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Abstract; In an active magnetic bearing (AMB) system, the catcher bearings (CBs) are indispensable to protect the
rotor and stator in case the magnetic bearings fail or overload. A new CB structure composed of two ball bearings
is introduced. Detailed simulation models containing contact model between rotor and inner race, double-decker
catcher bearing (DDCB) model as well as single-decker catcher bearing (SDCB) model are established using multi-
body dynamics simulation software MSC. ADAMS. Then, using those established models, the rotor orbits and the
contact forces between rotor and inner race are simulated respectively after rotor drop on DDCBs and SDCBs. The
simulation result shows that the rotor vibration range using DDCBs is significantly smaller than that using SDCBs;
the maximum contact forces drop about 15%—27% compared with the contact forces using SDCBs. Finally, the
test bench for the rotor drop experiments is built and the rotor drop experiments for different types of CBs are car-
ried out. Labview data acquisition system is utilized to collect the displacement of rotor and the rotating frequencies
of both inner race and intermediate races after rotor drop. The experimental results are comparatively analyzed,

and the conclusion that DDCB can help to reduce vibration amplitude and collision force is obtained. The studies

Vol. 31 No. 1

can provide certain theoretical and experimental references for the application of DDCBs in AMB system.
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1 Introduction

Active magnetic bearings (AMBs) have ad-
vantages over conventional mechanical bearings
including the facts that they can electronically
modify system dynamic properties for rotor vibra-
tion control, reduce noise, be used for vibration
isolation or elimination, and provide on-line virtu-
al balancing. Therefore, AMB is well suited for
the needs of some special application, such as
high speed, high precision, small volume, vacu-
um, high specific output power, and so on.
However the catcher bearings (CBs) are necessa-

ry to protect the AMBs assembly from direct con-
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tact with the rotor. They ensure the safety of the
AMB systems and support continuous and reliable
operation after possible AMB failures or over-
loads.

Most of the researches focused on the rotor
dynamic responses. Kirk et al'’ studied the effect
of the support stiffness and damping by evalua-
ting dynamic response on various rotor-support
system parameters and showed an optimum
damping. Sun'? conducted numerical simulations
of the rotor drop on CBs in flywheel energy stor-
age system using a detailed CB model which in-
cludes a Hertz load-deflection relationship be-

tween mechanical contacts, the speed-and-pre-
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load-dependent bearing stiffness due to centrifu-
gal force, and a Palmgren’s drag friction torque.
Zhu" established the dynamic model of a multi-
disk flexible rotor dropping on CBs before and af-
ter AMB failures using the finite element meth-
od, and examined the influences of various pa-
rameters, such as dropping position, rotor imbal-
ance, rotational speed, support stiffness, and
support damping of the CBs on the dropping dy-
namics. Xie and Flowers™) numerically investiga-
ted the steady-stator behavior of rotor drop on
CBs and mainly studied the effects of various par-
ametric configurations: Rotor imbalance, support
stiffness and damping. Cole et al™ developed a
deep groove CB model considering the elastic de-
formation of the inner race, which was modeled
by a series of flexible beams. They mainly stud-
ied the impact force, the effects of bearing width
as well as the ball load distributions. As the rotor
and bearing protecting process is a highly nonlin-
ear problem, each researcher has some simplifica-
tion and hypothesis in simulation. Those simula-
tion results require experimental verification.

15 provided the test results of rotor

Swanson et al
drops for various rotor speed, unbalance ampli-
tude and location for the five CB configurations.
Zhu'™ measured the transient responses after ro-
tor drop in a flexible rotor, and investigated the
influences of rotational speed, rotor imbalance
and lubrication condition on the contact surfaces
of the CB on the transient response. Qin' intro-
duced auxiliary bearing used in the HTR-10GT
project and presented a test rig built up for the

Hawkins et al™-

following rotor drop test. pres-
ented the orbit and time-history data after a full-
speed (30 000 r/m) rotor drop in the cryogenic
gas expander system.

The emphasis of those researches was, how-
ever, laid on the support stiffness and damping of
CB. Considering the difficulty of modifying the
bearing stiffness and damping, to obtain the opti-
mum simulation results, a new type of CB which
has two separate rolling element series is pro-

posed in this paper. On one hand, this new type

of CB possesses higher limit speed as a result of

the share speed of the intermediate race, which
makes it capable of withstanding higher rotor ini-
tial rotating speed. On the other hand, the new
type of CB has one more bearing compared with
the traditional CBs, which brings it the advantage
of buffering rotor vibrations after rotor drop. The
above advantages of DDCB have been verified by

both simulations and experiments.

2 Simulation
2.1 Structure of AMB

Fig. 1 shows the studied structure of a motor
drive system equipped with magnetic bearings.
The motor is located between the two radial mag-
netic bearings. Each radial magnetic bearing gen-
erates radial forces in two perpendicular radial ax-
es. Thrust magnetic bearings regulate the axial
forces in the shaft direction. All the magnetic
forces are controlled by negative feedback control
systems so that the rotor is regulated to the cen-
ter of the stator bore. Besides those magnetic
bearings, two catcher bearings are located in the
two ends of the structure respectively to prevent
damages in the event of a component, power or a
control loop failure or overloads. The air gap be-
tween the catcher bearing inner race and the rotor
is half of the air gap of AMB. The outer race of
the catcher bearings are rigidly mounted to the

bearing housings which are also rigidly mounted

to the ground.
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Fig. 1 Structure of AMB system

2.2 Structure of CBs

In order to improve the limit speed of the
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CB, two deep groove ball bearings (61801) are
mounted together to constitute the first layer of
DDCB, while a deep groove ball bearing (61805)
acts as the second layer that is mounted in the
bearing housing. The new type of CB is the com-
The formed

three races are denoted as inner race, intermedi-

bination of those three bearings.

ate race and outer race, respectively. The detailed
structure of DDCB is shown in Fig. 2(a). The
structure of SDCB is also shown in Fig. 2(b).
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Fig. 2 Structures of DDCB and SDCB

2.3 MSC. ADAMS model

Multi-body dynamics simulation software

MSC. ADAMS is used to simulate the rotor drop
process-*.

According to the rotor parameters, rotor
model shown in Fig. 3 is established using AD-
MAS, where L, is the distance between AMB and
rotor barycenter; L, is the distance between CB
and rotor barycenter; L, is the distance between
displacement sensor and rotor barycenter; L. is
the length of AMB rotor; and L, is the length of

motor rotor. The relevant parameters of rotor are

listed in Table 1.

L

©

Fig. 3 Rotor structure ADAMS model

Table 1 Relevant parameters of rotor

Parameter Value
Rotor radius/mm 19.75
Journal radius/mm 5.875
Imbalance eccentricity/mm 0.008
Polar MOI/(kg * mm*) 3.8X10°
Transverse MOI/ (kg « mm?) 1.612X10*
L,/mm 116
L,/mm 163
L./mm 90
L./mm 60
L,/mm 80
Mass/kg 2. 14
Rotor initial rotating frequency/Hz 200

Impact function and recovery coefficient are
the two main methods for defining the contact in
ADAMS. Usually, the use of impact function is
wider and more accurate. Contact stiffness £ and
damping ¢ are used to calculate the crash force in
this rotor drop model.

Fig. 4 shows the contact model between rotor
and inner race, and the impact function can be ex-
pressed as a subsection function

F=

0 S<so
h(s—50) T cms XSTEP(sys50 —dms150+0) s>,

(D

Fig. 4 Contact model between rotor and inner race
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where s is the relative displacement between rotor
and inner bearing; s, =R —r., here R is the bore
radius of inner race and r the radius of rotor; e is
the contact coefficient, and for point contact ¢ =
3/2 and line contact e=10/9; ¢,, is the maximum
damping coefficient; d,, is the distance when the
damping ratio reaches the maximum, and d, =
0.01 mm; STEP function is used to keep the con-
tact damping continuous, s is the variable of the
STEP function, s, —d,, is the initial value of vari-
able and s, is the final value of variable; and % is

k=7.85X10"L%¥’ (2)
where L is the contact length.

Stiffness-damping contact model 1is also
adopted to define the catcher bearing internal con-
tacts. Based on Hertz theory''”, the contact
stiffness between ball and race can be calculated
using the bearing geometrical and material param-

eters.
ky=e,7 (> p) 7 (3)
where e; is the Hertz contact coefficient associated
with the contact surface curvature, and can be
calculated by Ref. [12] interpolation; p is the con-
tact surface curvature.
As there is no reliable theoretical method for
calculating the bearing damping, empirical values
are chosen in this paper. The relevant parameters

of bearing are listed in Table 2.

In order to simplify the modeling process,
two separate models of inner and outer bearings
are merged together in ADAMS as shown in
Fig. 5. The use of this method realizes the model
establishments of rotor drops on DDCB and SDCB
synchronously.

For the whole CB model, constraint relation-
ship between each part of the bearing is divided
into three kinds: (1) The outer race and ground
are set as a fixed side, so that the CB is fixed on
the ground; (2) the bearing rolling body, the in-
ner channel, and the outer channel and cage are
set as contact pair; (3) the inner race and rotor
are set as contact pair.

The initial motion state of rotor is indispen-
sable to carry out the rotor drop simulation. Rig-
id rotor model is established to analyze the dy-
namic responses, and the motion formulas before
rotor drop can be expressed as follow

MX, + GX, =AF, — F, 4
where M is the rotor mass matrix; X, is the dis-
placement vector of rotor barycenter; G is the ro-
tor gyro torque matrix; A is the introduced pa-
rameter matrix; F, and F, are electromagnetic
force and centrifugal force matrices respectively.

The displacement vector X, of the rotor bary-
center can be expressed using the rotor displace-

ment vector X, at the two ends of radial sensors.

Table 2 Relevant parameters of double-decker catcher bearing

Parameter

Inner bearing (61801)  Outer bearing (61805)

Bore radius/mm

Contact stiffness between ball and inner race/(N « mm™ ¥?)

Contact stiffness between ball and outer race/(N « mm™ %)

Contact damping/(N ¢ s+ m™ ")
Contact parameter
Diameter of ball/mm
Pitch diameter /mm
Diametric clearance of bearing/pm
Elastic modulus of ball/GPa
Elastic modulus of races/GPa
Polar MOI of inner race/(kg » mm?)
Number of balls
Poisson ratio of ball
Poisson ratio of races

Density of ball and races/(g + cm™?)

6 12.5
4. 9X10° 5.98X10°
4.3X10° 5.18X10°
800 1 000
3/2 3/2
2.381 3.5
16.5 31
6 10
290 290
208 208
0.16 4.19
12 15
0. 26 0. 26
0.3 0.3
7.8 7.8
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Inner race Outer race

Outer ball
Intermediate race

Inner ball

Rotor drops onto DDCB

Fig. 5 Model of rotor drop in catcher bearings

XD — D1XC (5)
The rotor motion Eq. (4) can be rewritten as
MD,X. +GD X. =AF, — F, (6)

The AMB parameters are: Pore area A =
1.96 X107* m?*; linear amplifier power gain G, =
0.4 A/V; linear sensor gain Gg= 20 000 V/m;
bias current I, =2 Aj; numbers of the coils N=
130; gap of the rotor at balance position x, =
0.25X10 % m. The AMB controller is a PID con-
troller, and the transfer function is

de
1 + T4S

where proportional coefficient £, =2. 3; integral coef-

GP][)(S) :kIJ+%+ (7)

ficient b, = 10; differential coefficient by = 1.4 X
10?5 and filtering time constant ;=7 X107,

The detailed modeling of rotor dynamical
models before failure of AMBs and support model
of AMBs can refer to Ref. [13]. So the rotor vi-
bration characteristics before rotor drop are ob-
tained by compiling the MATLAB calculation
program. And here, the rotor initial vibration
displacement is supposed to be 7 pm and velocity
is supposed to be 0. 6 m/s at the rotor initial rota-
ting frequency 200 Hz. The initial angle between

the velocity and the horizontal axis is 90°.
2.4 Simulation results

The orbit of the left journal for different CB

types from O to 0. 2 s after rotor drop is obtained

by simulation, shown in Fig. 6, along with the
nominal catcher bearing clearance circle. Fig. 6
indicates that the rotor jumping height using SD-
CBs is higher than that using DDCBs, and the ro-
tor orbit using SDCBs is significantly more confu-
sing compared with the orbit using DDCBs. Mo-
reover, the amplitudes of rotor vibration are de-
creased by at least 28 % after rotor drop with the
help of DDCBs.

(b) DDCB

Fig. 6 Orbits of left journal obtained by simulations

for various CB types

Fig. 7 presents the contact forces F,, between
the left journal and inner race after rotor drop.
The added outer rolling bearing endues DDCB
with smaller support stiffness but larger damp-
ing. Due to the changes of the support character-
istics, the DDCBs have a decrease about 15%—
27% of the maximum contact forces compared
with the simulation results using SDCBs. And the
contact forces using DDCBs gradually decrease

with time, but the contact forces using SDCBs are
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Fig. 7 Contact forces between left journal and inner race

obtained by simulations for various CB types

randomly distributed and not too much regularity.

3 Experiments

In order to verify the simulation results and
the performance of DDCB discussed above, a

DDCB is fabricated. Fig. 8 shows the mechanical

CB
blocks T~ .

(2) SDCB

CB Intermediate
blocks P i race
y .

(b) DDCB

Fig. 8 Photographs of CBs and CB blocks

parts of DDCB, SDCB as well as the correspond-
ing bearing blocks. The test rotor is suspended
by a five-degree-of-freedom AMB system and ro-
tated by a driving motor, as shown in Fig. 1. Be-
fore and after rotor drops on different types of
CBs, the dynamic characteristics of the rotor are
theoretically derived in Ref. [14 ], whose experi-
mental device and data are the same as that in this
paper.

The experimental facilities necessary for
measurement are shown in Fig. 9. The controller
of AMB is analog PID controller. The parameters
of the rotor, bearings and controller are similar as
the simulation parameters. We use eddy current
sensors to measure the displacement signal of the
rotor and a fiber sensor to detect the black and
white stripes painted on the rotor. The output
signal of the fiber sensor is used by a rotor drop
control board to calculate the rotor spin velocity
and phase. This control board can also switch off
the power transistors of AMB electric control sys-
tem when the rotor is in the specified initial veloc-
ity and phase states to guarantee that the rotor
drop on different types of catcher bearings in the
same initial motion state. The system adopts two
fiber sensors to quantify the rotating speeds of the
inner and intermediate races and uses a converter
to supply the motor in the AMB with a rotational
torque. All the sensor signals are collected by the
data collection card and stored in the computer.
For the data acquisition, three boards NI-9215
from National Instruments are chosen. MATLAB
software is adopted to carry out the subsequent a-
nalysis of the acquired data.

Figs. 10 (a, b) present the orbits of the left

journal after rotor drop at the rotor initial rotating
g control board g

Experiment rig

Data
collection card

Fig. 9 Photograph of experimental facilities
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frequency 200 Hz obtained by experiments. It can
be seen from Fig. 10 that, the rotor drops on the
CBs and bounces several times on the inner race
when the AMB system becomes inactive. The re-
bound height and times using DDCBs are smaller
than that using SDCBs. Comparing Fig. 6 and
Fig. 10, the experimental results are basically
correspondent with the simulation results and
verify the correctness of simulation models estab-
lished using multi-body dynamics simulation soft-

ware MSC. ADAMS.

(b) DDCB

Fig. 10 Orbits of left journal obtained by

experiments for various CB types

Fig. 11 shows the frequencies of different ro-
tating parts obtained by rotor drop experiment,
which can give us a better understanding of the
dynamical behavior of DDCBs and SDCBs. The
speed of inner race can be distributed to the inter-
mediate race according to a certain ratio using
DDCBs. Speed distribution rate is not very high,
only 17%. The reason may be related to internal

and external bearing pitch diameter ratio, lubrica-

tion and lubricant viscosity and will be studied in
other papers. As the contact forces between the
rotor and the CBs are complex and not easy to
get, the change of contact forces needs to be re-
flected by measuring other parameters. When the
contact forces change, it will cause the friction
between the rotor and inner race changes. Be-
cause the friction serves to reduce the rotational
speed of rotor, the rotor speed changes will be ac-
celerated when the contact forces increase. The
contact force changes could be obtained by analy-
zing the rotor speed changes. Fig. 11 indicates
that the rotor speed changes using DDCBs are
smaller, compared with the changes using
SDCBs. The contact forces reflected from the side

will decrease by using DDCBs.

240 r
L Initial rotating frequency: 200 Hz
N 200 (==
=1
g 160
g I —— DDCB rotor
g 120 [ IN/SNYNAAN A/, — — DDCB inner race
& I X.—. — - = SDCB rotor
an I N - .
£ 80} h === SDCB inner race
<
<] L DDCB intermediate race
M 40 F
0 . . . X . ,
0.0 0.1 0.2 0.3 0.4 0.5 0.6
Time /s
Fig. 11 Rotating frequencies of rotor, inner race

and intermediate race obtained by

experiments

4 Conclusions

In this paper, DDCBs are proposed to be
used as CBs in AMB system. The dynamic re-
sponses of the rotor drops on DDCBs and SDCBs
are respectively simulated on the platform of AD-
AMS. Finally, rotor drop experiments are carried
out to validate the simulation results. The fol-
lowing conclusions can be obtained from the a-
bove researches:

(1) DDCBs can help to reduce the rotor vi-
bration amplitudes and the contact forces after ro-
tor drop.

(2) The speed of inner race can be distribu-

ted to the intermediate race according to a certain
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ratio. The angular acceleration of the intermedi-
ate race is a little smaller than that of the inner

race.
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