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Abstract

A rotor system with double time delays supported by the high-speed self-acting gas-lubricated bearings with three-axial
grooves is modeled to implement active delay control of the system. The differential transformation method is employed
to solve the time-dependent compressible gas Reynolds equation due to its rapid convergence rate and minimal calcu-
lation error. Based on the precise integration method, a calculation method is proposed to analyze the dynamic
responses of a gas bearing-rotor nonlinear system with time delays. The motion analysis of the self-acting gas-lubricated
bearing-rotor system with double time delays is implemented by the orbit diagrams, the time series, and the phase
diagrams. The influence of time delays and feedback control gains on the dynamic responses of the bearing-rotor
nonlinear system is analyzed. The numerical results show that the amplitude of the responses of the system with
time delays control is reduced, the motion is more stable and good control effect is achieved when the chosen feedback

control gains match the time delays of the bearing-rotor system.
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Introduction

Gas lubrication between the rotor and the bearing has
been widely applied to rotating machinery that oper-
ates at high speed and efficiency but is of light-
weight.' > The performances of the hydrostatic gas
journal bearings and the flexure pivot hydrostatic
gas tilting-pad bearings were investigated theoretically
and experimentally by Liu et al.® and Zhu and
Andres.” Their works provided better support in the
application of the hydrostatic gas bearings for oil-free
turbomachinery. Yang et al.*® analyzed the dynamic
coefficients and stability of the aerodynamic tilting-
pad journal bearings using the linear theory. Due to
the nonlinear characteristics of the gas bearings, the
nonlinear theory has to be employed in nonlinear ana-
lysis of the gas bearings. Bou-Said et al.'” utilized the
linear and nonlinear methods to study aerodynamic
foil bearings with simple flexible rotors. Their work
indicated that the nonlinear method must be
employed to reveal the dynamic performance of the
bearings with the big eccentricities as the linear
methods fail. Wang et al.'' and Wang'? studied the
nonlinear dynamic behaviors of the cylindrical gas
bearings and the herringbone-grooved gas journal

bearings with a flexible rotor using the nonlinear
theory. They solved the cylindrical and herringbone-
grooved gas-lubricated Reynolds equations by taking
the short bearing model assumption (i.e., the circum-
ferential pressure flow of the bearing is neglected).
More recently, Wang and Yau'? and Wang'* investi-
gated the nonlinear behaviors of a spherical gas-
lubricated bearing with a rigid and a flexible rotor,
respectively, by the hybrid method of the finite differ-
ence and the differential transformation methods
(DTMs). The evolution of the nonlinear responses
was studied systematically by using the unbalanced
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mass of the rotor and the bearing number as the
system parameters. Yang et al.'® investigated the peri-
odic solutions and their stability of the cylindrical gas
journal bearing-rotor system. They obtained two
threshold values of the system parameters by taking
the mass of the rotor, periodic external excitation, and
width-to-diameter ratio as the system parameters.
Zhang et al.'® studied the nonlinear responses of the
rotor system with cylindrical gas journal bearing sup-
ports by the local iteration method and analyzed the
bifurcation scenario of the responses. The preceding
studies focused on the aerodynamic cylindrical gas
bearing-rotor system. The load-carrying capacity of
aerodynamic cylindrical gas bearings is higher but
less stable. The way to overcome this shortcoming is
that the axial groove is designed in the inner surface of
the bearing along the axial direction. Therefore, the
axial-grooved gas bearing can prevent the pressure
perturbation from spreading along the axial direction.
Wang et al.'” studied the nonlinear responses and
bifurcation of a two-axial grooves gas bearing-flexible
rotor system by the finite difference method and Euler
integration method. Rashidi Maibodi et al.'® ?° inves-
tigated the nonlinear behaviors and bifurcation of a
symmetrical rigid rotor supported in non-circular gas
bearings using the trajectory diagrams, the power
spectra, and the Poincaré maps. In their works, the
nonlinear gas film forces of two-lobe, three-lobe, and
four-lobe noncircular gas-lubricated journal bearings
were solved by the finite element method. The effects
of pre-load and mass unbalance on nonlinear dynamic
behaviors were analyzed. By using the DTM, Lu
et al.”! investigated the nonlinear behavior and bifur-
cation of the rigid rotor system with fixed-tilting-pad
combination gas bearings support and analyzed the
effects of the pre-load coefficient and the pivot ratio
on the system responses.

Time delays usually deteriorate the stability of the
system, cause the complex dynamic behaviors, and
increase the difficulty of system control. In practice,
although various measures were used to improve the
actuation speed of the actuators and the sensors in the
precision high/super high-speed rotor systems, the
time delays phenomenon still cannot be eliminated
in the active control. Because it takes time that the
sensors process the signal, the actuators receive signal
and exert the control force to the system in active
control for the system, and the effects of inevitable
time delays on nonlinear dynamic characteristics of
precision high/ super high-speed gas bearing-rotor
system must be considered in the studies. Alims
et al.?> proposed a method to obtain time delay
values of the stable region for the feedback control
systems with time delays. Meanwhile, they pointed
out that the stability region of the system still exists
when the double time delay values exceed the max-
imum allowable value for determining stability. By
analyzing the transcendental characteristic equations
of the responses of the magnetic bearing system, Ji*®

studied the effects of time delays on the linear stability
of the system in the feedback control, and pointed out
that Hopf bifurcation of the system will be exhibited
when the time delay values exceed certain thresholds.
More recently, Ji and Hansen®* investigated the sta-
bility and dynamic performance of the Van der Pol-
Duffing oscillator in the linear and nonlinear feedback
control. When the time delays were taken as the bifur-
cation parameters, equilibrium point solutions exhib-
ited the Hopf bifurcation and the inverted Hopf
bifurcation with the change of time delays. By adopt-
ing the precise integration method, dynamic responses
of the system with time delays were solved by Sun
et al.*® They obtained the distribution of stable
regions of the system and discussed the influence of
time delays and feedback control gains on distribution
of stable regions of the system.

In order to reduce the calculation cost of solving
the gas film forces of the self-acting gas-lubricated
bearing with three-axial grooves by an iterative
method and to improve the calculation accuracy, the
DTM?*2? is employed to solve pressure distribution
of the nonlinear gas film. An algorithm is proposed to
calculate the nonlinear dynamic behaviors of the rotor
system supported on the self-acting gas-lubricated
bearings with three-axial grooves based on the precise
integration method?® because the common algorithms
cannot be used to calculate the nonlinecar dynamic
behavior of the gas bearing-rotor system with the
time delay properties and the time delays control.

Equation of system

A symmetrical flexible rotor system supported on the
self-acting gas bearings with three-axial grooves is
shown in Figure 1. O, and O; are the geometric cen-
ters of the gas bearing, O, is the geometric center of
the disk.

The dynamic equation of the self-acting gas bear-
ing-symmetrical flexible rotor system can be written as

mx+cx+kx=f+w+gq (1)
0, o
0, z
- 7
[~
x .
™ Gas bearing Gas bearing
m, Disk
y

Figure |. Schematic diagram of a symmetrical flexible rotor
system supported on the self-acting gas bearings with three-
axial grooves.

Downloaded from pic.sagepub.com at PENNSYLVANIA STATE UNIV on September 15, 2016


http://pic.sagepub.com/

Zhang et al.

where m is the mass matrix, ¢ is the damping matrix, k

is the stiffness matrix, x is the displacement vector, f

is the nonlinear gas film forces vector, w is the weight
load vector, and ¢ is the unbalanced force vector
where

fm; 0 0 O

L0 0 0 m

1
U
je=)

1
>
o

I
=
o

0 -2k 0 2k

[x1 y x .Vz]T

[—fa —fun 0 0]
=[0 mg 0 mg]"

X
f
w
my ey w*cos(wr) + myey wsin(wr)
ey w*cos(wt) — myex w*sin(wr)

menw’cos(wt) + myepwsin(wt)

naeynw’cos(ot) — naepw’sin(wr)

where x; and y; are the displacements of the journal
center in the x and y directions, x, and y, are the
displacements of the rotor center at disk station in
the x and yp directions, m; and m, are the masses
lumped to the journal and the disk, respectively,
d=24yEIl/P (y=0.00193 is the material coefficient)
is the damping coefficient of the shaft, E is the elastic
modulus, 7is the equatorial moment of the inertial of
the rotor, / is the distance between the centers of the
two bearings, k = 24EI/F is the stiffness coefficient of
the shaft, f,; and f,, are the nonlinear gas film forces
acting on the rotor in the x and y directions at left
bearing station, g is the acceleration of gravity, and
exl, €1, €y, and ey, are the unbalanced mass eccen-
tricities of the rotor in the x and y directions at the
bearing and the disk stations. The dynamic equation
of the system with time delays of speed and displace-
ment is written in the following

mi(7) + ex(?) + kx(1) = e(r) + gox(t — 11) + gax(t — 1)

2)

where e(f) = f+ w + ¢ is the excitation force vector,
gpx(t — 1) is the control force vector corresponding to
the displacement, gux(f —t,) is the control force
vector corresponding to the speed, #; and ¢, are
the values of time delays corresponding to the

displacement control and the speed control, x(¢ — 1)
is 0 as 7 is less than #;, and x(r — 1;) is 0 as ¢ is less
than #,.

In order to simplify calculation, the rotating speed
of the rotor w, the radial clearance of the bearing c,
ambient pressure p,, and the radius of bearing journal
R are used to obtain the dimensionless dynamic equa-
tion. The dimensionless parameters are listed as
follows

x=2, yv=2% xy=2, yv=2,

¢ c wc wc
/\”IZ%’ Yw:iz, t=ot, T=oh,
w?c w?c
Ty=on, G=-5-. D=doc/p.R
w?c
K =ke/paR?, Ey =2, E, = ol
c ¢
€x2 €2
Ey = %9 Ey2 = %9 F :f‘(l/paR2a 3)
F)’l Zf;'l/PaRz’ My = mlcwz/paRza

M, = mzcwz/paRz,

Gp = ng/PaRZ, Gd = ga'a)c/puR2

Substitution of equation (3) into equation (2) gives
the dimensionless dynamic equation of the flexible
rotor system with double time delays supported on
the gas bearings with three grooves as follows

MX’(7) + CX'(7) + KX(7)
=E(1)+G,X(t—T)+GX(t—Ty) (4)

Equation (4) can be rewritten as follows

M 0 0 07[x
0 M, 0 o ||V
0 0 M 0 ||X
0 0 0 M|V

[ D 0 -D 0 X
0 D 0 -D Y}
* -2D 0 2D O X,
| 0 -2D 0 2D Y,
[ K 0 —-K 0
0 K 0 —-K
* -2K 0 2K 0
| 0 2K 0 2K
—Fy 0 M Eicost+ M E, sint
_| ~fn N MG N M\ Ey cost — M Eysint
0 0 MyE,cost+ MyE»sint
0 M>,G M>E>cost— MyE»sint
Xi(t—Tv) Xi(t—T»)
Yi(x—T) Yi(t—Tz)
+G, d
Xao(r—T1) Xyt —T2)
Yao(r—T) Yy(t—T)
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The solution of the nonlinear
gas film forces

The DTM is for solving the differential equations
based on Taylor expansion.?® Due to its rapid conver-
gence rate and minimal calculation error, many scho-
lars have studied DTM and applied it to
engineering.”” *° In order to reduce the calculation
cost of solving the gas film forces of the self-acting
gas bearing with three-axial grooves by the iterative
method and improve the calculation accuracy, the
DTM is employed to solve nonlinear pressure distri-
bution of the gas film of the bearing.

The calculation coordinate for a gas journal bear-
ing with three-axial grooves is shown in Figure 2. O,
is the center of the bearing, O; is the center of the
journal, & is the groove width angle, « is the arc bush-
ing angle of each bearing bush, g is the location angle
of the pad which is calculated from negative y axis to
the leading edge of the first pad, ¢ is the dimensionless
circumferential coordinate of the bearing which starts
from deviation line, ¢ is the dimensionless angle
which is calculated from negative y axis to gas film
location, 6 is the dimensionless deviation angle, R is
the radius of bearing journal, / is the thickness of gas
film, f, and f, are the nonlinear gas film forces in the
negative directions of x and y axes, respectively, w is
rotational speed, and B is the width of the bearing.

The dimensionless compressible gas Reynolds

pressure,  p, is the ambient pressure,
H=1+¢cos(¢p —6) is the dimensionless thickness
of gas film, & = /el + ¢}/c is the dimensionless eccen-

tricity (eccentric ratio), e, and e, are the mass eccen-
tricities in the x and y directions, respectively, c is the
radial clearance of the bearing, A :61’%(%)2 is the
bearing number, w is the gas dynamic viscosity, and

T = wt 1s the dimensionless time.

The boundary conditions of the pressure distribu-
tion of the self-acting gas bearing with three-axial
grooves are

Lr i‘¢:ﬂ+(7—1)(a+s)—e~ =P i‘¢:ﬁ+fa+(i—1)s—a =1
P, £5&) =1(i=1,2,3), where P; is the dimen-

sionless pressure distribution of the ith pad, and %

is the width-to-diameter ratio.

2. P{o, 1) = Po, — 1), & =0
By using the DTM, equation (5) can be trans-
formed as

0H U U
38— @ —+ TR —
® % ® % +T® 97

equation is written as 3 oH oU PU
R4 TR ——
4 9P 3 P 5@ oA © oA Tie oA2
— | PH}— |+ — | PH* — - .
ap ap or o oH - P -
(PH) o(PH) :2A8—®P+2A8—®H
=A T 40A (5) ¢ ¢
ap at _ _
. . . . . aH D 8P r 7
where A is the dimensionless axial coordinate of the +4A 5 @F 4A 581 (6)
bearing, P =p/p, is the dimensionless gas film
A-A
B

T I I FFFF T 7T

VIr o A P r 7777
B/2 i

f—— =i

Figure 2. Calculation coordinate for the gas journal bearing with three-axial grooves.
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where operator ® represents convolution
A -
Uky=P®P =" Pk—j)P(j) (7)
=0
where P is the image function of P

k
Sty =H® H="Y_ H(k—j)H(j) ®)
j=0

where H is the image function of H
Tk)=HQH®H
k i
> H(k—j))  H(
=0

i=0

j— DH(G) 9)

By using the finite difference method to discretize
equation (6) with respect to ¢ and A, and substituting
equations (7) to (9) into equation (6), the following
equation (10) can be obtained

ﬁ,ﬁl‘,n(/—i)—ﬁnf,‘m(/—f))

k J 2
3 Z Sn,m(k _]) Z
=0 =0 | « (U,,H_,,,(f)— U,,fl,,,,o'))
2¢

~.

k Tn.m(k _j)x
+ ZO: ( ,,,,, () =2Un (/')+U”71,m(‘/'))
N (Aw)

( it G=0) = Hyn—1 =i )
2)»

« (U,,.,,,+1<i>—u,,A,,,,1<f)>
2%
k nm (k —J )
+ Z (U,,.,,,H () =2Unm(i)+ Unan—t m)

k J
+ 3 Z Sn,m(k _]) Z
Jj=0 i=0

=0 an
:ZAg[( Ayt 1)2; et = J>) m(,)}
+2A§:_( win(K = ])ZQD -t = ])) nm(/.)i|
e (’*T 1)zfz,,,m(k P+ 1)]
o L
+4A fo (”%) Pypulk = D Hum(j + 1)]
2|

(10)

where Ag is the circumferential step, AX is the axial
step, i, j, and k are the respective transformation
orders (k>=j>1i), and n and m represent the nodal
numbers of the element meshes, respectively.

The dimensionless nonlinear gas film forces of the
each pad can be obtained by integrating pressure dis-
tribution in the gas field of each pad. The gas film
force components of the ith pad can be expressed as

follows
[/ﬁ+ld+(! 1)— 9
—3g Y B+(i—D)(a+8)— 9

Btia+(i—1)E—6
[/ [(P;—1.0)cos(¢p+6)]dedA

—3r +(t 1)(a+§)—06
(11)

-— 1.0)sin(¢p+ 9)]d<pd)\

where F;, and F;, are the dimensionless nonlinear gas
film force components of the ith pad acting on the
journal in the x and y directions.

The dimensionless nonlinear gas film force compo-
nents of the self-acting gas bearing with three-axial
grooves can be expressed as follows

Ex :le+F2x+F3x
Fy=Fy, + Fyy + Fy,

A method to solve equation of system
based on the precise integration method

Since the precise integration method is only suitable
for solving the first-order differential equation, equa-
tion (4) is expressed in the following form

v'(t) = Hy(7) + R(7) (12)

The following equations will be wused in
transformation

v(@) = [X"(0).p ()"
p(1) = MX'(7) + CX(x)/2

| M2 \Y
leMmTic/a—-K —CMT )2

R(7)=[0,E" (1) + G, X" (t — T)) + G,(M ' p(r — T)
-M™'CX(r - T»)/2)"T"
(13)

If the system state is expressed as v(ty) at the kth
time step, then the system state v(i 1) at the (k+ 1)th
time step can be expressed as follows

w(ti1) = Tv(ze) + H ' (Ry + H™'R))] (14)
"Ry +H 'R, + R,6]

where § is the time step, 1 = k38, Ry = R(t),
T = exp(HS), and Ry = [R(zis1) — R(x,)]/6.
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Because the control vectors G,X(r — 7)) and
G,X'(t — T) are related to the displacements prior
to T4 and the velocities prior to 75, respectively, the
vectors must be assigned continuously in the calcula-
tion procedure. The load vector R(t;) therefore
becomes the key to solve the dynamical equation of
the system. The detailed calculation steps are listed as
follows

Selecting the appropriate time step 8, and letting 4,
T, and T, satisfy the following relations

§=Ti/l, 5=Ty/p (15)

where / and p are both positive integers. If /< p,
the load vector of the system at the kth time step
is calculated and [XT(zp).p"(w)]" = [X},pf]" s
assumed.

When k<Il-—1 and dk+1)<d8l=T,
X(t—T))=0 and X(r—T,) =0 can be obtained.
The load vector is expressed as follows

R(z) = [0, E(z)]"
(16)
R(tis1) = [0, E(tee )]

When k=1-1 and dk+1)=68l=T,
X(t—T;)=0 and X(r— T7>) =0 can be obtained.
Assuming X(tx+1 — T1) = Xo, the load vector can be
expressed as follows

R(z) = [0, E"()]"
(17)
R(tir1) = [0, E" (1) + G, X, I

When I<k<p-—1 and T),<d8k+1)<T,,
Py —T>)=0 and X(txy1 —7T2)=0 can be
obtained. The load vector is expressed as follows

R(t) = [0, E"(%) + G, X1 _ 1"
(18)
R(tey1) = [0, ET(vi0) + G X1, 1"

When k=p-—1 and Sk+1)="T,,
Pty —T2)=py and X(tey1 —T2) = Xo can be
obtained. The load vector is expressed as follows

R(t)) = [0, E"(t) + G, X"
R(ti1) = [0, E (i) + G, X{_ 1 (19)

+G M~ 'py — M~ X,C/2)"]"

When k=p and §(k+ 1)=hp = T», p(ti — T2) = p,
and X(t — 7>) = Xy can be obtained. The load vector
is expressed as follows

R(zy) = [0, E" (o) + G, X},
+G M 'p_, - M X, C/2)'"

(20)
R(tis1) = [0, E" (tres1) + G X[,

+GM ' py e — M X, C/2)'TT

where the vectors such as Xy, X, and p;, are
known at the kth step in calculation procedure. So,
R(7;) can be assigned continuously and the responses
of the system can be obtained for each step. Similarly,
when / > p, the calculation of the load vectors is simi-
lar to the preceding procedure. After the state vector
of the system at the (k+ 1)th time step is calculated,
the vectors of the system such as displacement and
velocity can be obtained.

In order to improve the accuracy and describe the
state of the system such as displacement and velocity
accurately at a given time, R; is modified by
R, = [R(tx+1) — R(tx)]/8, after v(tx4 ) is calculated.

The modified v(z;4) is substituted back to v(tix41),
iteration has to be implemented until max|v7(rk+1)
—v (1) <e is met (usually e=10""%, j represents
iteration number), and the v/(z;41) of iterative calcu-
lation is assigned to the initial calculated v(tz11), i.e.,
V(Ths1) = P(Tier1).

Numerical examples and results

The parameters of the rotor and the gas bearing with
three-axial grooves are listed as follows: the diameter
of the shaft is 0.02 m, the length of the shaft is 0.12m,
the mass eccentricities e,=e,=1.0x 10> m, the width
of the bearing is 0.02 m, the width-to-diameter ratio is
1.0, the bushing arc angle of the bearing is 115°, the
groove width angle of the bearing is 5°, the clearance
of the bearing is 3.0x10™°>m, and the gas viscosity is
1.8 x 107> Pa:s.

When the time delays 77 =3.14 and 7, =28.36, the
feedback control gains G,=-19.6 and G,=-1.2,
Figure 3 shows the contrast diagrams of the motion
orbits, the time series of X and Y, and the phase dia-
grams of Y of the centers of the journal and the disk
with time delays and without time delays for rota-
tional speed w=1350rad/s. It can be seen that the cen-
ters of the journal and the disk both behave as
periodic motions with time delay control and without
time delay control. The curves of the centers of the
journal and the disk without time delays control
envelop the curves of the centers of the journal and
the disk with time delays control completely. If time
delays control is exerted on the system, the vibration
amplitudes in X and Y directions are both reduced
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Figure 3. When the time delays T, =3.14 and T, =8.36, the feedback control gains G, =—19.6 and Gg=—1.2, the contrast dia-

grams of the motion orbits, the time series of X and Y, and the phase diagrams of Y of the centers of the journal and the disk with time
delays and without time delays for rotational speed w = 1350 rad/s. (a) The contrast diagram of the motion orbit of the journal center.
(b) The contrast diagram of the motion orbit of the disk center. (c) The contrast diagram of the time series of X, of the journal center.
(d) The contrast diagram of the time series of Y, of the journal center. (e) The contrast diagram of the time series of X, of the disk
center. (f) The contrast diagram of the time series of Y, of the disk center. (g) The contrast diagram of the phase diagram of Y, of the

(a) 0.075
= Without time delays control
0.07t =—e— With time delays control
0.065
>3 0.06
0.055
0.05
0.045 . . . .
—0.01 -0.005 0 0.005 0.01
X
(b) 0.06
— Without time delays control
0.055 —— With time delays control
0.05
»g
0.045
0.04
—0.01 -0.005 0 0.005 0.01
X5
(c) 0.015} =——— Without time delays control

(d) 0.075
0.07
0.065

5 0.06
0.055
0.05

0.045

—=— With time delays control

630

— Without time delays control
—o— With time delays control
605 610 615 620 625

630

=3

(e) x 10

10

— Without time delays control
—o— With time delays control

0.055

605 610 615 620 625 630

= Without time delays control
—o— With time delays control

0.05
Ny
0.045
0.04
605 610 615 620 625 630
T
(9) 0.015} — Without time delays control
—eo— With time delays control
0.01
_ 0.005
.
0
—0.005
—0.01
0.045 0.05 0.055 0.06 0.065 0.07
r
(h)
— Without time delays control
0.01  —®— With time delays control
0.005
=0
—0.005
—0.01 > - - )
0.04 0.045 0.05 0.055
Y,

journal center. (h) The contrast diagram of the phase diagram of Y, of the disk center.
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Figure 4. When time delays are: (1) T\ =3.14 and T, =8.36, (2) T| =2.09 and T, =8.36, and feedback control gains are G, = —19.6
and Gy= —1.2, the contrast diagrams of the motion orbits and the phase diagrams of Y of the centers of the journal and the disk for
rotational speed w = 1350 rad/s. (a) The contrast diagram of the motion orbit of the journal center. (b) The contrast diagram of the
motion orbit of the disk center. (c) The contrast diagram of the phase diagram of Y, of the journal center. (d) The contrast diagram of
the phase diagram of Y, of the disk center.
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Figure 5. When feedback control gains are: (I) G, =—19.6 and Gy=—1.2, (2) G, =—4 and Gg=—1.2, (3) G, = —4 and G4=—0.5,
and time delays are T =3.14 and T, =8.36, the contrast diagrams of the motion orbits and the phase diagrams of Y of the centers of
the journal and the disk for rotational speed w=1350 rad/s. (a) The contrast diagram of the motion orbit of the journal center. (b) The
contrast diagram of the motion orbit of the disk center. (c) The contrast diagram of the phase diagram of Y| of the journal center.
(d) The contrast diagram of the phase diagram of Y, of the disk center.
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Figure 6. When the time delay T} =2.09 and T, = 3.66, the feedback control gains G, = —4 and G4= —1.2, the contrast diagrams of
the motion orbits and the phase diagrams of Y of the centers of the journal and the disk with time delays and without time delays for
rotational speed w = 1350rad/s. (a) The contrast diagram of the motion orbit of the journal center. (b) The contrast diagram of the
motion orbit of the disk center. (c) The contrast diagram of the phase diagram of Y, of the journal center. (d) The contrast diagram of

the phase diagram of Y, of the disk center.

and the vibration is located close to the axis of the
centers of the journal and the disk.

When time delays are: (1) 7, =3.14 and 7, =28.36,
(2) T1=2.09 and 7,=38.36, and feedback control
gains are G,=—19.6 and G,=—1.2, Figure 4 shows
the contrast diagrams of the motion orbits and the
phase diagrams of Y of the centers of the journal
and the disk for rotational speed w=1350rad/s. It
can be seen that the centers of the journal and the
disk both behave as periodic motions and time
delays have effects on the amplitude of the rotor.
When the appropriate actuators and sensors are
selected, the time delays system has appropriate time
delays, the rotor system becomes more stable and the
amplitude becomes smaller.

When feedback control gains are: (1) G,=—19.6
and Gy,=-12, (2) G,=—4 and G,=-12, (3)
G,=—4 and G,=-0.5, and time delays are
T,=3.14 and T,=28.36, Figure 5 shows the contrast
diagrams of the motion orbits and the phase diagrams
of Y of the centers of the journal and the disk for
rotational speed w=1350rad/s. It can be seen that
the amplitude of the centers of the rotor are small
and more stable when the time delays are the same
and the feedback control gains are G,=—19.6 and
G,=—-1.2.

When the time delay 77 =2.09 and 7, =3.66, the
feedback control gain G,=—4 and G,=—1.2, Figure
6 shows the contrast diagrams of the motion orbits
and the phase diagrams of Y of the centers of the
journal and the disk with time delays and without
time delays for rotational speed w=1350rad/s. It
can be seen that the vibration amplitude of the
system with time delays is increased, and the feedback
control gains have important effects on the stability of
the system. When the chosen feedback control gains
match the time delays of the system, the amplitude of
the responses of the system with time delays control is
reduced and the motion is more stable. When
the chosen feedback control gains do not match
the time delays of the system, the amplitude of the
responses of the system with time delays control is
increased and the shaft may impact the inside of the
bearing.

Conclusions

The dynamic equation of a flexible rotor system sup-
ported on the gas-lubricated bearings with three-axial
grooves is modeled by taking the effect of the dis-
placement time delay and the velocity time delay
on the dynamic performance of the system
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into consideration. The pressure distribution of the
nonlinear gas film forces of the bearing with three-
axial grooves is solved by the DTM. The nonlinear
dynamic responses of the gas bearing-rotor system
with time delays are calculated by the proposed
method based on the precise integration method.
The vibration amplitudes of the system with time
delays and without time delays are compared and
the effect of the feedback control gains on the
system is analyzed.

1.

To improve the calculation accuracy and reduce
the calculation cost of solving the nonlinear
dynamic responses of the gas bearing-rotor
system, the DTM is employed to solve pressure
distribution of the nonlinear gas film.

Based on the precise integration method, the non-
linear dynamic responses of a rotor system sup-
ported on the self-acting gas-lubricated bearings
with three-axial grooves are obtained. The orbit
diagrams, the time series, and the phase diagrams
are employed to investigate the nonlinear unba-
lanced responses of the system.

The feedback control gains have important effects
on the stability of the rotor system supported by
self-acting gas-lubricated bearing with three-axial
grooves. When the chosen feedback control gains
match the time delays of the system, the vibration
amplitude of the dynamic responses of the system
becomes small, the motion is more stable and the
good control effect can be achieved.
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Appendix |

Notation

B width of the bearing

¢ radial clearance of the bearing

c damping matrix

d damping coefficient of the shaft

e(1) excitation force vector

exl, €yl unbalanced mass eccentricities of the
rotor in the x and y directions at
the bearing station

€y2, €y unbalanced mass eccentricities of
the rotor in the x and y directions at the
disk station

E elastic modulus

f nonlinear gas film force vector

Sets fo1 nonlinear gas film forces acting on the
rotor in the x and y directions at left
bearing station

Fi  F, dimensionless nonlinear gas film forces

components of the ith pad in the x and
y directions (i=1,2,3)

F.. F,

g .
gaX(t — 13)

ng(l‘ — 1)

G4 G,

T(k)
Iy, I

Tla TZ

U(k)
v(Ty)

X1, )1

X2, V2

S

AX
Ag

dimensionless nonlinear gas film forces
components of the self-acting gas-
lubricated bearing with three-axial
grooves

acceleration of gravity

control force vector corresponding to
the speed

control force vector corresponding to
the displacement

feedback control gains corresponding
to the speed and the displacement
dimensionless thickness of gas film
image function of H

equatorial moment of the inertial of the
rotor

stiffness coefficient of the shaft
stiffness matrix

distance between the centers of the two
bearings

mass matrix

masses lumped to the journal and the
disk respectively

center of the bearing

center of the journal

geometric centers of the gas bearing
geometric centre of the disk

ambient pressure

dimensionless gas film pressure
pressure distribution of the ith pad
image function of P

unbalance force vector

radius of bearing journal

load vector

convolution of H and H

convolution of I(n) and H

values of time delays corresponding to
the displacement control and the speed
control

dimensionless values of time delays
corresponding to the displacement
control and the speed control
convolution of P and P

system state vector at the kth time step
weight vector

displacement vector

displacements of the journal center in
the x and y directions

displacements of the rotor center at disk
station in the x and y directions

arc bushing angle of each bearing bush
location angle of the pad which is cal-
culated from negative y axis to the
leading edge of the 1th pad

material coefficient (y =0.00193)

time step

axial step

circumferential step

dimensionless eccentricity ratio
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0 deviation angle E,; %

A gl:r;ls?lsglonless axial coordinate of the Fu Fu/paR?
bearing number Fy So1/paR?

n gas dynamic viscosity G g

& groove width angle w*c

T dimensionless time G, 24w/ paR?

¢ angle which is calculated from negative

y axis to gas film location " I+ ecos(¢— )
0] dimensionless circumferential coordi- K ke/p.R?
nate of the bearing which starts from p
T;

deviation line P/Pa
w rotating speed of the rotor ot; (i=1,2)
® convolution X x
A bearing number Co
X -
w’c
i Y
Y Z
Appendix 2 3
y
X// S
w’c

Dimensionless variables are as follows

2 2
D dwe/p,R® ‘ vatal

€xi
E.; —
C
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