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SYNOPSIS Recent experimental and theoretical investigations have shown that an increase in damping
and stabilization is possible by applying control techniques using hydraulic servo systems. For control
purposes two types of active tilting pad journal bearings have been designed: a TPJB combined with a
hydraulic chamber system fed by a servo valve and a proportional valve, and a TPJB with active oil film,
also fed by a servo valve and a proportional valve. In both cases the proportional valve is used to change
the damping and stiffness of the bearing and the servo valve for controlling vibrations of the rotating parts
of the machines. Details about the design, operation, modelling and performance of this active bearings

are given. Theoretical and experimental results are also presented and discussed.

NOTATION
d;j damping coefficient - bearing
d, diameter of the orifices
h, initial thickness of oil film
h(z,t) oil film thickness
kij stiffness coefficient - bearing
l length of the orifices
ms mass of pad and connections
n order of the state matrix
o number of orifices
p(z,z,t) distribution of pressure
r number of active elements
r rotor radius
Ts pad radius
s number of sensors
t time

z,Y,2 coordinate system fixed on the pad
u(t) control vector

x(t) state veclor - complete system
y(1) output vector

A membrane area

A state matrix - complete system

B width of the journal bearing

B control matrix

C measure matrix

Fp(t) piezoactuator force

I lever-rotor moment of inertia

Is pad and sensor moment of inertia
Knm membrane stiffness

Kp piezoactuator stiffness

Kpeo leakage coefficient

Ky =wi -Qn/Un - /APs/APy

L length of the pads

esi(t)
psa(t)
wy
AP
APy
APs
As

length AP - lever

length AR - lever
piezoactuator length

supply pressure

inlet pressure

pressure - chamber 1
pressure - chamber 2

oil flow to chamber 1

oil flow to chamber 2
nominal flow

oil flow - unload servo valve
pressure in the resevoir
circumferential rotor speed
nominal voltage - servo valve
piezoactuator voltage
control voltage - servo valve
oil volume (chamber + piping)
rotor vertical displacement
pad 1 linear displacement
pad 2 linear displacement
compressibility module

oil dynamical viscosity
damping in the servo valve
oil density

ti!tfmotion -pad 1

tilt motion - pad 2
eigenfrequency of the servo valve
pressure drop in the valve
nominal pressure difference
supply pressure difference
pad thickness

time derivative



1 INTRODUCTION

Tilting Pad Journal Bearings can be found in a va-
riety of industrial applications due to their stabiliz-
ing effects and good damping behavior. This par-
ticular type of hydrodynamical bearing in its pas-
sive form has been investigated by many authors
since 1953, on the basis of advanced models and
experiments (Boyd (2), Lund (11), Malcher (12),
Klumpp (9), Springer (20) (21), Jones (8), Ettles
(5), Allaire (1), Parsell (13), Rouch (15), Glienicke
(7), Flack (6), Someya (19), Brockwell (3), Lie (10),
Earles (4), Rodkiewicz (14), All of the mentioned
investigations concentrate on the properties of such
bearings when they operate passively (or without
control).

A further increase in damping and stabilization
can be obtained when these bearings operate ac-
tively (or with control). The first ideas about an
active tilting pad journal bearing were presented
by Ulbrich (22), where the pads are actively con-
trolled through piezoactuators. The first theoreti-
cal and experimental investigations about these ac-
tive bearings (using hydraulic actuators connected
to the bearing pads) can be found in Santos (16),

(17), (18)).

This paper gives theoretical and experimental con-
tributions to the problem of tilting pad journal
bearings connected to the control system design
and to the problem of the active modification of
the properties of hydrodynamical bearings. Dif-
ferent options for increasing the bearing damping
and the stable range of operation of a rotor-bearing
system are investigated: (a) by means of adjusting
the bearing gap, (b) with help of control techniques
and (c) by influencing directly the velocity and
pressure distribuition of the oil film in the radial
and axial direction. Cases (a) and (b) are theoret-
ically and experimentally investigated with help of
a TPJB connected to a hydraulic chamber system,
and case (c) only theoretically, using a TPJB with
active oil film.

2 ACTIVE TPJB WITH HYDRAULIC
CHAMBER SYSTEM

2.1 Design

The journal bearing under investigation has 4 pads,
2 in the vertical direction and 2 in the horizontal
direction (see Fig.1). The active tilting pad jour-
nal bearing shown possesses only 2 active pads ar-
ranged in the vertical direction.
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Figure 1: TPJB connected to hydraulic chambers and servo valve
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Figure 2: Test rig of the active tilting pad journal bearing. (a) Photograph of the test device. (b) Mechanical
modcl of the test rig
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These pads are attached to the chamber system,
without hindering the tilting motion. The cham-
ber system is constructed with one membrane per
chamber and connected to a servo valve and a pro-
portional valve. The displacement sensor (1) al-
lows the measurement of the relative displacement
between the the center of the rotor and the pads.
With the pressure sensor (2) it is possible to mea-
sure the pressure in the journal bearing, and with
the sensor (3), the pressure in the chamber sys-
tem. All these signals can be used in designing the
feedback control law.

Fig.2(a) shows the test rig developed to investi-
gate the dynamical behavior of an active tilting pad
Journal bearing. For the tilting pad journal bearing
under discussion, the cross coupling coefficients of
damping and stiffness can be neglegted. This char-
acteristic is extensively mentioned in the literature
(3) (7) (19). In the design of the test rig, this infor-
mation was taken into account and, for this reason
the experimental analysis can be carried out only
in one direction. The motions of the center of the
rotor is constrained in the horizontal direction by
means of the lever system. With this lever sys-
tem one permits rotor motions only in the vertical
direction. The rotor-lever system, is excited with
help of a piezoactuator and its movements in the
vertical direction are controlled through the active
TPJB.

2.2 Mathematical Modeling

The mechanical model contructed for representing
the test rig is illustrated in fig.2(b). The theoretical
investigation is based on a model of the tilting pad
journal bearing by means of the Reynolds’ equa-
tion:

3 3
8 (tin), 8 (e0d) | 0o, 0, 08
Oz \ p o0z) 0z \ p 0z dz at
(1)
This equation describes the pressure distribuition
p(z,2,t) between the rotor and the pads as a
function of the oil properties (p =density and
u =viscosity), of the velocity of the rotor surface
U and of the geometry of the bearing (h = gap
function). For most hydrodynamical bearings this
function h depends only on the movements of the
rotor and of the radial coordinate z of the bearings.
For tilting pad journal bearings supported by flexi-
ble elements (membrane of the hvdraulic actuator).
this function depends also on the movements of the
pads.
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For our analysis h depends on the vertical displace-
ment of the rotor Yz and on the linear and tilt
motion of the vertical pads Ys;, Ys2, ¢s; and ¢s;.
Integrating the pressure distribuitin p over the area
of the pads one obtains the hydrodynamical forces
between rotating and non-rotating parts of the ma-
chine. This equation is solved simultaneously with
the equations describing the dynamics of the hy-
draulic chamber system. The stiffness coefficients
of the oil film in the vertical direction (kyy,, kyp,
Koyrs Koy Kyyas kyos kgyss ko, ) and the damping
coefficients (dyy,, dyy, dyy,, oy, dyy,, dyp, doy,,
dy,) are obtained by a linear perturbation method
(1) (18) (21).

To design a control system, it is necessary to in-
clude the dynamics of the actuators in the system
model. The oil flow Qy through the servo valve
is described by a second order differential equation
using the natural frequency wy of the servo valve,
the damping factor £y and the constant Ky. The
pressures P; and P, in the chamber systems are de-
scribed by first order differential equations which
take into account the oil flow at the output of the
servo valve, the oil compressibility in the cham-
ber and pipes and the flexibility of the membrane.
In this way, it is necessary to obtain information
about the following parameters: Kpg = leakage
coefficient of the servo valve, Sx = compressibility
module of the oil, V, = oil volume in the cham-
ber and pipes, A = membrane area of the chamber
system and k¢ = stiffness of the chambers.

The complete system, consisting of the rotor-lever
system, tilting pad journal bearing and hydraulic
actuator, will be excited with help of a piezoactua-
tor and controlled by means of the active bearing.
Data about the inertia of the lever I4, the pad in-
ertia Ig, the pad mass mg and the points where
the forces will be applied (Lsp and L4g) must be
given.

The dynamics of the complete system can be de-
scribed by the state equation:

x(t1)= Ax(1)+Bu(t) , A€R™ , Be R™

y(t) = Cx(t) , Cer™"

(2)
where n is the order of the state matrix (n = 14),
7 is the number of servo valves (r = 1, control only
in the vertical direction), C is the measure matrix,
y(t) is the measure vector and m is the number of
measured signals.
The vector x(1) is the state vector of the complete
system:



- - - - - L] T
x(t) = {YR yYs1,Ys2, 981, 9s2,Yr,Ys1,Ys2, ¢51, ¥s2,Qv,Qv, P, Pz} : (3)

The matrix A is the state matrix of the complete system:

F 0 0 0 0 0 1 0
0 0 0 0 0 0 1
0 0 0 0 0 0 0
0 0 0 0 0 0 0
0 2 0 2 0 2 0 0 'P 2 0
SARK fRhm Rk PRk Pk, —pRd F
A= n;skmu -E!;k; ? . _E;kwx 0 $ w1 T g tun
ﬂ—_‘;km 0 —m—skz 10 —ﬂ—,‘;km ;lg‘dm 10 ¢
]’;;kw: == ‘rlgkw: 0 s I;kvw 0 It;dmn e ‘I}'dwu
Koy, 0 — 1Koy, 0 0 L7 2 0
0 0 0 0 0 0 0
0 0 0 0 0 0 0
0 0 0 0 0 0 PEA
0 0 0 0 0 0 0
0 0 0 0 0 0 0
0 0 0 0 0 0 0
1 0 0 0 0 0 0
0 1 0 0 0 0 0
0 0 1 0 0 0 0
} 7 L? 2
F2d,y, f\ﬂdwl +2d,,, 0 0 0 0
0 —o-dyy, 0 0 0 -4 0 @)
—-dyy, 0 —ssdy,, 0 0 0 e
0 — 1oy, 0 0 0 0 0
—1do, 0 -fdey, 0 0 0 0
0 0 0 0 1 0 0
0 0 0 —-wi  —2ywy 0 0
0 0 0 s 0 -$5Kpq {KKpq
gf.{;A 0 0 _éﬁ 0 LoKPQ - Lo K'PQ -
where The first step for the control design is to define

the objectives of the control system. The goal here
is to optimize the damping to reduce vibrations.
The output feedback for the servo valve is con-
structed here with the following signals: difference

o dj = (dyy, + dyy,),

N L? .
® kg = (Eﬁhf’ + kvm + kyw)~

. of pressures in the chamber system (Py(t)— P,(t)),
* ki = (ky, + k) and and vertical velocity and d.is:]acemfent{o} the 1(:e)n)-
o k3 = (kyy, + ke). ter of the rotor (Yg(t) and Yg(t)). In this case,
m = 3 and n = 14, the measure matrix C € R™"
The matrix B is the control matrix: is given as:
[00000000000 K 00]" 1000000O0DO0CDOO0OGOO0 O
(5) 0 00O0OO0I1O0O0OO0ODO0OO0OOTOL O
Next the design of the control system for the rotor- 0 000O0O0ODCOOODOGOOUOT1 -1
lever system supported by the bearing is discussed. (6)



The optimal gains K for the feedback

u(t) = -Ky() (7)
is obtained when the real part of the eigenvalues of
the closed-loop model

x(t) = (A - BKC)x(t) = Ax(t)  (8)

achieves a maximum negative value.

2.3 Performance

In these experimental studies the rotor (f =
0.04937 m) operates at rotational speeds of 20
and 40 Hz, and with an initial oil film tickness
of 110 um. The bearing possesses 4 pads with L =
0.05264 m, B = 0.05600 m and rs = 0.05027 m.
The oil used for lubricating the bearing is ISO
VG46 (1 = 0,070 Ns/m? and p = 900 kg/m?).
Fig.3 shows the transfer function of the rotor-lever
system supported by the tilting pad journal bearing
in 5 cases :

(a) The TPJB operates without control.

(b) The chamber pressure is fixed at about 4 bar -
without control.

(c) In this case the feedback is constructed with
the signal of the pressure sensors in the chamber

Amplitude
&

p—

[m/N]

systems. One changes the gain of the pressure feed- -
back and finds an optimal value for the gain.

(d) The optimal gain of the pressure feedback is

fixed and an optimal value of the feedback of the

derivative of the displacement signal of the center

of the rotor is calculated.

(e) The feedback is also designed with the signal

of the displacement of the center of the rotor. The

optimal gain of the pressure and of the velocity

feedback are fixed and the gain of the feedback of
the linear displacement of the center of the rotor is

changed.

One can see that the rotating system performance

with the active bearing in case (e) is considerably

improved.

The damping and stiffness of the bearing depend

on the thickness of the oil film. Through the pro-

portional valve, one can change the static pressure

in the chamber system and the oil film thickness be-

tween rotor and pads to modify the damping and

stiffness coefficients of the bearing. Such modifica-

tions of the bearing coefficients are realized without

feedback control, using only the non-linearities of
the bearing coefficients, namely their dependency

on the bearing gap.Fig. 4 illustrates the increase

of the damping and stiffness of the journal bearing

for 3 pressure values in the chamber system: 0, 4

and 14 bar.
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Figure 3: Ezperimental transfer function Yr/Fp of the rotor-lever system ezcited with help of the piezoac-
tuator in different conditions: (a) passive. (b) chamber pressure of 4 bar, but without control. (c) feedback:
chamber pressures. (d) feedback: chamber pressures and rotor linear velocity. (e) feedback: chamber pres-
sures, rotor linear velocity and displacement - Rotor speed: 40 H z.
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Figure 4: Ezperimental transfer function Yr/Fp of the rotor-lever system supported by the TPJB connected
with the hydraulic chambers, in the cases of different pressures in the chambers (without feedback control)
- Rotor speed: 20 H z,

3 TPJB WITH ACTIVE OIL FILM

Another way to increase the damping of the bear-
ing is to influence directly the kinematics of the
fluid flow in the bearing gap. This can be done
in the case of a TPJB with active oil film by ad-
justment of the velocity and pressure distribution
of the fluid in the radial and axial directions. This
adjustment is made by changing the inlet control
pressure P, in the gap through these orifices, with
help of a proportional valve and a servo valve.
These orifices are distributed over the surface of
the pads (see Fig.5). This new type of active hy-
drodynamical bearing is under theoretical investi-
gations and details about its design and operation
follows.

2.1 Design

The TPJB with active oil film has 4 pads. 2 in the
vertical direction and 2 in the horizontal direction
(see Fig.5). These pads are mounted in the hous-
ing without hindering the tilting motion. The pads
are constructed with many small orifices. These are
connected to two servo valves (for controlling the
rotor vibrations in the vertical and horizontal di-
rections) and one proportional valve (for changing
the bearing coefficients). Information about the
absolute displacement of the rotor and the pres-
sure in the pads P, can be used in designing the
feedback control law.

3.2 Modeling

This theoretical investigation is based on a model
of the tilting pad journal bearing using the Navier-
Stokes and the continuity equation. Consider-
ing the same assumptions used for obtaining the
Reynolds’ equation and taking into account the ve-
locity distribuition of the fluid in the radial direc-
tion (through the orifices), one obtains the follow-
ing partial differential equation:

2 (ph3p), 0 (ph0p) 12
Oz \ u 0z) O0:\ p 0:

yie 'Zf,'(:c.z)-p =

=1

d(ph) o 128 5
= 60—~ +12p§+p!§f.(r,z)-f’o (9)
where
(=% (2- 2= (z - ) i
(-2l - (z-2z) < %
Fi{z,2) =<
(z,2) < , if
(z — zy) -(3—26)22%2“
. (10)

and (1 = 1....,0) is the number of orifices over the
surface of a pad, (z,,2;) are the coordinates of the
center of the i-th orifice, d, is the diameter of the
orifices and [ is the iength of the orifices.
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Figure 5: TPJB with active oil film

The eq.(9) describes the pressure distribuition
p(z,z,t) between the rotor and the pads as a func-
tion of the oil properties (p and u), of the velocity
of the rotor surface U, of the geometry of the bear-
ing h and finally, as a function of the inlet pressure
P,. When one compares eq.(1), used for modeling
a normal hydrodynamical bearing, and eq.(9), used
for modeling the hydrodynamical bearing with ac-
tive oil film, one can see that the pressure and ve-
locity distribution of the lubricant can be changed
by means of the inlet pressure P,. Consequently,
it is possible to modify the hydrodynamical forces
and the coefficients of the tilting pad journal bear-
ing by using these special kinds of pads connected
to a proportional valve and/or a servo valve.

4 CONCLUSIONS

The adjustment of the gap between the rotor and
pads with help of the proportional valve permits
an increase in the damping and stiffness properties
of the tilting pad journal bearings, because these
properties depend strongly on the bearing clear-
ance. Examining the kinematics and continuity of
the fluid flow in the bearing gap, it is possible to
verify that increasing the damping only with an in-
crease in the static pressure of the chamber system
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and the respective reduction of this gap is limited
mainly to high speed rotors. A further increase
in damping is realized with help of a servo valve
and the design of an optimal control system. An
experimental comparision between the passive and
the active behavior of a tilting pad journal bearing
is performed. By using this type of bearing on a
rotating system one can get a significant reduction
of vibration amplitude of rotors crossing critical
speeds. The theoretical and experimental results
show an excellent increase in damping and stabi-
lization by using active tilting pad journal bearings.
A further increase in damping and stabilization
seems possible by directly influencing the fluid flow
in the bearing gap. This theoretical investigations
is being carried out.
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