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Abstract. The paper investigates experimentally and numerically the nonlinear
dynamics of a rotor supported by Active Magnetic Bearings (AMBs) and sub-
jected to more or less severe motions from its support. In case of strong base
excitations, the rotor can contact its touchdown bearings (TDBs) which are
emergency bearings. The objective is to analyze the effect of the combination of
mass unbalance forces, base motion excitations and contact nonlinearities on a
rotor-AMB system response. The Finite Element method was used to model the
on-board rotor. External force vectors and matrices with parametric coefficients
related to the base motions appear in the equations of motion. The contact was
modelled with a bilinear normal contact law and the tangential sliding friction
effects are considered. Experiments were carried out on a lab-scale test rig that
was mounted on a 6-axis shaker. At this stage, only harmonic base motions were
considered. The numerical model was able to describe accurately the observed
phenomena. AMBs were able to maintain the system under control, and the
system remains stable even during the contact phase.
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1 Introduction

Turbomachinery play a key role in the transformation, extraction or transport of the
different types of available energies. Depending on the targeted applications, these
machines may have to face more or less severe environmental conditions, such as
turbomachinery used in nuclear plant when subjected to earthquake, as recently in
Fukushima where the station was deeply damaged. The same behavior could be
observed for Floating Production Storage and Offloading (FPSO) units used for the
offshore production and storage of oil due to large waves or stormy events. Turbo-
machines have to be able to withstand severe environmental conditions.

The base motion generates complex rotordynamics in particular in the case of
deformable foundations or base rotations yielding parametric instabilities. At certain
angular speed of the support, combined with the natural frequencies of the rotor,
instability zones emerge and depend on the amplitude of the rotation angle [1–3]. When
on-board rotors are supported by nonlinear bearings, complex dynamics are expected

© Springer Nature Switzerland AG 2019
K. L. Cavalca and H. I. Weber (Eds.): IFToMM 2018, MMS 62, pp. 340–349, 2019.
https://doi.org/10.1007/978-3-319-99270-9_24

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-319-99270-9_24&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-319-99270-9_24&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-319-99270-9_24&amp;domain=pdf


[4, 5]. Depending on the amplitude of the applied sinusoidal base motion (translation or
rotation), the rotor-bearing system exhibits periodic, quasi-periodic or even chaotic
motions. Therefore, the dynamic behavior of on-board rotating machines should be
carefully analyzed to improve the reliability and to maintain a maximal operability of
the machines.

Active magnetic beatings (AMBs) are increasingly utilized in industrial applica-
tions for their many advantages such as frictionless support, no lubrication system, and
a reduced footprint. They are inherently unstable, therefore a feedback control is
needed and the PID is the most implemented controller in industrial applications [6].
Rotor-AMB systems are systematically equipped with touchdown bearings (TDBs)
supporting the shaft when magnetic levitation is no more provided. In case of large
displacements, contact between the rotor and the TDBs could occur leading to potential
instabilities.

The use of magnetic forces can limit the effects of base motions. Several studies
showed the effectiveness of AMBs to maintain the system stable [7–9]. However, in
most cases, the amplitude of the rotor response due to the base motions was limited and
interaction with TDBs was not generated. Few studies have considered this nonlin-
earity triggered by base motions while AMBs still operate. This could lead to dan-
gerous rotordynamics such as backward whirl followed by dry whip instabilities [10].

This research project contributes to the improvement of knowledge concerning the
dynamic behavior of turbomachinery supported by AMBs when subjected to external
events. In particular, to investigate, numerically and experimentally, the dynamic
behavior of a rotor-AMB system subjected to strong base motion leading the rotor to
contact TDB while AMB still operate. The effects of flexible support was considered by
other researchers [11], in this study the support is considered rigid.

First, the modelling approach is developed with the implementation of the rigid
base motion inputs in the equations of motion. Then the experimental dispositive is
described. The results obtained are shown and discussed at the end.

2 Numerical Model

The different models needed to perform transient simulations considering a rotor-AMB
system subjected to external disturbances and potential TDB contacts are presented.
The on-board rotor and the touchdown bearing models are described separately; the
modelling approach is modular and each model can be either employed or not in the
simulations.

2.1 On-Board Rotor

Usually, the rotor is composed of shaft, bearings, discs, and unbalance distribution, and
here, the support is considered (Fig. 1). It is assumed that: the shaft is flexible and
modelled by beam elements for lateral analysis; the discs are rigid and symmetric; the
unbalance distribution is modelled by discrete masses and the support is rigid but
mobile.

Dynamic Behavior of a Rotor-AMB System Due to Strong Base Motions 341



Lagrangian method is used. It consists in describing the motion of the rotor with
respect to the rigid support R, as usually done in conventional rotordynamics studies
[12], and the support motion with respect to the ground Rg, which is a Galilean frame.
An intermediate frame is set-up to take into account the energy formulation of base
motion inputs and to investigate the deflection of the rotor neutral line in the frame
attached to the rigid support [13].

The Galilean frame Rg of center Og is fixed and attached to the ground. The non-
inertial frame R of center O is attached to the rigid base. And the local non-inertial
frame Rl of center Ol is attached to the deflection line of the rotor. The frames of
reference are first established and then vectors describing the different motions between
each others are calculated. To derive the different energies of each components of the
rotor, the instantaneous angular velocity vector and the position vector are needed.
These vectors are expressed with respect to the Galilean frame Rg in the rigid support
frame R. The energetic contribution and the virtual work of each components should be
calculated: the flexible shaft contributes with the kinetic and strain energies; the discs
with the kinetic energy; the discrete mass unbalances with the kinetic energy, and the
bearing restoring forces with the virtual work.

The different contributions of the base are expressed in the frame associated with
the rigid base in motion with respect to the Galilean frame. The base motions modify
only the kinetic energies. Once the energies are set-up, they are derived by using the
Lagrange’s equations leading to the equations of motion as:
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� �
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_xy
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with M, Ke and Cg are respectively the mass, the structural stiffness and the gyroscopic
matrices. X is the rotor rotational speed, d; _d; €d are the rotor displacement, velocity
and acceleration. Fmu is the mass unbalance force vector taking into account the normal
centrifugal and tangential centripetal forces. The subscript bm stands for the base

Fig. 1. On-board rotor frame
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motion effects. The external force vector Fbm contains all the contribution of the
translations of the support combined with its rotations, Fg the effect of gravity, Famb the
forces delivered by the AMBs, which is the output of an augmented PID that takes into
account the characteristics of the utilized AMBs. The model used is not developed in
this paper. Fc represents the TDBs contact force vectors that will be developed in the
next section.xx ; y; z is the rotational speed of the support along the direction x, y or z.
Cx
bm ; Kx

bm are the additional (gyroscopic or stiffness) matrices due to the support
rotations. Obviously, the support rotations introduce time-varying parametric excita-
tions that could generate lateral instabilities.

2.2 TouchDown Bearing Model

TDBs have two main functions. The first one is to protect the AMBs from large
unexpected transient loads that exceed the design capacity of AMBs. The second is to
ensure a back-up support when AMBs are no longer available.

Usually, a ribbon damper is fitted between the outer race and the housing; it brings
softness and damping when rotor-TDB interactions occur. TDBs generate contact
forces in normal fn and tangential ft directions, as shown in Fig. 2. The normal com-
ponent fn is described by a contact law. Its mechanical expression is given by Eq. (2),
where drs is the rotor-TDB relative clearance and drd is the ribbon crushing capacity.

fn ¼
kbrg drs � drdð Þþ cbrg _dþ keqdrd ; drs � drd
keqdrs þ ceq _drs ; drd [ drs � 0
0 ; drs [ 0

8<
: ð2Þ

with kbrg; cbrg the dynamic parameters of the ball bearing. When the rotor interacts with
the TDB, it first contacts the coupled ball bearing ribbon damper system, considered in
series mode. The related contact force is composed of the equivalent stiffness keq and
damping ceq. When the ribbon is fully crushed, meaning that drs � drd it only has a
static contribution and the rotor faces the ball bearing stiffness. This model is char-
acterized by softness and large damping when the ribbon is not crushed, then by a high
stiffness and a low damping.

Fig. 2. TDB model
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The tangential component ft considers the sliding friction generated at the rotor-
TDB interface due to different rotational speeds and considers the tangential damping
provided by the ribbon damper counteracting the rotor whirl. The sliding friction is
generated by using the regularized Stribeck model. The latter drives the TDB in
rotation and Xtdb represents its speed of rotation. An equivalent rotational inertia (balls
and inner race) as well as a resistive torque are considered to compute this component.

The modelling approach that takes into account base motions, AMBs, mass
unbalance, gyroscopic effects, gravity and contact with TDBs is schemed in Fig. 3.

The nonlinear contributions such us the additional forces due to the base motion
(support block) or the efforts due to the contact of the rotor with the TDB (TDB block)
are considered as restoring forces. It was the same concerning the forces delivered by
the AMB (AMB block). The gravity as well as the gyroscopic effects were also
considered in the second member of the equation of motion. This modelling approach
enable to have a linear part concerning the rotor, consequently, the modal reduction can
be applied easily [14].

The model developed enables system simulation in different configurations. For
this work, only harmonic base motions were considered.

3 Experimental Model

The experiments were performed using an academic test rig, which is a commercial
product manufactured by SKF® and was delivered with a dedicated PID controller.
The test rig is equipped with two identical AMB called NDE (Non Drive End) and DE

Fig. 3. Numerical model schema
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(Drive End) bearings. Each bearing has a maximum static capability of 280 N with air
gaps of 0.432 mm. The action lines are positioned in the configuration load between
axes. They are powered in differential driving mode with a bias current of 1 A. Cur-
rents are provided in the range of 0–3A using PWM amplifiers. Two displacement
sensors (variable reluctance probes) are integrated in the housing of each bearing and
are non-colocalised with actuators.

The rotor is designed to obtain the dynamic behavior of high speed turbomachinery
with a rigid shaft in the operating speed range and low gyroscopic effects. The rotor is
made of standard steel, its mass is 6.5 kg and its length is 645 mm with a disc, 120 mm
in diameter and 25 mm in thickness, placed at two-thirds of the bearing span from the
DE side. The rotor is driven by a 500 W electric motor with a maximum speed of 12
600 rpm. The torque transmission is provided through a flexible coupling. The oper-
ating speed range is from 0 to 9 500 rpm (160 Hz), which includes the first two rigid
modes. The rotational speed is measured by using a tachometer placed close to the
motor. TDBs are cageless single row deep groove ball bearings with 0.1 mm clearance
that was provided by the manufacturer.

To perform base motion tests, the academic test rig was mounted on a 6-axis
hydraulic shaker as shown in Fig. 4 (the yellow cube). The shaker, provided by TEAM
Corporation, is a fully integrated system. It has 6 real-time pilots able to apply various
combinations of solicitations along and around the 3 axes (translations and rotations) to
a maximum mass of 450 kg in a range [0–250] Hz. A maximum acceleration of 10 G,
±50 mm in translation and ±4° in rotation can be generated.

The data acquisition system of the shaker was used. Base accelerations were
recorded in the three directions (Xcube, Ycube, Zcube) using four tri-axial
accelerometers fixed on the shaker. The displacement and current sensors for each
action line (V13, W13, V24, W24), and the rotational speed were also recorded. The
sampling frequency was set to 24 756 Hz.

Fig. 4. Experimental test rig
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The tests were carried out in vertical translation, by using harmonic excitations. For
all the configurations tested, the same level of mass unbalance was applied; 32 g.mm at
0 degree that corresponds to four times the recommended unbalance by the API
standards. The support motion was a 20 Hz sine translation ranging from 0.1 to 1.1 G.
The chosen frequency and amplitude represent the best frequency range to exhibit TDB
contact phenomena. The rotor rotational speed was set to 6 000 rpm. To smoothly
trigger the rotor-TDB contact, the acceleration level targeted by the shaker is set-up
progressively enabling reduced overshoot. This phase of operation lasted almost 30 s.
Once reached, the shaker motion was maintained for approximately 40 s to catch
potential onset of nonlinear dynamic regimes. The excitation signals were not purely
sinusoidal, the contribution of the shaker operating frequencies were present. During
the different test configurations, AMBs were kept operational. The shaker stop was also
recorded to check and analyze the capacity of the controller and the AMBs to center
and to control the rotor after severe contact situations.

4 Results

Measured and predicted rotor vertical displacements were compared. The accelerations
recorded on the shaker were implemented in the numerical model.

First, the results obtained are analyzed for the whole test duration then, a zoom on
ten periods using orbit plots provides better insights into the involved phenomena.
Figure 5 shows the predicted and measured rotor displacements in vertical direction for
a rotating speed of 6 000 rpm and subjected to a progressively increased acceleration of
the shaker up to 1.1 G. The dotted lines represent the TDBs at both DE and NDE.

The base motion starts close to 10 s and contact occurred close to 35 s. The
measured vertical responses seem to be described qualitatively well by the numerical
model. The controller manages the unbalance forces combined with base motions and
TDB contacts. Once the shaker stops, the rotor quickly recovers its centered position in
both predictions and measures.

Fig. 5. Predicted (a) and measured (b) vertical displacements, 6 000 rpm, 0–1.1 G, 20 Hz
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Fig. 6. Predicted (a) and measured (b) orbits, 6 000 rpm, 0–1.1 G, 20 Hz

As the acceleration level was set-up progressively, orbit plots permit analyzing the
combined effects of mass unbalance and base motion loads for cases without or with
TDB interactions. In Fig. 6, the orbits during the different phases were analyzed. For
each phase, the last ten periods according to the base motion frequency were presented.
At phase 1 (recorded results at 5 s), the shaker was shut down and only the mass
unbalance forces were present. The orbits obtained were relatively circular (symmetric
system), and the amplitude is largely smaller than the TDB clearance. Then during
phase 2, the excitation level was increased progressively from 0 to 1.1 G (recorded
results at 28.6 s, when the acceleration level equals 0.3 G). It could be noticed that the
model describes closely the phenomena observed. Here, no contact between the rotor
and the TDBs, and typical combinations of vertical base motion, unbalance forces were
exhibited. Orbits were periodic due to integer ratio between the rotor speed and the
excitation frequency. During phase 3, the highest level was maintained (recorded
results at 60.7 s and 1.1 G acceleration level). The predicted and measured orbits were
close. Rotor-TDBs interactions were generated and the periodicity of orbits was con-
served with respect to the non-contacting case. Orbit shapes were flattened and the
rotor had mainly forward whirl, indicating weak sliding friction effects. This could be
due to the fact that the TDBs were driven in rotation and therefore, the sliding friction
coefficient was small at the rotor-TDB interface.

Finally, the AMBs remained stable in both numerical and experimental analysis.
The model is able to correctly describe the combination of base motion, mass unbal-
ance, AMBs and TDBs contacts generating complex dynamics.
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Measured orbits are slightly tilted and this may be related to small discrepancies in
the proximity sensor sensitivity. The global measured energetic level of vibrations is
higher than the predicted one since the acceleration signals were filtered before being
implemented in the model. Moreover, the vibrations coming from the foundation were
not considered in the numerical model since the support is assumed infinitely rigid.
However, the model describes closely the main observed phenomena.

5 Conclusions

The aim was to investigate experimentally and numerically the nonlinear dynamics of a
rotor supported by Active Magnetic Bearings and subjected to severe motions from its
support. The test configurations were chosen to be representative of real turbomachines
operating conditions. The PID controller was tuned for conventional operating con-
ditions, and no specific work on the control loop was done. The aim was to check if the
control could be able withstand the nonlinearities due to the contact.

The model was able to reproduce the overall dynamics and the main observed
phenomena considering an academic on-board rotor-AMB system.

Even if the PID controller was tuned without considering this particular excitation,
the controller remains globally stable in both numerical and experimental tests. No dry
whip instabilities were noticed in both experimental and numerical investigations. Orbit
shapes were flattened and the rotor has mainly forward whirl, indicating weak sliding
friction effects. The behavior observed may indicate that the TDBs were driven in
rotation reaching the rotor rotational speed during harmonic tests; therefore, tangential
friction effects were limited.

Even if the model of the AMB and the controller were not presented, we observed
that the restoring magnetic forces generated by actuators remained in an acceptable
linear range. Neither AMB nonlinearities nor amplifier saturation were exhibited in
both predictions and measures. The dynamic capacity of the AMBs are oversized
considering the test rig. We are now investing the same behavior by using adapted
dynamic capacity.

This numerical validation provides confidence considering the prediction of the
dynamic behavior of on-board industrial turbomachinery.
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