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ABSTRACT

This paper presents results on the impact dynamics of a
high speed rigid rotor in a simple rigid retainer bearing
with small clearance. The contact between the rotor and
the bearing is modelled with the Coulomb-friction law
and the coefficient of restitution.

To measure the contact force and the contact time during
the impact, we have developed a force sensing device
based on Hertz Impact Theory.

Analysis shows that a small air-gap is an important pa-
rameter, which influences to the whirling motion of the
rotor around the bearing.

INTRODUCTION

A retainer bearing protects the active magnetic bearing
(AMB) assembly from direct contact with the rotor. It pre-
vents damage during the maintenance, and destruction of
the system after a possible AMB failure [1].

The retainer bearings are thus a central safety component
of a AMB-system and it is essential to understand their
performance. A failure of the retainer bearing itself jeop-
ardises the full potential of this technology.Various
studies have been performed to understand the influence
of parameters on the dynamics. Kirk (2] demonstrated
that there is an optimum damping to minimize the rotor’s
response and the contact force. Schmied [3] showed
numerically the influence of damping on the whirling
motion of the rotor. In our previous work [4] we examined
the parameter effects for a rotor sliding in a simple
cylindrical mode of motion. For a more general model,
however, we showed that a purely cylindrical or conical
motions do not exist.

In this paper we investigate the impact dynamics for a
horizontal rotor. The contribution of parameters such as
friction, air-gap and damping to the rotor whirl is exam-
ined as well, Additionally, measurement concepts are pro-
posed. To measure the contact force and prove the safety

of the system we have been building an AMB experimen-
tal platform, where different kinds of motions, forces and
energy losses may be measured and analysed.
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FIGURE 1: Magnetic Bearings Assembly

PHASES OF MOTION

The touchdown process can be characterised by four dis-
tinct phases of motion [5). These are: free-fall, impact,
sliding and eventually rolling.

Like in our previous paper [4], we built a planar model on
the assumptions that a cylindrical motion exists and is
stable, -

The motion of the rotor's center of mass is defined in po-
lar coordinates (Figure 2). The angular coordinate is 8
and the radial coordinate is p. The respective time deriv-
atives are 9, . \

The rotor (radius r, mass m) and the bearing (radius R)
are considered to be rigid. Sliding motion of the rotor is
governed by Coulomb friction p. The air gap is
Po = (R-1).
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FIGURE 2: Geometry of the Contact Model

The free fall phase of the rotor is represented by the fol-
lowing equations of motion:

Bp = —-2pH-gsind (1)

p = po2 +gcoso @)
An impact occurs for p (1) = p(. Under the assumption
that the rotor does not change its position during this im-
pact, the integrated equations of motion are:

T
c
m(p-F) = - [F d 3
0
in the normal direction, and
T
c
+ -
mp, (6-6) = th dt )
0

in the tangential direction.

The superscripted plus and minus signs represent the
quantities before and after the impact. The impact time
T, is expected to be very small.

The friction and the normal force are related by

F =p F

, )

n
for the sliding rotor.

The coefficient of restitution € > 0 relates the radial
velocities:

MODELING AND DYNAMICS

p =-€p (6)

It describes the grade of contact plasticity: g = 1
implies elastic impact and € < 1 inelastic impact.
Together with equations 3 and 4 we obtain:

664 HUTE) o (7
Po
Equations 6 and 7 are the kinematic impact relations for
both degrees of freedom.

When the rotor makes permanent contact with the bear-
ing, its motion will be cylindrical, thus p = pO, p=0.
The equations of motion for this phase and their analy-
sis have been proposed in [4]. Figure 3 shows the
numerically integrated phase trajectories in the (6, 9)
phase plane.
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FIGURE 3: Cylindrical Motion in the Phase Plane

They show some distinct features. There are periodic
motions inside region A, approaching the oscillatory
behaviour of a pendulum. Inside region B, the rotor
whirls around the bearing.

When it crosses into the region C - in which the normal
contact force would become negative - the contact with
the bearing is lost and a free fall takes place, again fol-
lowed by series of impacts.
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NUMERICAL SIMULATION

(‘omplete rotor crash after AMB failure have been simu-
lated for different initial positions (6, p).

[n Figure 4a, the rotor first undergoes a transient series of
unpacts, which looks chaotic. After this, it makes perma-
nent contact with the bearing and goes into cylindrical
whirl.

I'igure 4b shows a different scenario. After the impact
weries, the rotor stays at the bottom of the bearing, oscil-
lating back and forth like a pendulum.

4

Figure b. Oscillatory Motion
FIGURE 4: Motions after a Failure

INFLUENCE OF PARAMETERS

As we have seen in Figure 3, high angular velocities 8 are
needed to cause the rotor whirling around the bearing.
During an impact series, a substantial increase of 8 is ob-
tazined due to the coefficient x = p(1 +¢€) /p0 (see
cqua\tion 7.

As anexample, for€ = 0.8, = 0.1 and po = 0.3mm,
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we obtain X = 600m™. This value has to be compared
with the initial velocities (8 , ¢ ) in equation 7, which
however are generally unpredictable. To get the right or-
der of magnitude, let’s assume that the rotor falls from a
height p o

In this case, the velocities at the first contact become
6,= 0, and p = /28Po=0.1m/s, and therefore
8 = 60 radss.

The next impact would increase & by another 48 rad/s
(see also equation 6). Further analysis shows that the an-
gular speed necessary for whirl may not be reached (350
rad/s in Figure 3).

This example shows that we must keep X as small as
possible in order to bring the rotor into the pendulum-like
behaviour rather than the whirl. So, p, should be large.
Remember that the magnetic forces are inversely propor-
tional to the air-gaps, and therefore large air-gaps are un-
desirable in magnetic bearings and therefore, for the final
design of retainer bearings with small air-gaps, small
friction and high damping (small €) should be consid-
ered.

Experimental Concepts
We have built a small rotor, to have a rotor with a high
bending stiffness.

The design features have the following characteristics:
Maximum speed of the rotor: 30' 000 rpm
Length of rotor: 326mm
Rotor weight: 3.42 kg
Maximum rotor diameter: 48mm
Motor: 300 W

The maximal rotational speed of the rotor (S00Hz) is
less than the frequency of the first elastical mode
(1520Hz). The first mode shape of the shaft is shown in
Figure 5.
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FIGURE 5: First Elastic Mode of the Rotor

Given the maximal rotational speed we can determine
the necessary strength of the material that has to be used
for the rotor, following design procedures given in [6].
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To quantify the energy loss and transport energy between
the shaft and bearings, we will measure the temperature
of the bearing and the spin of the rotor.

The contact forces are measured using two accelerome-

Dell [7] showed that the impact load immediately follow-
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FIGURE 6: Experimental Set up

Furthermore, we must ensure a high level of safety. To
achieve this, our experimental set up has a high clearance
between the bearings and the rotor. This air-gap is
0.75mm, the air-gap between the rotor and the motor is
0.80mm. The retainer bearing will be built with various
air-gaps. As a safety precaution, a bronze ring is placed
next to the position sensor and acts as a second retainer
bearing.

As part of the experiment, retainer bearings of various
materials and ball bearings will be tested. Figure 6
shows the experimental set up and gives a survey on the
measuring techniques.

Measurement Concepts

The aim of this experiment is to give a basis to the
dynamical analysis that we have carried out and to verify
its results. Figure 6 shows the measured variables and
the instrumentation that has been installed.

The motion of the rotor is measured with four inductive
sensors. When the rotor drops into the ball bearings, they
are accelerated to the speed of the rotor in a few seconds.
Two optical sensors measure the revolution of the ball-
cage and the revolution of the inner ring of the bearing in
order to quantify the sliding-rolling contact between the
parts.

ing the failure must be the major design consideration.
The shock is characterised by its maximum value FO and
the duration of contact T (Figure 7), which is dependent
on the properties of the rotor and the bearing.
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n
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T Time

FIGURE 7: Impact Force

The purpose of this impact analysis is to determine the
physical properties and to choose an appropriate meas-
urement system to determine F, and T . Hertz impact
theory [8] simplifies the analysis by assuming an impact
to be quasi static.

From [8], we get the maximum force and the impact
duration if a disk with mass m and radius r impacts the
inside of a bearing with radius R. The speed of impact is
V.

Fo = 0814[VOm3E2(1- (/RIS 8)
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T, = 4252[ v Im?rTEC2 (1 - (r/R))]l/S ©

Eris the reduced modulus of elasticity of the rotor and
the bearing. E, is the modulus of elasticity, and v, the
Poisson’s ratio of the rotor, E,. v, of the bearing.

2 2)-1
l1-v 1-v
_ L, 2 (10)

r nEl nE2

Extensive numerical simulations for a steel rotor and a
steel bearing have shown that the excitation frequency
(fc = ]/TC) is higher than 3.5kHz.

In order to measure this contact force, we designed a
force sensing device, with a natural frequency fn higher
than the excitation frequency f _, thus avoiding amplifi-
cation of the signal. It is suspended on special springs in
order to separate the frequency ranges where measure-
ments are of interest. The final version of the device is
shown below.

FIGURE 8. Force sensing device

Its two acceleration sensors are mounted on a plate and
placed orthogonal to one another (one for each degree of
freedom of the force sensing device). With this construc-
tion, we achieve a wide linear region between 5S00Hz
and 8.4kHz. The peak at 500Hz is the rotational rigid
mode of the construction, the peak at 8.4kHz is the first
elastical mode of the mounting plate for the two acceler-
ometers. The device was constructed in a away that it
can be placed inside the experimental housing.

In order to measure the forces with accelerometers we
must first calibrate our device. Figure 9 shows the trans-
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fer function of the device which was obtained from the
response to a defined force impulse.

_Transfer Punction
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FIGURE 9. Transter Function of the Force Measuring
Device

During the experiment with our measurement platform
the acceleration is measured in both directions. Dividing
the Fourier transform of this measured acceleration by
the obtained transfer function results in the force in the
frequency domain. The inverse Fourier transform of this
force results in the time domain solution.

Figure 10 shows a sample of impulse responses obtained
from a sequence of contacts for a “prototype rotor” at
3000rpm. From the measured acceleration for one
impulse the corresponding impulse force was derived.
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FIGURE 10. Measured Force
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Within the interval 32.8ms and 33.4ms we receive a
peak of acceleration and therefore of force. The contact
time during the impact is 0.2ms, which corresponds to
5kHz. It shows that the excitation frequency f _ is inside
the linear region of our force sensing device. "lghis meas-
urement was done with a sampling rate of 50kHz.

CONCLUSIONS

The effects of parameters on the impact dynamics have
been analysed. The results show that in order to avoid the
rotor whirl a retainer bearing should be designed with
small friction, high damping and large air-gap. A force
sensing device has been designed and measurement con-
cepts have been presented.
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