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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. Most of the former researches associated with CBs are mainly focused on the dynamic responses of the
rotor drops onto traditional single-decker catcher bearings (SDCBs). But because of the lower limited speed of SDCB, it cannot
withstand the ultra high speed rotation after rotor drop. In this paper, based on the analysis of the disadvantages of SDCBs, a new type
of double-decker catcher bearings (DDCBs) is proposed to enhance the CB work performance in AMB system. In order to obtain the
accurate rotor movements before AMB failure, the dynamic characteristics of AMB are theoretically derived. Detailed simulation
models containing rigid rotor model, contact model between rotor and inner race, DDCB force model as well as heating model after
rotor drop are established. Then, using those established models the dynamic responses of rotor drops onto DDCBs and SDCBs are
respectively simulated. The rotor orbits, contact forces, spin speeds of various parts and heat energies after AMB failure are mainly
analyzed. The simulation results show that DDCBs can effectively improve the CBs limit rotational speed and reduce the following
vibrations, impacts and heating. Finally, rotor drop experiments choosing different types of CBs are carried out on the established AMB
test bench. Rotor orbits, inner race temperatures as well as the rotating speeds of both inner race and intermediate races after rotor drop
are synchronously measured. The experiment results verify the advantages of DDCB and the correctness of theoretical analysis. The

studies provide certain theoretical and experimental references for the application of DDCBs in AMB system.

Key words: active magnetic bearing, dynamic stiffness, rotor drop, double-decker catcher bearing, single-decker catcher bearing,
heating

conventional CB. XIE, et al””, numerically investigated the
1 Introduction steady-stator behavior of a rotor on CB and studied the
effects of various parametric configurations: rotor
imbalance, support stiffness and damping. COLE, et al'®,
developed a deep groove CB model with the elastic
deformation of the inner race, which was modeled as a
series of flexible beams and studied parametric effects of
impact force, bearing width and inner race speed on ball
load distributions. However, a rotor drop simulation was
not conducted. WANG, et al'”, analyzed the steady-state
response of a rigid rotor in a positive clearance bush using
the fixed-point algorithm and predicted a chaotic whirling
of the rotor depending on excitation frequency.

Most of those researches focused on the rotor dynamic
responses after rotor drop. However, as the rotor dynamic
characteristics before AMB failure were not detailedly
analyzed, the rotor drop simulation results are not reliable.
In order to get accurate initial rotor vibration state, the
AMB dynamic stiffness serves as the support stiffness
before rotor drop is theoretically derived and verified
through model experiments.

' : Rolling element bearings are usually adopted as CBs.
* Corresponding author. E-mail: nuaazyl@nuaa.edu.cn . . .
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Active magnetic bearing (AMB) have many advantages
over conventional mechanical bearings. In addition to
supporting the high-speed rotor without any mechanical
friction and lubrication, they enable rotor position and
induced vibration to be controlled by adjusting support
stiffness and damping. However, catcher bearings (CBs)
are necessary to protect the AMB assembly from direct
contact with the rotor. They can temporarily support the
rotor during maintenance and prevent destruction of the
system after a possible AMB failure.

KIRK, et al' 2, studied the effect of the support stiffness
and damping by evaluation of forced response for
numerous rotor-support system parameters and showed an
optimum damping. SWANSON, et al®!, provided the test
results for 38 rotor drops with varying rotor speed,
unbalance amplitude and location for the 5 CB
configurations. CHEN, et al*!, proposed the zero clearance
auxiliary bearing and presented its performance over
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is difficult to modify the standard bearing to satisfy the
parameter demands. And in most cases the stiffness of
traditional catcher bearing turns out to be larger. What is
more, once the AMB system fails, the CBs always have to
bear extremely high rotating speed that might exceed their
limit speed. So a new type double-decker catcher bearing
(DDCB) which has two separate rolling element series is
proposed in this paper. On one hand, because of the share
speed of the intermediate race, the limit speed of this new
type CB is improved, so it can withstand higher rotor initial
rotating speed. On the other hand, for another bearing is
added to the traditional CB, it can to some extent buffer
rotor vibrations after rotor drop. According to the actual
rotor structure, a rigid rotor dynamic model is build. On the
basis of the Hertz contact theory, the collision model
between the rotor and inner race is established.
Furthermore, a detailed ball bearing model is utilized to
gain the real-time support forces after rotor drop. Then the
rotor and DDCB dynamic responses and heating are
obtained through numerical integration of those dynamic
equations. The advantages of the DDCB are verified by
both simulation and experiments.

2 AMB Stiffness Analysis

The whole rotor drop process can be divided into two
parts: before and after AMB fails. Accurate AMB support
stiffness is needed to obtain the initial rotor vibration
characteristics. In order to get the AMB dynamic stiffness,
firstly, the functional relationship between the control
current and vibration displacement should be determined
through analyzing AMB system control diagram as shown
in Fig. 1.
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Fig. 1.

In the control diagram, i is the control current flowing in
the coil; vy is sensor output containing the rotor position
information; v, is input of PID controller, and it is linear
with rotor vibration displacement x; x, is the balanced air
gap, here xo = 0.25 mm; G, and G; are the linear amplifier
power gain and sensor gain respectively, here G, = 0.4
A/V and G; = 20 kV/m. According to the control diagram,

the relationship between control current and rotor vibration
displacement can be expressed as
i, =v.GG, =25-v,)GG, =
[2.5—(0.5x, +x)G,]G.G, = —8 000xG,. (1)

Before rotor drop the resultant force imposing on the
rotor in one direction can be linearized as'®!

F=kx+ki, )

where &k —Displacement stiffness, k= u AN 7 5 / xg s
k, —Current stiffness, k, = 4, AN"I, / xp .

k. and k; can be calculated using the parameters listed
in Table 1. The displacement stiffness and current stiffness
of each degree are equal because of the complete structure
symmetric of the radial magnetic bearings.

Table 1. Parameters of AMB
Parameter Value
Pole area A/cm’ 1.96
Bias current /o/A 2
Numbers of the coils N 130

Air magnetic permeability z/(uH * m™) 0.4n

Substituting Eq. (1), then Eq. (2) becomes

F(jo) = — j8 000k, Im|G, (jo)| x(jo) +
k x(j) — 8 000k, Re[G, (jw)| x(jw), 3)

where @—Rotor rotational velocity,
G, (s) —Transfer function of PID controller,

K. Ks
G (s)=K +—+——,
Ps Iy
K_ —Proportional coefficient, Kp =23,
K, —Integral coefficient, K, = 10,
—Differential coefficient, K, =1.4x 1073,
t, —Filtering time constant, 7, = 7 X 10°°.
The stiffness and damping of AMB can be deduced from
Eq. (3):

k = —8 000k, Re|[G, (jw)| + &,
 —8000k, Im|G, (jo)] 4)

Cc = .
[0

Then the dynamic stiffness of AMB can be expressed
[9-10]
as

ky, = k> + (co)’. 5)

Using the parameters of AMB presented in Table 1, the
AMB dynamic stiffness which support the rotor during
normal operation can be obtained. Rotor finite element
model can be used to calculate the rotor natural frequencies
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and modal shape using the above-gained dynamic stiffness.
The detailed calculation process'''?! is not list here. The
first bend natural frequency is about 800 Hz, which is also
verified by model experiments. So the rigid rotor model can
be used to analyze the rotor dynamic responses if the rotor
spin speed is less than 800 Hz.

3 Dynamic Models

3.1 Rotor model

In order to analyze the rotor dynamic response during the
rotor drop process and verify the feasibility and
effectiveness of DDCB, the detailed rotor load-carrying
model is established in Fig. 2.
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Fig. 2. Rotor structure and load-carrying model (mm)

For the thrust force in the rotor axial direction can be
assumed passing through the mass center of the rotor, and
the rotor does not exist unbalance in axial direction, the
axial subsystem can be separated from the other four radial
DOFs!"*'l. Fig. 2 only gives the rotor force analysis in the
four radial directions. Where, O is the rotor mass center; x
and y denote the axis name; /,, [, and /. are the distances
between radial AMB and rotor barycenter, CB and rotor
barycenter, radial displacement sensor and rotor barycenter
respectively; 0, and 6, are the rotor rotary angle in axis x
and axis y direction respectively. Each electromagnet force
is defined as F, (n = x,;0r y,;, j = 1, 2 denote left and right
side, respectively); each counterforce from catcher bearing
is defined as F,, (m = x; or yy;). The electromagnetic force
can be calculated using the real-time dynamic stiffness.
While, detailed collision model between rotor and CB as
well as the real-time CB force model should be established
to calculate each CB counterforce.

As the rotor works under its first bend natural frequency,
rigid rotor model is established to analyze the dynamic
responses. According to Fig. 2 the motion formula can be
expressed as

mi + Gx = AF, + BF, — F,, (6)

where m—Rotor mass matrix, m = diag(m_, m_, J, J),

m.—Rotor mass,
J—Rotor transverse moment of inertia (MOI),
x—Displacement vector of rotor barycenter,

X =(2,.7,.0,.0,)".

x,—Rotor barycenter displacement in x direction,
v,—Rotor barycenter displacement in y direction,
G—Gyro torque matrix,

00 0 0
00 0 0
G= :
00 0 aJ,
00 -, 0

o—Rotor rotational speed,
J,—Polar MOI of the rotor,
A, B—Introduced parameter matrix,

Cxal 0 é’xa2 0
A= 0 gyal 0 gyaZ ,
0o L 0 -
L 0 L 0
1 01 O
0 1 0 1
B= ,
0 14 0 —
—1, 01, 0

Geats Gans Gats G Introduced electromagnetic parameters,
they equal “1” during normal operation,
else equal “0”,
F,, F,, F.—Electromagnetic force, CB counterforce
and centrifugal force matrix respectively,

T
Fa = (F F anZ’ Fya2) °

xal®>” yal?

T
Fb = (Fxbl’Fybl’ Fxb2’ Fbe) ’

m.e.»” cos(ot) +m.g_
m.e @ sin(wt) +m, g,
0 >
0

e.—Rotor unbalance,
g,—Gravity acceleration in x direction,
g,—QGravity acceleration in y direction.
The displacement vector x of the rotor barycenter can be
expressed using the rotor displacement vector x; at the two
ends of radial sensors:

F =

x=Dx

| X5 ()

o T
where xs—(xsl,yspxsz,ysz) s

D, —Displacement transfer matrix,

[ 01 0
10 L0
oo 10 -1
~101 0

In the same way, the displacement vector x;, can be
derived

X, = D;lDle, (®

_ T
where x, = (Xy, Yyis X525 Vo) o

D, —Displacement transfer matrix,
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By utilizing Eq. (8), the rotor motion Eq. (6) can be
rewritten as

mD,i, +GD,%, = AF, + BF, — F,. ©9)

Once the AMB system fails, the rotor will drop onto the
CBs by gravity. And the rotor speed will be decelerated by
the contacts. The rotational equation of motion for the rotor
can be given by

J.6 =(F,+F,)R., (10)
where F—Friction forces between rotor and inner race,
and the subscripts rotor mass matrix (j = 1, 2),
1, 2 represent the left and right catcher
bearing, respectively,
R—Radius of the rotor shaft.

3.2 Contact model

In order to improve the rotational speed of the
intermediate race, two deep groove ball bearings (61801)
are mounted together to constitute the first layer of DDCB,
while an outer deep groove ball bearing (61805) act as the
second layer that is mounted in the bearing housing. The
new type DDCB is the combination of those three bearings.
The formed three races are denoted as inner race,
intermediate race and outer race, respectively. The detailed
structure of DDCB is shown in Fig. 3.
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Fig. 3. Structure of DDCB

In order to analyze more simply, it is assumed that there
always exit two inner ball and one outer ball vertically
below the rotor contact point. Taking the left end for
example, the contact model between rotor and inner race as
well as DDCB force model are depicted in Fig. 4. Where
o, is the angle between the direction of the normal contact
force and x axis. ¢y and ¢y, are the damping parameters of
inner and outer bearings, respectively. Fig. 4 also shows the
normal forces acting on the jth inner and kth outer ball, at

the angular position ¢; and ¢y, as Q;; form the inner race,
(Ot Qi) from the intermediate race and Oy from the
outer race. T;; and T, are the friction torques acting on the
inner and outer bearings, respectively. xy;; and yy; are the x-
and y- displacement of the inner race, and x,,; and yy,; are
the x- and y- displacement of the intermediate race,
respectively. éb“ and é’bol separately denote the rotating
speed of the inner race and intermediate race.

Fig. 4. AMB rotor drop model

A complete contact model includes descriptions of
contact force F, and friction force F,. A non-linear
circle-in-circle contact model can be used to depict the
contact between the rotor and the bearing. Based on the
Hertz contact theory for two spheres and limited impact
velocity below 500 mm/s, the radial contact force F),; is a
function of the contact penetration §; and the penetration
velocity 51 . The radial contact force, which affects the rotor
dynamic responses, can be written as follows!'*':

10/9 Q
_[K&"0+0126), 8 >0, an
n 0’

F
5, <0,

where K.—Contact stiffness between rotor and inner race,
O—Penetration between the rotor and the inner
race, 0, =1 —(R,,—R),
ri—Radial displacement r; between the rotor and

the inner race of DDCB with respect to the
center of the bearing,

h= \/(xbl _xbil)2 + Wy _ybil)z‘

The contact stiffness K. mainly depends on material
property and contact geometry: here K, = 2.4 GN/m. In Eq.
(11), the contact forces are avoided by ignoring contact
whenever the contact force becomes negative!'®’.

Using the geometry presented in Fig. 4, the contact angle
satisfies:

. Vo1 — Voi
sing, = — bt — Vit
7
! (12)
Xo1 ~ Xbit
cosa, = )
7
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And the x- and y- components of the forces applied on the
rotor can be calculated as follows:

X — X, Vi1 — Vi
_ bl bil bl bil
Fxbl - Fnl ” +E1 ” >
y _ly . _lx (13)
_ bl bil bl bil
Fybl - _Fnl B _Ftl B :

1

Both slipping and rolling conditions may exist at the
contact point. When slipping occurs, the magnitude of the
friction force can be calculated as

By = uks

i (14)
where 14 —Dynamic friction coefficient, g4 = 0.1.

A rolling condition occurs when the tangential velocity
of the inner race reaches the rotor tangential velocity at the
contact point. So they satisfy the rolling condition:

OR =0,R

Rs- (15)
In this situation, rolling condition Eq. (15), rotor and
DDCB dynamic equations should be arranged together to
calculate the friction force. Slipping or rolling contacts are
determined by the following judgment conditions:

F, > u F,,, slip again, (16)
F, < uF,, keep rolling,

where 1, —Maximum static friction coefficient, 1, = 0.2.

3.3 DDCB model
According to Fig. 4, the dynamic equations DDCB can
be written as follows!' "

my X, +c,x, =F,—F,,, (17)

where m,;—DDCB mass matrix,
my, = diag(m,,, my;, my,, my,, Jyys Jyg)),
m;—Mass of the inner race,
m,—Mass of the intermediate race,
Juir—Polar MOI of the inner race,
Juor—Polar MOI of the intermediate race,

Xxp1—Displacement vector of the DDCB,
T
Xp1 = (Xi1s Yoit> Xoor> Yoot Goirs Gpor) >

cpy—Damping matrix of the DDCB,

2, O ~2¢,, 0 00
0 2 0 ~2¢,, 00
. —2¢y; 0 2¢;+c,, 0 00
o 0 -2, 0 2+ 0 0/
0 0 0 0 00
0 0 0 0 00

Fy—External force vector,

F, =(F, _Fyblv 0,0, F;R,,, 0 f’

F,, —Resultant force and moment vector,

bl>

Ziy
ZZ o cos(a; + ?; )
=1
Ziy
EZ O, sin(e; +9;)
=
Zo1 Ziy
F = Z 0., cos(a, +@,)— ZZ 0,1 008(e; +¢,) |
k=1 j=1
Zo1 Ziy
Z Oy sin(ey +¢,) — 22 0, sin(a; +¢;)
k=1 j=1

_ZTil
2T11 _Tol

The contact force at the ball-race interfaces can be
calculated using Hertz contact theory!'™. Assuming the
races are rigid, the elastic deformation of the inner and
outer balls due to local contact stresses can be calculated as

. k_ .
_ ijl o/l , (18)

where ki, ko;—Contact stiffness parameters between the
inner ball and corresponding races,
ki, kox—Contact stiffness parameters between the
outer ball and corresponding races.
Those stiffness parameters can be calculated using the
given DDCB material and geometrical parameters, as
shown in Table 2. The detailed description of the
calculation process can be found in Ref. [18].
From Fig. 4 according to the geometric relationships the

elastic deformation can also be represented by

= (Voir = Ppor)SI(e +9,1) —¢; ,
Xpo1 €OS(Q) + @)+ Yoy SI(Et; +00,) — €,

(i1 = Xpo1 ) COS() + ;) +
o,
[ ] (19

O

where c¢;—Diametric clearance of the inner bearings,
¢o—Diametric clearance of the outer bearings.

By arranging Egs. (18) and (19), those contact forces can
be expressed using the calculated contact stiffness
parameters and the geometrical parameters. The ball load

equilibrium equations including the centrifugal force are

derived as
d.m_
pi’ bici
[on]]: Qij] +F;]l}: Qijl + 2 (20)
onl Qikl + F'ckl dpo bo“co
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where dy;,
bearing respectively,

dyo—Pitch diameters of the inner and outer

my;, Mp,—Ball masses of the inner and outer bearing

respectively,

., 0., —Cage revolution speeds of the inner and

outer bearing respectively,
ebil (dpi - dbi) + ‘91;01 (dpi + dbi)

[a)ci ] _ 2dpi
wco ébol (dpo - dbo)
2d

dyi, dyo,—Ball diameters of the inner and outer

bearing respectively.

Table 2. Specification of rotor drop simulation parameters
Rotor parameter

Parameter Value
Imbalance eccentricity e;/mm 0.008
Gravity acceleration in x direction g,/(m * s ) 6.93
Gravity acceleration in y direction g,/(m * s ) 6.93
Polar MOI J./(kg » mm?) 380
Transverse MOI J/(kg » mm?) 1.6x10*
Distance between AMB and rotor barycenter L,/m 0.116
Distance between CB and rotor barycenter L,/m 0.163
Distance between radial sensor and rotor barycenter L./m 0.09
Mass m,/kg 2.14
Journal radius R,/mm 5.875

DDCB parameter

Parameter Value
Static load rating of inner bearing C;/kN 1.9
Static load rating of outer bearing Cyo1/kN 4.3
Damping coefficient of the inner bearing cpii /(N * s * m’l) 250
Damping coefficient of the outer bearing cpo1 /(N * s * m D) 500
Diametric clearance of the inner bearing ¢;;/pm 6
Diametric clearance of the outer bearing ¢,,/pum 10
Diameter of inner ball dy;/mm 2.381
Diameter of outer ball dy,/mm 3.5
Pitch diameter of inner bearing d,;; /mm 16.5
Pitch diameter of outer bearing d,,/mm 31
Elastic modulus of ball E,/GPa 290
Elastic modulus of races E,/GPa 208
Polar MOI of inner race 0.16
Polar MOI of intermediate race 4.19
Mass of inner ball my,;/mg 55
Mass of outer ball my,/g 0.18
Mass of inner race m;; /g 3.6
Mass of intermediate race n,/g 28
Bore radius Ry /mm 6
Number of the inner balls z;; 12
Number of the outer balls z; 15
Poisson ratio of ball v, 0.26
Poisson ratio of races v, 0.3
Viscosity ¥ ij01/(mm’+s™") 25
Density of ball and races: steel p/(g * cm?) 7.8

The internal friction torque acting on the left DDCB can

be written using Palmgren’s theory!'”):

Til _ T{i1+Tvi1
- >
7:)1 ]101+TV01

2]

where Ty, T,;—Load-dependent friction torques of inner
and outer bearing respectively,

0.55
xfldpanl Fn|
[T] 2,
T, - F 0.55
d . F |-l
f2 p2 nl[c 1]

SO

Csi1, Csor—Static load rating of the inner and outer
bearing respectively,
f1, fr—Factors that vary from 0.000 2 to 0.000 4,
Ji =/, =0.0003,
T.i1, Tyor— Viscous friction torques of inner and outer
bearing respectively,

10*7g“(uilnﬂ)z%r;1 +160x1077 g, f,d>,

107, )P, +160x107T ¢, f |

T

vil

T

vol

fi, for—Factors depending on the bearing type and
the method of lubrication,

Vi1, Y, —Kinematic viscosity of the lubricant in

il»
centistrokes for the inner and outer
bearing, respectively,

nj—Inner bearing work speed,
n, =306, — ebol)/n’
ny,—Outer bearing work speed,
nol - 309b01/n’
¢ Introduced parameters,a = 1,2; b =1, 2.

In practice, the values for deep groove ball bearings
range between 0.7 and 2. In this study, the parameters f
are selected to be 1. If vopn, < 2000, g1, =0, 1, = 1; else

siv=1,6,=0.

3.4 Heating model

Heating after rotor drop is another major problem, for
excessive heating may damage CBs that directly influences the
safety of the whole system. A CB has a variety of heat sources,
and here two major sources are considered during the rotor
drop: rotor/CB mechanical rub and drag torque. When
adopting DDCB, the thermal power loss in the left end is

(22)

1
Hy =—=H, +Hy,
2
where H ,—Power loss generated by rotor and CB
mechanical rub,
H, =F,(RO, —Ry;,6,) + F, [k, —%,)sine; +
(Pp1 = Vi) cos e,
H_ —Power loss caused by the CB,
Hy =21, (6 — 6,,)) + 1,6,

While for SDCB H,, = 21}19bi1. The corresponding total
heat energy can be obtained by integrating the thermal

power loss:

ol°

1 prt t
E=E,+E, = fo H, (H)dt+ j; H,,(t)dt, (23)
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where E_ —Heat energy generated by rotor and CB
mechanical rub,
E,, —Heat energy caused by the CB.

4 Simulation Results

In this section, using a variable time-step fourth order
Runge-Kuttal”” integration algorithm, both of the
numerical solutions after rotor drop in AMB system
choosing DDCBs and traditional SDCBs respectively are
obtained to identify the different dynamic responses of
these two various CB types. As the inner bearings of
DDCB are the same type of SDCB, for simplicity the
elastic deformation of the outer balls can be assumed to be
zero to calculate the rotor responses when rotor drops onto
SDCB:s. The detailed parameters are listed in Table 2.

Firstly, rotor vibration displacements and velocities in X-
and Y- directions are obtained through solving Eq. (20) for
normal operation. After the initial transient motion has
damped out, the rotor motion turns out to be the circular
synchronous precession. When the barycenter of rotor
crosses the vertical axis at the lower point, the AMBs’
power is assumed to be cut off: here the introduced
parameters (i, G, Gar, and (o equal “0”. Then, by
utilizing the rotor motion conditions of this point, Egs.
(9)—(10) and (17) are solved for rotor drop. In the
simulation program, a very small boundary (1x10°) is
added around zero to judge the relative velocity between
the rotor and inner race. And if the relative velocity is
within this boundary, the rolling condition is applied to
determine the tangential contact forces, otherwise, a
slipping condition is applied.

Figs. 5(a)-5(b) show simulation orbits of the left journal
for different CB types from 0 to 0.2 s after rotor drop. The
nominal catcher bearing clearance circle is also shown with
the orbit plots. It can be seen from the figure that, the
angular range of the rotor vibration using DDCBs is about
120° which is significantly smaller than the range (270°)
using SDCBs. And the use of DDCBs helps to decrease the
amplitudes of rotor vibration about 30% after rotor drop.

(a) SDCB

(b) DDCB

Fig. 5. Orbits of the left journal obtained by simulations

for various CB types

The contact forces between the left journal and inner race
after rotor drop are presented in Fig. 6. Due to the added
outer rolling bearing, the support stiffness of the DDCB is

smaller, while the damping is larger. The changes of the
support characteristics make the maximum contact forces
drop about 20%—-30% compared to the initial results using
SDCBs. Because of the increase of the support damping, the
contact force using DDCBs decays a little faster.

3001
250
- 200H
2
£Z
g .= 150
s .5 100
z
50H I l
i L
0 0.05 0.10 0.15 0.20
Time #fs
(a) SDCB
250
200
1 .
g E 1501
8 .=
E 8 100}
S 2
z
501 l l
i - I
0 0.05 0.1 0.15 0.20
Time #fs
(b) DDCB
Fig. 6. Contact forces between the left journal and inner

race obtained by simulations for various CB types

To gain a better understanding of the dynamical behavior
of DDCB, the revolutions of the rotor, inner race and
intermediate race from 0 to 0.5 s after rotor drop with the
initial rotor speed 200 Hz are shown in Fig. 7.

240~
Tbi1 I

200
E
= 160
=
£ 120 1. Rotor speed
é:i' 2. Inner race speed
= 80 3. Intermediate race speed
=
a4 3

| 1 | 1 J
0 0.1 0.2 0.3 0.4 0.5
Time #/s
Fig. 7. Simulation results of the rotor, inner race

and intermediate race rotational frequencies

The inner race is accelerated very quickly up to the
maximum velocity. At the time #,;~0.06 s, inner race and
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rotor have the same tangential velocity, but different
rotational frequencies for the various radiuses. After the
time f,;; the inner race continues acceleration and
deceleration process but has relatively smaller speed
fluctuations. The acceleration time of the intermediate race
two1 1s a little longer than #,;, because of the smaller drive
torque and larger polar MOI. After the time #,,;=0.2 s the
spin speed of intermediate race has very small fluctuation
and keeps about 17% of the inner race speed. And the rotor
spin speed keep reducing during the presented time,
because a part of the rotor energy is transferred to heat and
DDCBs kinetic energy.

The heat produced by the mechanical rub between rotor
and inner race after rotor drop can be calculated after the
dynamic simulation, as shown in Fig. 8. It can be seen that
the generated heat energy in DDCB at 0.2 s after rotor drop
is about 25% less than the energy using SDCB. Two main
reasons cause this result: the smaller support stiffness and
larger damping of DDCBs leads to relatively smaller
tangential friction force. Furthermore, the rotating of the
intermediate race to some extent reduces the tangential
relative velocity between the rotor and inner race at the
contact point. During the inner race acceleration process,
the heat energy rises quite quickly because there is relative
motion between the rotor and the inner race. After the inner
race speed almost equals to the rotor speed, the heat energy
rises very slowly for the little heat produced by sliding.
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Fig. 8. Heat energy caused by rotor/CB

mechanical rub in the left CB obtained
by simulations for various CB types

5 Experiment Results

Rotor drop experiments for different CB types are
carried out to verify the established dynamic models and
the performance of DDCB. Fig. 9 shows the mechanical
parts of DDCB, SDCB as well as the corresponding bearing
blocks.

Fig. 10 shows the experimental facilities necessary for
measurement. The system adopts eddy current sensor to
realize the measurement of rotor vibration displacement,
which also have to be known for controlling the AMBs
anyway. A fiber sensor is used to detect the black and white

stripes painted on the rotor. Then the rotor spin velocity can
be calculated by using the output signal of the fiber sensor
collected by the Labview data acquisition (DAQ). In order
to quantify the rotating speeds of the inner and intermediate
races, two fiber sensors are adopted. The measurement
principle is the same as that for the rotor spin velocity.
Infrared thermo scope is used to measure the CB’s
real-time temperature after rotor drop. The data acquisition
boards collect all the sensor signals except the temperature
signals. For the data acquisition, three boards NI-9215 from
National Instruments are chosen. A subsequent analysis of
the collected data is carried out with MATLAB software.

DDCB

Converter-

Experiment §
rig

Infrared [
thermoscope

Fig. 10. Photograph of the Experimental facilities

Figs. 11(a)-11(b) present the experiment orbits of the
left journal after rotor drop at the rotor initial rotating
frequency 200 Hz. In this experiment we observe that the
vibration limits using DDCBs are relatively smaller.
Comparing Fig. 5 and Fig. 11, the experimental results are
correspondent with the simulation results, which also verify
the correctness of the established dynamic models.

(a) SDCB

(b) DDCB

Fig. 11. Orbits of the left journal obtained by experiments
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The measured rotational frequencies of different rotating
parts after rotor drop are shown in Fig. 12. The acceleration
time #,;;~0.04 s and #,~0.15 s are shorter than the
simulation results. We can conclude that the practical
contact and friction forces might be a little larger. What is
more, the rotor speed decline and the speed fluctuation of
the both inner and intermediate race are larger than
simulation results. Except for the external forces, other
factors such as the bearing internal sliding, machining and
assembly errors, disturbing signals, and so on, can also lead
to the larger fluctuation. But analyzing the speed ratio of
the two races and the entire tendency, the calculation results
show good agreement with the experimental measurements.
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Fig. 12. Experiment results of the rotor, inner race
and intermediate race spin frequencies

The measured temperature rises of the CB inner races
after rotor drop are presented in Fig. 13. The maximum
temperature rises of the DDCB inner race are about 50% of
that of the SDCB inner race. Comparing Fig. 8 and Fig. 13,
because of the heat transfer process, the temperature rise
relative to heat energy rise has certain hysteresis. The
experiment results also verify the effect of DDCBs on
reducing the following temperature rise after rotor drop.
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Fig. 13. Temperature rises of various CB types

after rotor drop

6 Conclusions

(1) Use of DDCBs makes the rotor vibration amplitudes
after rotor drop decrease about 30%.

(2) The maximum contact force between journal and
inner race reduces about 20%—-30% when adopting DDCBs,

what is more, the decay rate of the contact forces is faster.

(3) The angular acceleration of the intermediate race is a
little smaller than that of the inner race. After the
acceleration time, the speed of the intermediate race keeps
about 17% of the rotating inner race speed.

(4) The heat energy generated in the left DDCB at 0.2s
after rotor drop is only about 75% of the energy when using
SDCBs. Furthermore, the measured maximum DDCB
temperature rise after rotor drop is only about 50% of the
SDCB temperature rise.

In a word, except for the higher limit speed, taking the
rotor vibration amplitudes, contact forces and heating after
rotor drop in view, DDCBs are more suitable for CBs used
in AMB system.
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