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Preface 

 

It was our great honor and pleasure to host the SIRM Conference after 2003 and 2011 for the third 
time in Darmstadt. Rotordynamics covers a huge variety of different applications and challenges 
which are all in the scope of this conference. The conference was opened with a keynote lecture 
given by Rainer Nordmann, one of the three founders of SIRM “Schwingungen in rotierenden 
Maschinen”. In total 53 papers passed our strict review process and were presented. This 
impressively shows that rotordynamics is relevant as ever. These contributions cover a very wide 
spectrum of session topics: fluid bearings and seals; air foil bearings; magnetic bearings; rotor blade 
interaction; rotor fluid interactions; unbalance and balancing; vibrations in turbomachines; vibration 
control; instability; electrical machines; monitoring, identification and diagnosis; advanced numerical 
tools and nonlinearities as well as general rotordynamics.  
 
The international character of the conference has been significantly enhanced by the Scientific Board 
since the 14th SIRM resulting on one hand in an expanded Scientific Committee which meanwhile 
consists of 31 members from 13 different European countries and on the other hand in the new 
name “European Conference on Rotordynamics”. This new international profile has also been 
emphasized by participants of the 15th SIRM coming from 17 different countries out of three 
continents. 
 
We experienced a vital discussion and dialogue between industry and academia at the conference 
where roughly one third of the papers were presented by industry and two thirds by academia being 
an excellent basis to follow a bidirectional transfer what we call xchange at Technical University of 
Darmstadt. At this point we also want to give our special thanks to the eleven industry sponsors for 
their great support of the conference.  
 
On behalf of the Darmstadt Local Committee I welcome you to read the papers of the 15th SIRM 
giving you further insight into the topics and presentations. 
 

 

Darmstadt, Germany, May 2023 

Stephan Rinderknecht 
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Figure 2: Feature maps of the adapted WDCNN for embedding vibration data

3.2 Dataset
The data was acquired with a small-scale azimuth thruster test bench designed to share the lowest natural

frequencies with a real thruster [4]. This test rig includes two servomotors at both ends of the drivetrain. The
first servomotor serves as the driving motor, and the second simulates the propeller loads of the thruster. The
test-rig also includes two gearboxes (gearbox 1 and 2) with gear ratios of 1:3 and 1:4, respectively. The test bench
was modified by replacing gearbox 2 with a bevel gear with an open structure, which enabled the introduction of
versatile deliberate gear faults.

Four accelerometers were used to measure vibration data simultaneously. The accelerometers are named here
S1, S2, S3, and S4. S1, S2, and S3 were mounted on the second gearbox at 90 degree angles to each other. S4 was
mounted on a bearing support between the drive motor and gearbox 1. All of the accelerometers had a sampling
rate of 3 kHz. Figure 3 shows the test rig at the configuration employed for data acquisition for this study.

Figure 3: A small scale azimuth thruster with the relevant parts indicated. The large gear box contains the bevel
gear where artificial gear faults were produced.

The dataset includes measurements of 10 different health states. The first state is the healthy state with no
changes to the powertrain, and the remaining 9 are fault states. The fault states were created by attaching thin
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metal sheets, referred to as shims from here on, to the teeth of the pinion gear of gearbox 2 shown in Figure 3.
One, two or three shim sheets were added at a time, with thicknesses of 0.01 mm, 0.03 mm, or 0.05 mm. All
sheets added at a time were the same thickness. The attached shims change the vibration pattern of the test bench,
as seen in Figure 5. Each of the health states were measured at 6 different drive motor speeds: 250, 500, 750,
1000, 1250, and 1500 RPM. For the rest of this paper, a class refers to a combination of a health state, an operating
speed expressed in RPM and the sensor used to measure it. The combination of fault states, drive motor speeds
and sensors add up to 10 · 6 · 4 = 240 possible separate classes. A breakdown of the dataset can be seen in Figure
4.

× ×

no shim

1 × 0.01 mm shim

2 × 0.01 mm shim

3 × 0.01 mm shim

1 × 0.03 mm shim

2 × 0.03 mm shim

3 × 0.03 mm shim

1 × 0.05 mm shim

2 × 0.05 mm shim

3 × 0.05 mm shim

Health state

250 RPM

500 RPM

750 RPM

1000 RPM

1250 RPM

1500 RPM

Operating speed

S1

S2

S3

S4

Sensor

Figure 4: Breakdown of all the different variables that form a class in the dataset.

Each combination of fault state and RPM was recorded for 150 seconds. The recordings were divided into 2
the second windows used as examples in this study. The 2 second example corresponds to 6000 sensor samples at
the 3 kHz sampling frequency. These time series examples were employed in training and testing. The 2 s window
size was chosen to include one or more pinion gear revolutions per example even at lower drive motor speeds. At
the lowest drive motor speed (250 RPM) the pinion gear with the shim sheets rotates at a rate of 1.389 1/s. Figure
5 shows two examples at 1000 RPM: the first with no shims attached and the second with one 0.05 mm shim sheet
attached.

Figure 5: Examples of the 2 second windows used in training and testing the model at 1000 RPM: (a) no shims
(b) 1 x 0.05 mm shim

Paper-ID 29363



3.3 Training
The classes in the dataset were divided into test and training sets depending on the test case. To increase the

amount of examples available for training, example overlap was used. Support and query example pools were not
kept separate, but no overlap was allowed between support and query examples.

Training was done with successive N-way K-shot episodes as described by Snell et al. [19]. All training was
done with one-shot classification problems, i.e. K=1. Ten classes per episode, i.e. N=10, were used in training
for both 5-way and 10-way tests. The L2 distance was used as the distance metric between query embeddings and
prototypes. Loss for each training episode was calculated using cross entropy loss.

For training, the standard stochastic gradient descent (SGD) optimizer with a learning rate of 0.0076, momen-
tum of 0.95, and a weight decay of 0.0012 was used. Additionally, a step learning rate scheduler was used with a
step size of 10 and a gamma of 0.99. The embedding vector length used was 512. Values for the hyperparameters
were found with a combination of manual testing and the hyperparameter optimization framework Optuna [1].

4 Results
This section presents the results for two case studies: sensor to sensor and RPM to RPM experiments. In the

sensor to sensor experiment, a separate model is trained with each sensor and then tested against each of the rest. In
the RPM to RPM experiment, models are trained with either a set of low or high operating speeds and then tested
on the other. Test runs were repeated 10 times to mitigate the stochastic nature of neural network training. The
accuracy of each separate test run was computed using a number of random episodes depending on the experiment
type and the results shown are the averages of these test runs. It is important to note that the full test set includes
more than N classes, but only the classification accuracy of the N classes in an episode, 5 for 5-way and 10 for
10-way, is considered. Different combinations of these N classes were used to give a more robust estimate of the
models performance.

4.1 Case study I: Sensor to Sensor experiments
This case study evaluates how well the model generalizes to vibration samples from sensors it has not been

trained on. A model was trained on each of the four sensors separately, and then tested against all of the remaining
sensors. Figure 6 shows classification accuracies for these experiments. The average accuracy in the 5-way case
is 96.23 %, and 92.07 % in the 10-way case. We can also see that in both cases models trained with sensors S1,
S2, and S3 generalize very well when tested on any of the other two sensors. This shows that the method is robust
to changes in sensor orientation. When the model is trained or tested on S4, the results are slightly worse, but the
model is still able to generalise even with the change in sensor location.

Figure 6: 5-way (a) and 10-way (b) results of the sensor to sensor experiments. Each accuracy is an average over
10 test runs.
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4.2 Case study II: RPM to RPM experiments
This case study evaluates how well the model generalizes to unseen drive motor speeds. Models were trained

on low operating speeds and tested against high operating speeds (low-to-high) and vice versa (high-to-low). The
low operating speeds include 250, 500, and 750 RPM, and the high operating speeds include 1000, 1250, and 1500
RPM. All 10 health states were used. Furthermore, this case study was divided into two sub-experiments. In the
first, training and testing were done separately for all sensors. In the second, the model was trained on all sensors
and then tested separately against each sensor.

Figure 7 shows the classification accuracies of the single sensor training sub-experiment. From the figure we
can see that relatively good accuracies were achieved when generalizing to operating speeds closer to the ones
used to train the model with. However, especially in the low-to-high case, accuracies are promising even on the
operating speed furthest from the ones used for training.

Unlike in the sensor to sensor generalisation experiment, clear differences can be seen between the sensors.
The best performing sensor is S2, which maintains a nearly 90 % accuracy in all of the cases when tested on the
two RPMs nearer to the training values. On the other hand, S3 is over 20 pp worse than S2 in some comparisons.
Sensor alignment thus seems to have a major impact on generalization between operating speeds, as sensors S2
and S3 are located very close to each other.

Figure 7: 5-way (left) and 10-way (right) classification accuracies of the RPM to RPM experiments when each
model was trained with a single sensor. The upper half show results when trained on high operating speeds and
tested on low operating speeds, and the bottom half shows the opposite case. Each accuracy is an average over 10
test runs.

Figure 8 shows the results for the multi sensor training sub-experiment. Similarly to the single sensor training
sub-experiment, overall results are better when testing against operating speeds closer to those used for training.

Paper-ID 29365



However, in contrast to the single sensor case, there is slightly less differences between the accuracies achieved
with each sensor.

Figure 8: 5-way (left) and 10-way (right) classification accuracies of the RPM to RPM experiments when each
model was trained with all sensors and tested on a single sensor. The upper half shows results when trained on high
operating speeds and tested on low operating speeds, and the bottom half shows the opposite case. Each accuracy
is an average over 10 test runs.

Table 2: Comparison between training each model with a single sensor (single-type) and training each model with
all the sensors (multi-type)

Trained w/ N-way Type Min [%] Mean [%] Max [%]

High 5 Single 65.73 81.97 94.16
Multi 69.96 83.09 93.30

10 Single 46.10 69.16 89.01
Multi 53.49 71.13 86.73

Low 5 Single 72.07 83.25 90.76
Multi 74.82 85.12 92.43

10 Single 55.61 70.57 80.94
Multi 57.38 72.98 85.29

The minimum, mean, and maximum accuracies of the different test cases for single and multi sensor training
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are summarized in Table 2. On average, training on multiple sensors results in 1.84 % better results than training
on a single sensor. Additionally, in no case was the mean accuracy worse or the minimum accuracy lower when
trained on multiple sensors than when trained on a single sensors. However, in some cases better maximum
accuracies were achieved when the model was trained with only the sensor used for testing. This would indicate
that training on multiple sensors can be beneficial even when results from the exact sensor used for training are
available, depending on the aim of the model.

5 Discussion
The results for both sensor to sensor and RPM to RPM generalization are promising for future applications.

Case study I (Section 4.1) shows that the few-shot learning model generalizes well to sensors it has not been trained
on. That is, the model diagnosis accuracy was satisfactory on previously unseen vibration patterns acquired with
sensors in new orientations and in new locations. This implies that few-shot learning models could generalize to
fleets of rotor systems, without a need to train a separate model for each separate system.

Case study II (Section 4.2) shows that the method generalizes to a relatively broad range of operating speeds.
This removes the need to manually create examples of rotor faults at a large number of possible operating speeds,
significantly reducing the need for manual work. Few-shot learning also seems to be a promising model in sit-
uations where an artificial dataset is hard to create and real world data is only sparsely available from multiple
operating conditions.

Few studies demonstrating such detailed results on few-shot rotor fault diagnosis generalization between sen-
sors and operating speeds have been done before. The differences in vibration signals from different operating
speeds are especially large in this study, as the different RPMs used were from such a large range. The changes
in the operating speed change both the amplitude of the vibration signal, and the number of rotations captured in
each sample.

An interesting topic for future research would be studying the change in generalisation when using examples
converted into the frequency domain. Studies have shown good results in machine health state classification when
using frequency domain input [5, 8, 23]. Another path for research would be studying results when both testing
sensor and operating speed are different than the ones used in training. Lastly, showing the ability to classify
multiple faults occurring simultaneously is important for industry use.

6 Conclusions
In this paper a few-shot learning method shown to generalise well with a low number of examples in classifi-

cation problems was applied to vibration data. Generalisation across operating speeds and from sensor to sensor
were tested. The trained models were found to generalize well to similar sensors and to operating speeds relatively
far from those used in training. Overall these results are significant in showing that few-shot learning could be a
viable method for use in condition monitoring applications. Especially so when it is not possible to separately train
a model for each possible machine and operating condition. Improving the generalisation abilities of ML based
rotor system fault diagnosis models would increase their usefulness in industry applications.
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Abstract
Most turbocharger rotors in vehicles are operated within oil-lubricated fluid film bearings. However, for high

performance and reduced friction losses a ball bearing system is superior. But there are several technical challenges
that need to be mastered in order to design, build and produce a reliable product for series applications. Examples
are high temperatures and temperature ranges due to the exhaust gases and different surrounding conditions in
combination with tight clearances and furthermore the fast rotational speeds at which these machines are typically
operated. In particular for the latter mentioned, vibrations, inherent to rotating devices, are gaining on importance.
They frequently come along with either high dynamical loads, which could lead to a failure of the bearing or
overall system, generate noise or both.

Besides hardware testing simulation is utilized to cope with the systems behaviour and investigate the source
as well as the vibration characteristics. To do this, a flexible rotor model of the turbocharger is coupled to a non-
linear ball bearing model considering the specific geometry and number of balls, for example. Here, and in contrast
to many other rotating machines operated in two separate bearings, a single bearing cartridge design is utilized.
Run-up simulations within time-domain are performed and compared with measurements with good agreement.

1 Introduction
Developing a new vehicle engine requires the definition for targets, which depend on the specific type of

vehicle, target customers, pricing, etc.. But now-days, independent of these criteria there is additional requirement
gaining on importance: sustainability. This copes for example with the used materials, production methods, overall
energy consumptions and emissions. In order to reduce the required energy and emissions of the vehicle during
operation, a turbocharger for combustion engines improves the engine’s efficiency and enables downsizing. Thus,

(a) Cross section of a turbocharger in ball bearings. (b) BorgWarner’s ball bearing cartridge design.
Figure 1: Design of turbocharger and cartridge
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Symbol Bezeichnung Wert
compressor wheel diameter 41mm
turbine wheel diameter 35mm

nmax maximum rotational speed (hardware) 260 krpm
m rotor mass ≈ 110 g
nW number of balls per row 9
Rbh cartridge radius (outside) 8.5mm

Table 1: Quantities of the turbocharger rotor and bearing system.

the same power can be provided with a smaller engine displacement, resulting in a lower fuel consumption and
reduction of CO2- Emissions.

Aiming for a maximization of the engine’s performance, the efficiency of the turbocharger should be maxi-
mized, too. Typically, a customization of the turbocharger according to the engine requirements starts with defini-
tion and selection of the aero components within a matching process. Consequently, the compressor and turbine
wheel and the volutes are defined and designed. Furthermore, when the overall performance of the turbocharger
is quantified, friction losses from the bearing system are taken into account. When targeting an optimizing of the
performance, these losses have to be minimized. Most turbochargers are operated in oil lubricated radial and axial
bearings. there, during operation a load carrying fluid film is build, separating rotating and non-rotating parts.
Shear stresses within the fluid result in friction torque acting on the rotor, and thus, generates power loss. The
friction torque depends on the viscosity of the fluid. Reducing the viscosity will reduce the friction losses, but
could lead to severe vibration issues and might end up in a failure of the rotor-bearing system. Another approach
to minimize bearing friction is to introduce a rolling element bearing system, [17].

Figure 1 shows an example of a turbocharger with a ball bearing system. Within the cross-section, as depicted
in Figure 1a, the turbine wheel is located on the right, the compressor wheel on the left and the bearing housing in
between, including the ball bearing cartridge in its centre. The bearing system is pre-assembled as a cartridge, see
Figure 1b. It consists of two sets of spherical rolling elements, their cages, two inner and a single outer ring. Table
1 lists some properties of the system.

Since turbocharger applications with ball bearings are less common than with oil lubricated bearings the avail-
able literature is also less extensive. Some fundamentals about bearing modelling are published in the book of
HARRIS and KOTZALAS [8], the dissertation of WENSING [16] or the publication [6] of LIEW et al. for example.
TANIMOTO et al. present in [15] the superior behaviour of silicon nitride ceramic balls over steel balls in automo-
tive turbo charger bearings. The system discussed here uses this material, too. DANIEL et al. investigate in [4]
the dynamics of turbochargers operated in ball bearings. But, in contrast to the presented system it utilizes two
single deep grove ball bearings. ASHTEKAR and SADEGHI investigate within [1] the dynamics of a turbo charger
test rig and a coupled dynamic model for commercial vehicles applications with larger wheels and lower rotational
speeds. In [2], CONLEY and SADEGHI measured the turbo charger motion and derive an overall simulation model
including a ball bearing cartridge system. Similar to here, sub-synchronous vibrations at low speeds are observed.

2 Performance Measurement
The friction generated within the bearing system is experimentally determined on a special test rig at Borg-

Warner’s Tech Center, see Figure 2a. Figure 2b shows as an example the measured and post-processed data of the
smallest available bearing cartridge design of BorgWarner (framesize BB01) and of an equivalent oil-lubricated
bearing system tested with the same rotor. The test was conducted with a 0W20 oil for identical supply conditions,
i.e. 90 ◦C, 2 bar. The diagram shows the power losses over the rotor speed for each core group, normalized by
the maximum power loss of the ball bearing system. It can be seen, that the journal bearing system generates a bit
more than twice as much friction losses as the equivalent ball bearing system independent of the rotational speed.
Thus, a turbocharger operated in ball bearings has a higher (thermodynamic) efficiency and furthermore operates
superior in transient operation. For example, if the driver wants the vehicle to accelerate quickly, the turbocharger
requires, due to the lower friction in the bearing system, a shorter time to reach its max. speed. Consequently, the
supplied air of the turbocharger within a constant time frame is higher and the acceleration of the vehicle improves.

But, due to the very high rotational speeds of these systems dynamical loads and vibrations topics or rotor
dynamics in general have to mastered. In order to analyse, simulate and design the rotating components and the
bearing system a simulation model is derived, validated and utilized.
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(a) BorgWarner’s turbo friction test rig in Kirchheimbolan-
den.
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(b) Comparison of bearing friction power losses over rotor speed.

Figure 2: Friction test rig and measured friction.

3 Physical Model
The overall simulation model combines three sub-models of the rotor, the ball bearing cartridge and a fluid film

model representing the squeeze film dampers acting between cartridge and bearing housing. All sub-models are
fully coupled within the numerical simulation and solved in parallel. Each sub-model is briefly introduced in the
following subsections.

3.1 Bearing Model
3.1.1 Macro geometry, positions and velocities
Within the bearing cartridge, see Figure 1b, two sets of spherical rolling elements, two inner and a single outer

ring are modelled. Similar to conventional deep groove ball bearings, each set is built of nW number of balls with
the same diameter dW , see Figure 3b. Furthermore, both inner and outer rings are geometrically defined by their
radii of curvatures rJ and rA, see Figure 3a, and the inner- and outer-ring raceway contact diameter di and do, see
Figure 3b. The bearings are designed with clearance. The diametral clearance

Gr = do − di − 2dW (1)

(a) (b)
Figure 3: Geometry paramaters of the ball bearing model.
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Figure 4: Angles and velocities of moving parts within the bearing.

quantifies the distance the inner ring can translated within the cross-sectional plane in total, when the position of
the outer ring is fixed. Similar, the axial clearance Ga measures the overall distance the inner ring can translate
axially. In the later mentioned case a line defined by both contact points between balls and raceways defines the
free contact angle α0, see Figure 3a. In general, during operation, the displacement of the inner ring will neither
be purely radial nor purely axial. And, as a result, only a reduced number of balls are in contact with both rings
at a certain time t. To identify the active balls, which are in contact with both rings, the positions of all balls with
respect to a space fixed reference frame have to be determined.

Under the assumption of pure rolling the relative velocity of both contact points on a ball and a ring are equal
zero (no slip). The speed of the inner ring raceway can be deduced through the angular velocity of the rotor and its
diameter vJ = ω di2 , see Figure 4. The velocity of the outer ring, since not rotating, is zero, vA = 0. Thus, through
linear interpolation, the translational velocity of a ball’s centre can be determined as

vW =
1

2
(vJ − vA) = ω

di
4
, (2)

and consequently the angular velocity of the cage as

ωK ≈
2vW

dW + di
=

di
2(dW + di)

ω. (3)

The corresponding position of the considered ball can then be deduced by integration with respect to time

θWj (t) =

∫
ωK dt, (4)

while the initial position of one ball θWj
(t = 0) is, without loosing generality, assumed to be zero. Since the

bearing has a cage guiding the rolling elements, but which is not physically modelled, the position of all other balls
can be deduced using the angle δW = 2π

nW
between two neighbouring balls, see Figure 4. No equation of motion

for each ball is considered within the model, their position is deduced from the kinematics of the surrounding and
moving structures.

3.1.2 Contact Model
Due to the clearance, only a few balls are in contact with both rings when the shaft is rotating. Solely, only the

active balls are transferring the loads from the rotor to the outer ring. For ideal geometries a point contact between
both bodies exist, which will result in high local contact pressures and stresses, causing a local deformation within
the contact zone. Hertzian contact theory [9], [10] is applied to describe the contact mechanics, see [11], [12], [5],
[8] e.g.. A lubricating fluid within the contact zone is neglected, which leads to the problem of dry contacts.

Figure 5a shows two generic bodies with a single contact point. Both bodies (Index 1 and 2) are approximated
- at least within the contact zone - by ellipsoids. The variables rix, riz, i = 1, 2 denote the principal radii of
curvature within two perpendicular directions. Both, convex and concave contact geometries are covered within
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