustic path length to the inverse path (Eq. 2) is
also greater on the PJB than on the RIB which hampers the
distinction between the SAW signal portions that propagate
directly through the load zone and the portion that propa-
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gate inversely. It must be verified whether this arrangement
allows for a sufficiently precise measurement on the PJB.

oz:l2 2)

The measurement setup for the planetary bearing is
shown in Fig. 5.

The PJB is a thin bronze sleeve that is mounted on the
planetary axle with a cylindrical press fit. Similar to the
RIJB, the SAW probes are glued into boreholes underneath
the sliding surface. For this purpose, boreholes are drilled in
the planet axle through which the SAW probes are inserted
into the pin material. A photograph of the PIB on the axle
equipped with the SAW probes is shown in Fig. 6a. The
assembled planetary bearing test rig is presented in Fig. 6b.
The test rig consists of three gears, where the meshing of
areal planetary gear between the ring gear and sun gear can
be reproduced. The planetary gear (center) is pressed onto
the stationary planet pin by the drive and output pinion. This

a
L] ' Journal bearing
N4
o / Pin
SAW system output cable

¢ Output pinion
== (sun gear)

EENIFLTES N

(ring gear)

Fig. 6 a Photograph of the planetary journal bearing (PJB) on the pin
with integrated SAW measurement setup, b Photograph of the assem-
bled gear configuration with the PJB on the test rig
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results in the load distribution characteristic of planetary
journal bearings (see also Fig. 5).

2.2 ML-based determination of the operating
condition

For the evaluation of the operating condition of the journal
bearings, a metric indicating the friction state is used in this
work. The A ratio (see Eq. 3) is often used as an indicator
of the operating condition of a journal bearing (distinction
between hydrodynamic operation and mixed friction). It de-
scribes the relation between the minimal oil film thickness
in the bearing hni» and roughness values R,; of the bearing
itself and its counterpart:

A = hmin (3)

,/R;1 + R;Z

In the literature, A = 3 is often specified as the transition
point between hydrodynamics and mixed friction [17]. The
minimal oil film height hyi, can be assumed to be a function
of the sliding speed vs and load p (temperature, lubricant
condition and viscosity influences are neglected in this work
for the sake of simplicity):

It is assumed that the sliding speed vs in the real applica-
tion (e.g. WT gearbox) is approximately known to the CMS
controller in real time via a sufficiently accurate analytical
model or easily measurable.

A regression model ©; (X;) is used to predict the external
load p. The input vector X;, at the time step i consists of
selected SAW signal features (e.g. signal amplitude A and
propagation time 7 at the gate position tg, and the signal
integral ¢). In addition, the sliding speed vs is also included
in the model input X;. On both the RIJB and PJB, the cycle
time tp is set to 1 ms. To remove potential noise and high-
frequency signal components the raw data is smoothed over
a defined time interval f, using a floating mean value filter
to create the model input X;.

7i = 0; (%)) 4

The approach according to Eq. 4 has a time-continuous
model output p; for each time step i, and therefore differs
from the ML model presented in [15], where a direct clas-
sification of lambda was performed. It is expected that the
existing method from [15] can be improved by the contin-
uous determination of p, as this allows the model output
to be compared directly with the external load. This as-
sumption must be verified on the basis of the test results.
For a robust determination of the specific pressure p using
Eq. 4, the load sensitivity of the SAW measurement should

input hidden output
layer layer layer
1 2 3 ny,
1 1 1 .-
2 2 2 2
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Fig. 7 Schematic depiction of the architecture of a multi-layer percep-
tron network

be as high and uniform over the whole range of operating
points, as possible.

For this work, two different machine learning model
architectures are considered: the multi-layer perceptron
(MLP) and the long short-term memory (LSTM). The
MLP’s architecture is defined by two hyperparameters:
number of hidden layers n, and number of neurons per
hidden layer ny (see also Fig. 7). In previous work, it has
been demonstrated that MLPs can be used for the detection
of critical operating conditions in RJBs using SAW mea-
surements with a classification accuracy of around 90%
[15].

The MLP takes the vector X; at a specific time i, as
input and therefore cannot evaluate the signal behavior over
time (e.g. modulation frequency). An alternative approach
is represented by so-called recurrent neural networks, such
as the LSTM. In this type of model, the connections of
a neuron to the next layer are supplemented by a cyclic
connection to itself again. In addition to the aforementioned
hyperparameters, the time length of the input sequence N is
a relevant parameter for the LSTM network. It is assumed
that the detection accuracy can be further improved by using
the LSTM network compared to the MLP approach. This
also needs to be verified.

@ Springer
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Fig.8 Distribution plot of the specific oil film height A over sliding
speed vs and specific pressure p for the RJB (a) and the PJB (b) simu-
lated with EHD-models

2.3 Definition of the test procedures

In this work, the values for A were calculated as a func-
tion of p and vs using EHD simulations of the two journal
bearings. For the sake of simplicity A(p,vs) is calculated
under the assumption of a constant bearing temperature. In
Fig. 8, the specific oil film height A is shown for the RIB
and PJB. Due to the different bearing geometries (see also
Table 1), the distributions of the specific oil film height dif-
fer between RIB and PJB. The critical limit of A = 3 on
the PJB is reached at significantly greater load compared to
the RJB.

Different procedures were defined for both test cam-
paigns as part of this work to encompass a specified op-
erating range. To establish comparability between the two
tests, the Sommerfeld number So was used as an equiva-
lence criterion according to Eq. 5.

7
n-w

So (@)
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The specific pressure p and the sliding speed vs were set
so that equivalent Sommerfeld numbers were achieved on
both test rigs during the experiments.

3 Results

This chapter discusses the SAW measurement results of
the experimental campaigns, on the RIB and the PJB test
rig. The achieved sensitivity of the SAW data regarding the
operating conditions is compared. Subsequently, the gener-
ation of two data sets and the training of regression models
for predicting the operating point using SAW measurement
data are described, and the prediction results of the models
are discussed.

Numerous experiments were carried out for both bearing
types (RJB and PJB), and the measurement data for train-
ing the MLP regression was combined into one data set
each. Each data set contains measurements from start-stop
tests and test runs in which the entire operating range of the
journal bearing is covered. In Fig. 9, an excerpt of the start-
stop experiment from the PJB test is shown. Sliding speed
vs and specific bearing pressure p are shown in the upper
plot. One start-stop cycle lasts around 40sec and the oper-
ating point (p and vs) reached within each cycle is varied
with each cycle to achieve a certain variance in the training
data and thus robustness in the regression. The SAW prop-
agation time measurement  is shown in the lower plot. It
was demonstrated before, that for the RIB application the
characteristic SAW features (such as the propagation time
7) modulate with the rotational frequency w of the shaft
[15]. This observation can also be made for the PJB as the
propagation time signal modulates during the start-stop cy-

0.6 : : 15
e
=] =]
g » 0.4} 10 3 o
o £S
=N 5
0.9 200 400 600
E : ,
£ 39.0}
()
=
‘= 388
[l
S
5 38.6
o
) . |
= 0 200 400 600
time t /s

Fig.9 SAW propagation time measurement from the start-stop exper-
iment on the PJB test rig
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Fig. 10 Measurement results for the SAW integral value relative to the
sliding speed and specific pressure for the RJB test rig (a) and the PJB
test rig (b)

cle (see Fig. 9). The modulation increases with the speed
of the planet gear (sliding speed vs).

3.1 Load and speed sensitivity

In previous work, it has been shown that SAW signal fea-
tures (e.g. the integral value o) are sensitive to the minimal
oil film height hni, in a journal bearing [15]. In Fig. 10,
the SAW measurement results for the RJB (a) and PJB (b)
are shown in comparison. The surface plots show the SAW
amplitude value A as a function of specific pressure p and

sliding speed vs. It is noteworthy that the SAW amplitude is
significantly more sensitive to the specific pressure on the
RJB than on the PJB. Particularly at a high sliding speed
(approx. 0.4m/s), only a small variance (gradient) of the
SAW amplitude on the PJB can be observed with varying
pressure. One possible explanation for this may be the in-
creased acoustic path length /p on the PJB (c.f. Table 1). At
small sliding speed (approx. 0.1 m/s), a good sensitivity to
the specific pressure is achieved at the PJB as well.

Table 2 shows the largest and smallest values for the load
and speed sensitivity derived from the measurement of the
SAW amplitude value A in Fig. 10. For a robust determina-
tion of the specific pressure p using Eq. 4, a load sensitivity
that is as uniform and high as possible is desirable. The re-
sults show that the load and speed sensitivity depend on the
operating point. The integral values ¢ for the RJB and the
PJB show the same behavior.

In addition, it must be investigated whether the appar-
ently lower load sensitivity has a negative influence on the
prediction accuracy of the machine learning models.

3.2 Surrogate model validation

To train the surrogate models (MLP and LSTM), a training
dataset is used that contains data comprising the entire p—vg
envelope shown in Fig. 10, as well as start-stop experiments
as shown in Fig. 9. In total, the training dataset covers an
experiment duration of 13h. The quality criterion of the
regression MSE (mean square error) is used to compare
the load prediction of the surrogate model ®; (X;) with the
actual load applied p; (see Eq. 6).

1 m . o

MSE = — ; (©; (%) -7;) (6)

In Table 3, the results of the hyperparameter optimization
are shown together with the achieved scores of the models
on the training data.

The result of the hyperparameter optimization for the
LSTM models on RJB and PJB are listed in Table 4.

For the validation of the trained regression models, addi-
tional procedures are tested on both test rigs with which the
real operation of a WT journal bearing is simulated. The

Table2 Summary of the

. Value Symbol/unit Test rig

measured maximum and

minimum speed and load RJB PIB

sensitivity of the integral value Max. speed sensitiv- ALl Vs/m 1.8825 3.1358

o on the RIB and PJB test rig ity 5 lmax

derived from the measurement - dA

data shown in Fig. 10 Max. load sensitivity v . /V/MPa -0.0659 -0.2289
Min. speed sensitiv- :TAS /Vs/m 0.0008 —-0.0004
1ty min
Min. load sensitivity Z—%‘I ~/V/MPa -0.0101 -0.0001
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Table 3 Hyperparameters and
surrogate model quality results
for the optimal MLP networks
for regression on the data from
RJB and PJB

Table 4 Hyperparameters and
surrogate model quality results
for the optimal LSTM networks
for regression on the data from
RJB and PJB

Value Symbol/Unit Test rig

RIB PJB
Hyperparameter
Number of layers ny/- 15 8
Number of neurons per layer ny/- 154 210
Down sampling tp/ms 1076 1402
Model quality on the training data
Mean square error MSE/MPa 0.171 0.359
Model quality on the validation data
Mean square error MSE/MPa 0.024 0.43
Value Symbol/Unit Test rig

RJB PJB
Hyperparameter
Number of layers ny/- 7 4
Number of neurons per layer ny/- 172 375
Down sampling tp/ms 70 364
Sequence length N/- 102 108
Model quality on the training data
Mean square error MSE/MPa 0.02 0.118
Model quality on the validation data
Mean square error MSE/MPa 0.017 0.293

procedures contain numerous relevant design load cases
(DLCs) for journal bearings in WT gearboxes. These DLCs
can be described as combinations of load and speed. The
IEC 61400-4 design standard for WTs distinguishes differ-
ent operating conditions for a WT gearbox journal bearing
[18]. In Fig. 11, an approximate load-speed envelope curve
is shown, on which the validation tests for this work are
based.

141 ===+ power curve
load speed envelope
L 121
S
~ 101 I
Q. )
2 Z
2 81 >
5 s
g, at
o 6 7 1o
= ,-"A =idling
2 49 ,»7 B = grid connection
w) 7 .
e C = partial load
21 3’ D = full load
. B operation

00 01 02 03 04 05 06
sliding speed Vs /m/s

Fig. 11 Operating condition of the journal bearing covered by the test
campaign (based on a WT torque speed envelope) (Operating regimes
based on [18, , 19])
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A comparison between the time series of the real load
P applied and measured on the test rig (blue curve) and
the prediction from the MLP surrogate model (green dotted
curve) is given below. In Fig. 12, a section of the valida-
tion procedure on the RIB test rig is shown. The valida-
tion procedures contain combinations of the load cases A
to D shown in Fig. 11. The validation results show that
dynamic load changes are well represented by the load re-
gression. There is no significant latency between the actual
applied load and the prediction from the surrogate model
based on the SAW measurement. However, certain devia-
tions between the actual load and the surrogate model can
be observed for the longer load levels indicated by the error
values Eyip and Epsyy plotted in red. The maximum devia-
tion is limited to below 2 MPa and no significant difference
between the two models can be observed.

Figure 13 shows that the regression result for the PJB
is significantly noisier than for the RJB. This is due to
a generally noisier input data from SAW measurements to
the models. Thus, the MLP, taking a single time sample X;
as input, yields a prediction with a comparable quantity of
noise. In contrast, the LSTM works with time series as input
values and therefore provides predictions that are less noisy
over time. The dynamic behavior of the surrogate models
is similar for the PJB and the RJB. The validation results
from the PJB test show that the maximum deviation of
the actual load and the predicted load is greater in steady-
state operation than in the RJB test (above 2MPa). This
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Fig. 12 Load prediction result for the RJB test from MLP and LSTM
model

can be explained by the lower load sensitivity on the PJB
mentioned above (compare Fig. 10b).

From the results in Figs. 12 and 13, it can be concluded
that a good load prediction result can be achieved by ex-
tending the training data sets compared to the approach
presented in [15], and selecting suitable model parameters
for both bearings. The comparison of the machine learning
models MLP and LSTM shows that although the LSTM
produces less noisy results due to the time-based process-
ing of the data, it has a higher absolute error for the PIB
than the MLP. In the following, the MLP is therefore used
for the evaluation of the friction state.

Following the load regression using the surrogate mod-
els, the friction state A is determined on the basis of
the SAW measurement data, the predicted bearing load
Oumrp (X;). and the EHD results from Fig. 8. In Fig. 14,
the results from the friction state calculation on RJB and
PJB are shown in comparison. The friction state prediction
A (green dotted curve) is interpolated from the EHD re-
sults as a function of the sliding speed vs and the prediction
result for the load © . p (X;).

The threshold value for the transition from hydrody-
namic operation to mixed friction (A = 3) is indicated with
the horizontal grey line. A specific oil film height (friction
state) A less than 3 mainly occurs during start and stop pro-
cesses (e.g. t = 700 sec and t = 1000 sec in Fig. 14). During
the presented time frame, both bearings do not experience
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Fig. 13 Load prediction result for the PJB test from MLP and LSTM
model

the exact same values for A. This can be explained by using
the Sommerfeld number So as the criterion for transferring
the test procedures from the RJB test rig to the PJB. This
approach merely approximates the operating states of the
bearings. Nonetheless, a precise prediction of the specific
oil film height is achieved on both bearing types.

4 Discussion and outlook

This paper discusses an approach to determine the frictional
state of a planetary journal bearing using SAW measure-
ments. The existing method for a radial journal bearing was
successfully transferred to a planetary journal bearing. The
SAW measurement data was used to train machine learning
models (MLP and LSTM) for a prediction of the friction
state A based on regression. The results show that the MLP
model yields the best prediction of the friction state for both
test applications demonstrated in this work.

The present study has demonstrated the capability of
a SAW-based CMS in predicting the lubricant film height
and therefore the operating condition of a journal bearing.
In an online application this status information about the op-
erating condition can be transferred to a WT controller, aid-
ing in the avoidance of critical states. However, before this
method can be integrated into a real turbine controller soft-
ware and tested in the field, further validation is required,
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Fig. 14 Time series for the prediction of the specific oil film height A
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which will be conducted in a full-size WT gearbox test.
Thus, future studies will address the behavior of a SAW-
based CMS for planetary journal bearings in a real wind
turbine gearbox to further increase the confidence in the
method. This is necessary since the experiments presented
in this work are limited to component test rigs.

In the context of this work, the parameterization of the
SAW measurement (excitation frequency, number of cy-
cles of the excitation wavelet, position of the gates, etc.)
is done manually. This involves a high degree of uncer-
tainty for parameterization errors. Depending on the choice
of parameters, the measurement of the SAW characteristic
values may only have a low load or speed sensitivity. To
further improve the method shown here, it is advisable to
develop an optimization approach for the SAW parameter-
ization, for example. Such a method will be addressed in
future work.

As part of this work, the design decision for the SAW
application on the PJB (positioning of the SAW probes) was
made on the basis of empirical values and experience. With
regard to the position and the coupling of the transducers to
the bearing substrate, there is also potential for optimization

@ Springer

in future studies. The sensor positioning and its influence
on the measurement’s sensitivity as well as the influence
of the bearing material and design (conventional bearing
sleeves and laser cladded bearings) will be subject to future
research.
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