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Abstract

Active magnetic bearing (AMB) failure and the ensuing rotor behavior is a very important
aspect of AMB safety. A model for this rotor behavior was developed and was used to
characterize the severity of rotor delevitation events. The characterization was done by means of
severity indicators derived from the rotor behavior within the backup bearings.

The indicator is a quantitative value that can be used to compare different delevitation
events. The indicator presented in this paper is the non-dimensionalised velocity of the
geometric center of the rotor (Vval).

This indicator only requires the rotational speed and position data of the rotor to determine
the Vval quantity. This ensures that this value can be determined for most current operational
systems and on historical data logged from previous rotor delevitation events.

In order to validate Vval, a comparison was done between simulated and experimental rotor
drops and their associated Vval values. The model used to produce the simulation results is
BBSim. Experimental results were obtained on a 4-axis suspended rotor, modified to use rolling
element backup bearings.

1 Introduction

Backup bearing modeling is necessary in order to develop inherently safe AMB systems. This is the reasoning
behind the development of BBSim [1]. BBSim accurately models the behavior of a rotor during levitation and
during a rotor delevitation event. The BBSim model includes the following capabilities: flexible rotor modeling,
contact dynamics, cross coupling of any number of backup bearings, inner race speed-up, rotor braking due to
aerodynamic losses, rotor braking due to contact dynamics, active rotor braking, rotor non-circularity at the sensing
and contact surfaces, a fully functioning AMB model, multi-plane rotor unbalance and stator dynamics. The
developed rotor/AMB/Backup bearing system consists of four main sub-models: a rotor-model, AMB-models,
backup bearing/stator-models in the translational direction and rotational backup bearing-models. The rotor, AMB,
rotational model and translational backup bearing sub-models are shown in Figure 1.

The basic operation of the simulation model is that the translational backup bearing (BB) models receive the
current position of the rotor from the rotor model. The BB model also receives the friction force from the friction
model. The BB model also sends the reaction force to the rotor model. The friction model receives the normal forces
acting on the rotor and uses them to determine the friction forces. It also receives the current bearing speed from the
rotational BB model and sends the current friction factor to the rotational model. The rotational BB model receives
the perpendicular forces from the friction model and determines the speed-up torque of the bearing and the slow-
down torque of the rotor. It also receives the current friction factor from the friction model. The AMB model
receives the current position of the rotor at the sensor locations and sends the forces acting on the rotor at the AMB
locations. The rotor model receives the forces acting on the rotor (from AMBs and BBs) and sends the current
position of the rotor (to the AMBs and BBs). It receives the current rotational speed from the rotational BB model.
Although the model used to create the data used in this paper is more complex this paper does not focus on the
bearing model. A detailed explanation of the model can be found in [1].

A consequence of the development of an accurate model was the need to quantify the dynamics of the rotor
drop severity. To address this need a severity indicator was developed, similar to the one presented in [2]. This
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indicator is the distance travelled by the geometric center of the rotor during a rotor drop divided with the airgap
radius (Vval). The quantification of the severity enabled objective comparisons between rotor delevitation events.
The objective comparison of delevitation events enabled parametric studies to be done. Some of these parametric
studies are presented within this paper.

The first section of this paper discusses the rationale behind using the non-dimensionalised velocity of the
geometric center of the rotor to quantify the rotor delevitation event severity.

In order to verify the quantification method, experimental and simulated values are compared. These results
include the Vval values and the rotor orbit plots. Following the verification of the quantification method some
parametric results are presented and discussed. The parametric studies include: stiffness, damping, rotational speed,
friction, inertia of the inner race and balls of the bearing and the magnitude of the unbalance present in the system.
Conclusions are made based on the presented parametric studies.
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Figure 1: Translational and rotational model of backup bearings, AMBs and rotor

2 Rotor drop event severity quantification

The method to quantify rotor delevitation events is presented in this section. The rationale is to measure the amount
of energy that is transformed into transverse motion. The energy is an indication of the impact that a certain rotor
drop has on the degradation of the bearing-quality. An indication of the amount of energy that is transformed into
transverse motion is the distance that the geometric center of the rotor travels within the backup bearing clearance.

This distance is then non-dimensionalised by dividing with the airgap radius in order to provide a number that
represents the number of times that the rotor travelled the entire distance of the airgap as shown in Equation (1),

with n the window size (number of samples), i the index number, r__ the radius of the backup bearing clearance,

airgap

x the position of the rotor center in the x -direction, y the position of the rotor center in the y -direction, k the

index number for Dval and n__ the total number of samples in the rotor delevitation event data.

total

This non-dimensionalised distance is then divided by the time over which it was calculated to produce an
average non-dimensionalised speed with the unit per second. If the chosen window size is the same as the total
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number of samples in the rotor delevitation event’s data, there is only one Dval value. When the window size and
total number of samples are the same Equation (2) is used to determine the Vvala value, with f_the sampling

frequency and n the window size (in this case 60 000 samples).

Should the window size be chosen smaller than the total number of samples in the data set, there is more than
one Dval value. Of these Dval values only the largest value is used to determine the Vval value as shown in
Equation (3).

Throughout this document Vvala is determined with a window size of 60 000 samples and a sampling frequency
of 10 000 Hz. Similarly Vval is determined with a window size of 1 000 samples and a sampling frequency of 10
000 Hz.

i \/(Xi — X ’ +(yi - yH)Z

i=((k:n)-n)+ = n
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n
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f f
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These values are then used to determine the severity of a rotor drop either as it is taking place, or on previously
captured data, or on simulation results. In essence Equation (1) is a derivative operation, thus it exaggerates the
noise present on the position data and for this reason an average value is used (with differing window sizes). Filters
could also be employed but since the idea of this method is to be able to do real time calculations, the computational
effort should be as little as possible. The real-time calculation of this value will enable safe rotor-drop tests where
the rotor can be re-levitated once a safe-threshold value has been reached or exceeded.

3  Simulated and experimental results comparison

In this section the Vval and Vvala values for experimental and simulated results are compared in order to validate the
simulation model. Also presented are visual comparisons between experimental and simulated rotor orbit plots.
These orbit plots show similar rotor behavior and serves as further validation of the simulation model.

The Vval and Vvala values are used as a quantitative value to compare the results of the simulations with the
experimental results. As with most theoretical results there are discrepancies between the experimental and
simulated results. These discrepancies are attributed to the highly non-linear nature of bearing problems, the
uncertainty of certain simulation parameters and the presence of noise on the experimental results.

A secondary method to compare results, albeit qualitative, is to visually compare rotor orbit plots from
experimental and simulated data with each other. This method is subjective but still valuable in identifying similar
overall rotor behavior.

The experimental results were obtained on a 4-axis supported rotor as described in [3] modified to operate on
two rolling element backup bearings. Bearing 1 is located on the left side of the system and bearing 2 on the right
side of the system.

3.1 Vval value comparison

In Figure 2 experimental data from 49 separate rotor drops is used to calculate the Vvala value of each delevitation
event, these values are then compared with Vvala values calculated from simulation data. It is important to note that
in Figure 2 the window size used to calculate Vvala is 60 000 samples. This means that it is the average Vval value
for a rotor drop that lasted 6 seconds.
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Figure 2: Comparison of Vval values between experimental and simulated results for bearing 2
(n =60000, f =10 000 [Hz])

The same experimental and simulated data were used in Figure 3 with a reduced window size of 1 000 samples.
In effect this means that each rotor drop produced 60 different VVval values and that of these 60 Vval values only the
maximum value is plotted in Figure 3. The rationale behind this is to emphasize short periods of high bearing loads.
It would be good practice to use both these window sizes when deciding whether a rotor drop should be considered
safe or not.

From Figure 2 and Figure 3 it can be seen that the agreement between the simulated results and the
experimental results is satisfactory. Thus the model can be used to simulate AMB failure and the ensuing rotor
bearing interaction.
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Figure 3: Comparison of Vval values between experimental and simulated results for bearing 2
(n=1000, f =10000 [Hz])
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3.2 Visual results comparison

To further compare simulated and experimental results a visual comparison between rotor orbit plots is given in this
section. Some selected results are presented showing different rotor behaviors during different initial conditions and
comparing them with similar simulated results. It is important to note that not all parameters of the simulation and
the experimental results are the same. The stiffness and damping of the bearing and bearing housing could not be
measured accurately, thus the experimental results and simulated results does not look exactly the same, but the
behavior of the rotor orbits is important to note. The similar behavior mentioned is: minimal rocking mation,
rocking motion, rocking motion with small bounces, rocking motion leaning towards forward whirling, short
duration forward whirling and a longer duration forward whirling.

Figure 4 shows the rotor orbit plot comparison for a rotor drop where the rotational speed of the rotor at the
moment of delevitation was 1173 [RPM]. Comparing the simulated and experimental results for bearing 1 (the two
plots on the left side of the figure) shows that the simulated and experimental results has similar behavior, in
particular note the first bounce of the rotor. It is also important to note the presence of noise in the experimental
results. Comparing bearing 2 also reveals similar behavior, after initial contact the rotor bounces to the right of the
clearance circle, and then settles to a rocking motion with relatively small amplitude.

Experimental Simulated Experimental Simulated

i Bearing 1 ’ l L Bearing 2 Lﬁ

Figure 4: Orbit plot comparison for a rotor drop speed of 1173 [RPM]
(minimal rocking motion)

In Figure 5 similar results is shown with the exception that the rotor drop speed was higher. Once again note the
presence of noise in the experimental results. The comparison between simulated and experimental results for
bearing 1 show once again very similar results for the experimental and simulated results, with the exception of the
amplitude of the rocking motion. The difference in amplitude of the rocking motion is attributed to the fact that the
bearing and bearing holder stiffness and damping values in the simulation differ from the real values, and secondly
that the damping value present in the simulation of bearing 2 is too high. The excessively high damping value used
for bearing 2 in the simulation not only effects the behavior of bearing 1 but also the explains the lower amplitude of
the first bounce and the lower amplitude of the rocking motion present in bearing 2. The bearing characteristics and
rotor behavior for bearing 1 influences the rotor behavior at bearing 2, and vice versa, due to cross-coupling.

Experimental Simulated Experimental Simulated

// |
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Figure 5: Orbit plot comparison for a rotor drop speed of 2201 [RPM]
(rocking motion)
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Figure 6 shows the rotor orbit plots for a rotational speed of 4589 [RPM]. In comparison the experimental and
simulated results of bearing 1 seems similar, with the exception of the small bounces on the left side of the orbit plot
of the simulated results, this is again attributed to the fact that the stiffness and damping characteristics of the of the
simulated model do not exactly match those of the experimental setup. When examining the results of bearing 2 it is
once again clear that the amplitude of the experimental result’s rocking motion is larger than the simulated results.
This is due to an excessively large damping present in the simulation model. The simulation and experimental
results shows a rocking motion for both bearing 1 and bearing 2

Experimental Simulated Experimental Simulated

Figure 6: Orbit plot comparison for a rotor drop speed of 4589 [RPM]
(rocking motion with small bounces)

The results of a rotor drop with a drop speed of 5097 [RPM] is shown in Figure 7. Comparing the rotor behavior
at bearing 1 clearly shows that both the simulation and the experimental results predict a tendency to go into a
forward whirling motion, but both only experience a period of bouncing, and then settle to a rocking motion. An
excessively large damping is again present in the simulation model of bearing 2.

Experimental Simulated Experimental Simulated

Figure 7: Orbit plot comparison for a rotor drop speed of 5097 [RPM]
(rocking motion leaning towards forward whirling)

In Figure 8 orbit plots of the results for a rotor dropped at 5547 [RPM] are presented. The results of bearing 1
show that both simulated and experimental rotors experience a period of forward whirling settling to a bouncing and
then a rocking motion. Bearing 2 shows the influence of the impacts at bearing 1 on the orbits of bearing 2 (higher
amplitude bouncing in the center of the bearing clearance, present in bearing 2).

Figure 9 is similar to Figure 8 with the exception that the period of forward whirling in bearing 1 lasts longer
and is more pronounced than that for the similar behavior for the lower speed drop presented in Figure 8. When
examining the results for bearing 2 it is clear that the impacts at bearing 1 has an influence on the rotor behavior at
bearing 2 similar to that seen in Figure 8.
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Experimental Simulated Experimental Simulated
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Figure 8: Orbit plot comparison for a rotor drop speed of 5547 [RPM]
(short duration forward whirling)

Experimental Experimental Simulated

Bearing 1

Figure 9: Orbit plot comparison for a rotor drop speed of 5883 [RPM]
(longer duration forward whirling)

Figures 4-9 show similar behavior of the rotor for various movement regimes, these results in conjunction with the
results presented in Figure 2 and 3 is sufficient to assume that the simulation model is validated. The validation of
the simulation model enables a parametric study on the system in question [3]. Some of the results of this parametric
study are presented in the next section.

4  Parametric studies using BBSim

An important advantage of having a validated model is the ability to predict the behavior of a rotor during a rotor
drop, and using the model to examine how the different parameters influence the rotor behavior. The influencing
parameters examined in this section include bearing stiffness, bearing damping, delevitation angle, friction,
magnitude of unbalance and the inertia of the inner race and balls of the bearing.

4.1 Bearing stiffness and damping

The parametric studies were done for 3 different initial speeds and varying the bearing stiffness and damping
characteristics. A total of 1200 simulations each simulation representing 7 seconds of real world time was done. In
the simulations the AMBs is switched off after 1 second. This is done in order to let the transients of the AMBs
settle. Thus after the AMBs were switched off there was a rotor drop event that was simulated for 6 seconds.

These 6 second simulation results were post-processed in order to produce the Vvala and Vval values for each
rotor drop event. The Vvala and Vval values were then used to produce 6 different surface plots, one set of 3 (one for
each speed) for the Vvala values and one set of 3 for the Vval values. The 3 axes of the plot are the stiffness and the
damping and the third axis is either the Vvala or the Vval value. These plots give some insight into how these
parameters influence the rotor’s behavior and using these a few design principles can be obtained.

Figure 10 shows the sensitivity of Vval to the bearing stiffness. It is important to note that the six surface plots
shown in Figure 10 only show the maximum value of Vval (with a window size of 1000 samples at 10 000 Hz) at a
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certain damping and stiffness. These graphs show whether there are short periods of destructive behavior. The
higher the Vval value the more destructive the behavior. The graph clearly shows that the behavior is more sensitive
to the damping of the system compared to the stiffness of the system. While a higher damping is preferable, the
stiffness of the system influences the behavior of the rotor due to rotordynamic harmonics and is dependent on the
rotor in question. Thus a similar range statement cannot be made of the stiffness of the system, since the ideal
stiffness will vary depending on the rotordynamic characteristics of the rotor in question. Generally it can be stated
that excessively high and excessively low stiffnesses should be avoided.
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Figure 10: Rotor drop severity sensitivity to bearing stiffness and damping at three different rotational speeds
(6 second rotor drop, maximum value of Vval with a window size of 1000 samples at 10 000 Hz)

Figure 11 shows the same 6 surface plots as in Figure 10 with the exception that the Vval was determined with a
window size of 60 000 samples again at a sampling frequency of 10 000 Hz. From these plots it is clear that the
increased window size has an averaging effect, this means that the results obtained with a larger window size shows
the average severity of a rotor drop event, averaging out short periods of violent rotor behavior. From these results it
is once again clear that the rotor behavior is more sensitive to the system damping when compared to the stiffness.
The rotordynamic harmonics due to the variation of the stiffness of the system are also less visible in these results
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since the rotor speeds down through the critical frequency and the result of the behavior of the rotor during this
period is averaged out by the rest of the rotor behavior not near a critical frequency.
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Figure 11: Rotor drop severity sensitivity to bearing stiffness and damping at three different rotational speeds
(6 second rotor drop, Vval with a window size of 60 000 samples at 10 000 Hz)

The results from Figure 10 and Figure 11 are both important when determining the optimal bearing system
stiffness and damping. Where the smaller window size (Figure 10) is important in choosing appropriate bearing

system stiffness and the larger window size (Figure 11) is important in determining an appropriate bearing system
damping.

4.2  Delevitation angle

The delevitation angle is the angle the center of mass of the rotor is at relative to the geometric center of the backup
bearing clearance (at the moment of delevitation) as shown in Figure 12. The reasoning behind including this
parametric study is to determine the impact that the location of the rotor, relative to the geometric center of the
backup bearing clearance, has on the behavior of the rotor.

Shown in Figure 13 are four surface plots showing the sensitivity for the angle of delevitation and rotational
speed of the rotor. The top two figures are once again for the smaller window size of 1000 samples, while the
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bottom two figures are for a window size of 60 000 samples. The results for bearing 1 are shown on the left while
the results for bearing 2 are shown on the right.
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Figure 13: Delevitation angle sensitivity
From the first two surface graphs it appears that the rotor behavior is independent of the delevitation angle. It is

however clear that the rotational speed has a large influence on the behavior of the rotor, where higher speeds
produces more destructive behavior, as is expected. When examining the bottom two surface plots, a small but

10
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noticeable influence on the behavior is noted. If the rotor is delevitated near 0 or 360 degrees, as shown in Figure 12
larger Vval and Vvala values are produced.

4.3  Friction, inertia and unbalance

Shown in Figure 14 (A) is the sensitivity of the rotor behavior to the friction factor between the rotor contact surface
and the inner race of the rolling element bearing. Figure 14 (B) shows the sensitivity to the inertia of the inner race
and rolling elements of the rolling element bearing. In Figure 14 (C) the sensitivity of the rotor behavior to the
magnitude of the unbalance present on the rotor is shown.

The graphs were created by keeping all the variables constant except for the one in question and simulating a
rotor delevitation event where the active magnetic bearings were turned off after one second and then lasted for 6
seconds. The resulting data was then post-processed to produce Vval (window size 1000) and Vvala (window size 60
000) values for each rotor drop for both bearings in the system.

Investigating the first graph (A) the results show that the rotor is relatively insensitive towards changes in the
friction between the rotor inner race and the backup bearing. It is however important to note that this is only valid
for rolling element bearings since the increased friction factor between the contacting surfaces causes the rotor and
bearings to reach the same rotational speed in a shorter time period. This also slows down the rotor faster until the
same rotational speed is reached by the rotor and the inner race. In effect braking the rotor initially thus producing a
slightly less violent reaction when observing the Vvala value. The Vvala value for both bearings decreases slightly
as the friction factor increases. This slight decrease can be attributed to the fact that the rotor and the inner race
reach the same rotational speed earlier in the delevitation event. With the rotor and the inner race at the same speed
the behavior of the rotor is essentially a rolling motion with minimal impacts.

The Vvala values seems to contradict the Vval values with a slight increase as the friction factor increases, when
in fact this supports the previous claims. The initial behavior of the rotor will be more violent with increased friction
between the contacting surfaces. With Vvala only having a window size of 1000 samples and only the maximum
value for Vvala plotted in the graph, the plotted values show that the initial behavior of the rotor is more violent with
increased friction. The more violent behavior is due to the rotor being forced to climb the walls of the bearing
clearance producing a bouncing motion while the inner race speeds up to the rotor speed. The danger in using
materials with a high friction factor is that the rotor can be forced into a backward whirling motion, with destructive
consequences.

A possible conclusion that can be made from these results is that the friction between the rotor and the inner
race should not be excessively high or low. A too low friction factor would cause the rotor to be more prone to
forward whirling, while an excessively large friction factor could induce backward whirling.

In Figure 14 (B) the rotor sensitivity to the inertia of the inner race and balls of the rolling element bearing is
shown. The sensitivity is similar to that of the friction, with the exception that the smaller window size Vval values
seems insensitive to the variation in inertia of the rolling element bearing. This is due to the fact that even though the
bearing takes longer to reach the same rotational speed as the rotor, the friction factor remains constant preventing
an initial bouncing motion of the rotor.

When investigating the results from the longer window size Vval values it would appear that an ideal value for
the inertia of the rolling element bearing would be 0, but this is not feasible. Another conclusion that can be made
from this result is that it would be ideal if the rotor and the bearing inner race should have the same rotational speed
at the moment of delevitation, but this is also not feasible. The inertia of the rolling element bearing is in effect
causing a braking action on the rotor and with larger inertia the bearing takes longer to reach the same rotational
speed as the rotor. Thus the braking action is present for a longer time period. This prolonged braking action causes
the rotor to speed down quicker and the effect is that the rotor behavior over all is less destructive. Thus a bearing
with a higher inertia would be preferential, due to the braking action applied to the rotor. The risk of using a bearing
with an excessively large inertia is that the rotor could develop backward whirl should the friction force be sufficient
and this risk is higher when the rotor traverses a critical speed.

These results are important when considering a rotor that is not actively braked in the event of a magnetic
bearing failure. Should the rotor be actively braked the advantages of using a bearing with higher inertia is negated
by the risk of causing backward whirling. In these cases it would be preferential to use a bearing with a small inertia
to ensure that the bearing and rotor reach the same speed faster negating the possibility of developing backward
whirl.

In Figure 14 (C) the sensitivity of the rotor behavior to the unbalance of the rotor is shown. From the results
plotted in the graph it is clear that the rotor behavior is sensitive to the magnitude of the unbalance of the rotor.

11
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While the plot shows that a lower unbalance would be preferential, this might not always be the case. Unbalance of
a rotor has been showed to prohibit backward whirling of the rotor [4-6], while higher unbalance magnitudes tend to
cause forward whirling [5-10]. Thus having a low unbalance present, in combination with a high friction factor and
a bearing with a large inertia, might lead to the development of backward whirl. In general however a better
balanced rotor is preferential, given that the backup bearings are rolling element type bearings, with neither an
excessively large friction factor present between the contacting surfaces nor bearings with an excessively large
inertia.
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Figure 14: Rotor behavior sensitivity to:
(A) friction between the inner race of the rolling element bearings and the rotor contact surface
(B) inertia of the inner race and balls of the rolling element bearing
(C) unbalance of the rotor

5 Conclusion

A method to quantify the severity of a rotor drop event was presented (Vval), and verified using simulation and
experimental results. Vval and Vvala values were used to verify the validity of the previously presented [1]
simulation model BBSim. Experimental results were compared with simulated results, and similar behavior was
observed in the simulated and experimental results.

The simulation (BBSim) was used to create parametric studies; the parametric studies revealed that the rotor
behavior is determined by various parameters. The results of the parametric studies were analyzed and the following
conclusions were made:

e Rotor behavior is less sensitive to bearing stiffness compared to bearing damping. Where a higher damping

is preferential, with neither excessively large nor small bearing stiffness.

12



The characterization of the severity of rotor delevitation events: A parametric study Janse van Rensburg et al

e Rotor behavior is found to be slightly sensitive to the delevitation angle, where the rotor behavior is
adversely affected when the rotor is delevitated near the right side of the backup bearing clearance for a
rotor rotating anti-clockwise, and near the left side for a rotor rotating clockwise.

e Rotor behavior is moderately sensitive to the friction factor between the contacting surfaces, where the
friction factor should neither be too high nor too low, the friction factor of steel on steel of 0.2— 0.25 should
be sufficient. Thus the need for extra surface lubrication is unnecessary.

e A higher inertia for the bearing is preferential for free running (not actively braked) rotors, where the
speed-up of the bearing acts as a brake on the rotor. The contrary is preferential for actively braked rotors,
where a lower inertia is preferred due to the possibility of developing backward whirl.

e Unbalance plays an important role in the behavior of the rotor, where a well-balanced rotor is preferred,
given that the bearing inertia and the contact friction are not excessively large.

6  Shortcomings and future work

The shortcoming of the results shown is that the damping and stiffness values for the bearings and bearing
enclosures were unknown, leading to results that do not exactly match the simulated results. Future work would
include measuring the bearing and bearing housing stiffness and damping characteristics.

Another shortcoming of the presented work is that it is only done on one experimental system. Future work
would include more experimental results on the same system as well as on other systems.

Using the results from various experimental systems Vval and Vvala values can be classified into rotor
delevitation event severity classes.
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