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 
Abstract—In the present paper, increasing of energy efficiency of 

a thrust hybrid bearing with a central feeding chamber is considered. 
The mathematical model was developed to determine the pressure 
distribution and the reaction forces, based on the Reynolds equation 
and static characteristics’ equations. The boundary problem of 
pressure distribution calculation was solved using the method of 
finite differences. For various types of lubricants, geometry and 
operational characteristics, axial gaps can be determined, where the 
minimal friction coefficient is provided. The next part of the study 
considers the application of servovalves in order to maintain the 
desired position of the rotor. The report features the calculation 
results and the analysis of the influence of the operational and 
geometric parameters on the energy efficiency of mechatronic fluid-
film bearings. 
 

Keywords—Active bearings, energy efficiency, mathematical 
model, mechatronics, thrust multipad bearing.  

I. INTRODUCTION 

RADITIONAL fluid-film bearings are developed to work 
in a narrow range of operational parameters. However, to 

use this type of bearings under complex conditions, e.g. 
frequent launches and stops, changing load, etc., it is 
necessary to introduce new elements to the rotor system. 
Caused by the development both in software and in hardware, 
the application of active fluid-film bearings presently is an 
object of research in the directions of optimization and design 
on such bearings, study on new control algorithms and new 
control devices.  

To estimate the feasibility of using the active bearings in the 
rotor machines, one has to consider the developed bearings 
and the results of their application. It is also necessary to 
remember that the use of hydro- or aerostatic bearings is not 
always dictated by the necessity of minimizing the rotor 
vibrations. The character of friction in such bearings allows to 
obtain a long life-time expectancy, as the mechanical contact 
between surfaces is eliminated. However, the density of the 
lubricant often sets severe limitations on the area of 
applications of such bearings, due to the possibility of 
unacceptable amplitudes of vibrations. Nevertheless, to a 
certain extent active fluid-film bearings appear to be more 
effective than traditional ones, and with an adequate control 
algorithm, they can significantly decrease the unwanted 
vibrations. 
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In 1989, Ulbrich and Althaus [1] carried out the 
experimental study on the active bearing with so-called tilting 
pads, which allowed to control the wedge effect, which 
significantly increased the load capacity of the bearing. The 
research was continued by Fürst [2]. The idea went basic for 
the articles [3] and [4], and the use of actuators for such 
bearings was considered in [5] and [6]. The separation of the 
actuators to control each element independently was 
theoretically studied in [6], where it is shown that with such 
approach the damping and the stiffness of the bearing could be 
adjusted, which was experimentally studied in [7].  

The idea of radial lubricant supply was introduced in 1994 
at IUTAM conference and was published in [8]. It showed the 
method of pressure distribution calculation for hydrostatic and 
hydrodynamic bearings, which was a beginning of an active 
lubrication research. The combination of hydrostatics and 
hydrodynamics was considered in [9], [10], where the pressure 
is controlled with the use of servovalves. In the majority of 
cases, the behavior of the rotor is significantly increased when 
the active bearings are used. In [10] the thrust bearings are 
studied, where the lubricant is supplied in the axial direction 
which matches the direction of the load. The control is 
implemented with servovalves and the modeling was based on 
Reynolds equation and the flow balance. 

The undeniable fact is that the development in the field of 
mechatronic bearings is caused partly by the development of 
the control systems, namely the DAQ devices, and partly by 
the development of the control algorithms. The development 
of software makes it possible to develop complex algorithms, 
which causes the more complex hardware development. 
Artificial intelligence, fuzzy logic methods and neural 
networks, shape recognition, etc. – all these can be used to 
design the mechatronic bearings for the high-speed rotors. 
Application of such technologies has already begun in the 
field of magnetic bearings as shown in [11]. 

With the developments in the field of manufacturing of 
such bearings and in the areas, where such bearings are used, 
come greater requirements. As well as parts of other machines 
and machines themselves, fluid-film bearings are always 
restricted in terms of size and weight; moreover, the 
developers need to account one of the most crucial 
characteristics of a machine, namely, its energy efficiency.  

II. CONCEPTUAL MODEL 

Application of active fluid-film bearings provides not only 
accurate diagnostics using modern hardware tools, but also 
generally extends the functionality of the machine part. Fig. 1 
illustrates the conceptual model of a test rig designed to study 

Increase of Energy Efficiency by Means of 
Application of Active Bearings 

Alexander Babin, Leonid Savin 

T



International Journal of Mechanical, Industrial and Aerospace Sciences

ISSN: 2517-9950

Vol:10, No:9, 2016

1710

 

th
fil
du

th
wi
ho
th
ac
da
Ac
th
ac
se

I

co

e possibility o
lm bearings, i.
ue to the inclin

 

 

Fig. 2 Concep
 
The operatio
rust bearing i
ith the fluid 
ousing of the 
e sensor 2. T

cquired with th
ata and to 
cquisition (DA
e PC. Softw

ccording to w
ervovalve 3. 

III. MATHEM

In order to 
omputational m

of active contr
.e. combining 
ned surfaces o

ptual model of 

onal principle
is as follows: 
(water, oil, et
bearing 4. Th
he data on th
he displaceme
generate the

AQ) module 
ware PID-co

which the pres

MATICAL MODE

PAD 

evaluate the e
model of a thr

rol applied to 
the hydrodyn

of the pads and

Fig. 1 

a hybrid thrust 

e of an activ
The pump 1, 
tc.), supplies 
he pressure da
he present pos
nt sensor 5. T

e control in
6 is used, wh

ontroller gen
ssure is chang

EL OF A HYBRI

BEARING 

effect of contr
rust bearing, sh

hybrid thrust
namic ‘lifting 
d high velocit

Conceptual mo

 

fluid-film beari

e hybrid mul
located in th
the media in

ata is acquired
sition of the ro
o process the 

nfluence, the 
hich is connec
nerates the s
ged by mean

ID THRUST MU

rolled lubricat
hown in Fig. 

 

t fluid-
effect’ 
ty, and 

the 
und

odel of a hybrid 

ing 

lti-pad 
he tank 
nto the 
d with 
otor is 
sensor 

Data 
cted to 
signal, 
s of a 

ULTI-

tion, a 
2, was 

dev
duri
due 

D
pres
the 
crea
a ro
hyd
geo
the 
on t
size
acco
of a

T
bear
num
surf
follo

whe
lubr

T
roto
the 
inac
mod
can 
the 
thru
orde
ope

hydrostatic e
der pressure.  

thrust fluid-film

eloped, which
ing a steady s
to friction wi

Due to the fact
ssure Ps highe
rotor is rotat

ate some load 
otor become 

drodynamic e
metry of a pad
velocity of a 
the supplied p

e of a pad disk
ordingly) is ho
a particular ma
The mathema
ring is based

merical calcula
face of the dis
owing equatio

డ

డఝ
ቀ
௛

ere r and φ are
ricant’s viscos

To simulate v
or and the bear

surface in 
ccuracies. Fig
delled using th

be used in tr
shape (c) is 

ust bearing, so
er to compar
ration.  

effect due to 

m bearing  

h allows calc
state regime a
th various typ
t that a lubric
er than the atm
ting at some s
capacity W, a
separated by

effect depend
d and the prop
rotor, the hy

pressure, thus
k (Rin and Rou
owever chosen
achine.  
tical model 

d on the Rey
ation of the p
sk. For a thru
on for a steady

௛య

ఓ

డ௣

௥డఝ
ቁ ൅

డ

డ௥

e polar coordin
sity, ω – angul
various shapes
ring, Bezier cu

order to a
g. 3 shows va
hree key point
raditional hyd
most common

o in this paper 
re the influen

constant supp

 

ulation of sta
and estimation

pes of lubrican
ant is externa
mospheric pre
speed ω, two 

and the surface
y an axial ga
ds significant
perties of a lub
drostatic effec

s is a lot easi
ut being inner 
n considering 

of a hybrid 
ynold’s equati
pressure distri

ust bearing sho
y regime was u

ቀݎ
௛య

ఓ

డ௣

డ௥
ቁ ൌ

nates, h – axia
lar speed.  
s of the axial
urves were us
avoid calcula
arious shapes
ts. While the 

drodynamic fl
nly referred to
this type will 

nce of geome

ply of a lubri

atic characteri
n of power lo

nts.  
ally supplied u
essure Pa, and

effects comb
es of a bearing
ap h0. While
tly not only
bricant, but als
ct depends mo
er to control. 
and outer radi
the overall de

thrust multi
ion, which al
ibution across
own in Fig. 2
used: 

ݎ6߱
డ௛

డఝ
,	        

al gap function

 gap between
sed to approxim
ation errors 
s, which coul
shapes (a) and

luid-film bear
o as a hydros
be merely use

etry on beari

icant 

istics 
osses 

under 
d that 
bined 
g and 
e the 
y on 
so on 
ostly 
The 

iuses 
esign 

i-pad 
llows 
s the 

2, the 

   (1) 

n, µ - 

n the 
mate 
and 

d be 
d (b) 

rings, 
static 
ed in 
ing’s 



International Journal of Mechanical, Industrial and Aerospace Sciences

ISSN: 2517-9950

Vol:10, No:9, 2016

1711

 

Fi

di
in
in
es

ig. 3 Pad shapes
operation in 

 

 

I

The obtained
sk allows esti
cluding frictio
terest in this c

stimated as: 
 

௙ܰ௥ ൌ

s: (a) plane slid
both directions

inclination an

IV. POWER L

d pressure distr
imation of a n
on torque of t
case. The pow

߱ݖ ׬ ׬
ఝ
଴

ோ௢௨௧
ோ௜௡

er pad, (b) curv
, (c) flat pad; (Θ

ngle of the surfa

Fig

LOSS AND FRIC

ribution over 
number of inte
the lubricant f

wer loss due to 

ݎ ቂ
௛

ଶ

డ௣

௥డఝ
൅

ఓఝ

ved slider allowi
Θ – pad angle, α
ace) 

Fig. 4 Appro

g. 5 Pressure dis

CTION  

the surface of
egral character
film as of par
friction can th

ఓఠ௥

௛
ቃ ,ݎ݀߮݀ݎ

 

 

ing the 
α – 

In
key 
four
a th
geo
40 m
Gua
Pa. 

oximation of th

stribution on the
 

f a pad 
ristics, 

rticular 
hen be 

     (2) 

 

whe
obta

T

whe
resp

F
the 

n Fig. 4, the 
 points, whic
r 3rd order Bez

hrust hybrid b
metric and op
mm, ω = 1000
aranteed axial 
Lubricant – w

e pad’s surface

e surface of a be

ere z is a num
ained from num

The friction co

ere Ffr and W
pectively. 
For the numer

same operatio

approximatio
ch allow appro
zier curves. Fi
earing with si
perational para
0 rad/s, α = 0.5
gap h0 = 50 µ

water with corr

earing 

mber of pads,
merically solv

oefficient can a

݇௙௥ ൌ

are friction fo

rical results th
onal and geom

on curves are 
oximation of 
ig. 5 depicts th
ix fixed pads 
ameters: Rin =
5˚ (see Fig. 3 (
µ, supply pres
responding vis

 

 

, and p – pre
ving (1). 
also be obtaine

ൌ
ி೑ೝ
ௐ
,              

orce and total 

he case of a th
metric parame

shown with t
the surface u

he pressure fie
and the follow
= 20 mm, Ro
(a) was model
ssure Ps = 1.5
scosity.  

essure distribu

ed as follows:

                      

load on a bea

hrust bearing 
ters is conside

three 
using 
eld of 
wing 

out = 
lled). 
·10-5 

ution, 

 

   (3) 

 
aring 

with 
ered, 



International Journal of Mechanical, Industrial and Aerospace Sciences

ISSN: 2517-9950

Vol:10, No:9, 2016

1712

 

bu
on

in
Ho
pa
cr
co

se
be
th
pa
In
(e
di
op
St

th
an

ut the tests wi
n power loss d

 

 
As seen from
crease of angu
owever, there
articular geom
reates addition
oefficient.  

 

Fig. 7 Pre
 
As well as th

een comparing
earing types. T
rust pad geom

arts is not onl
nstead, the 
lastohydrodyn
splacement c

ptimal control 
tribeck curves 

Rotor machin
rust, are expo

nd shut-down 

ill focus on th
due to friction.

m Fig. 6, fricti
ular speed for
e is an obvi

metry is introdu
nal lifting forc

essure distributi

he friction co
g power loss
This shows th

metry, for decr
ly a matter of
combination 

namic) mode
control shown

parameters b
for every part

V. ACTIVE CO

nes, and espe
osed to high f
and experienc

he effect of ge
  

ion coefficien
r all three type
ious decrease
uced. The inc
ce and thus de

on on the surfac

oefficient, the 
s due to fric
he importance
reasing frictio
f providing su

of hydrod
els with a 
n above allow
based on the a
ticular case. 

ONTROL PRINC

ecially bearin
friction losses
ce friction loss

eometry of the

Fig. 6 Frictio

nt increases wi
es of pad geo
e of friction 
clination of th
ecreases the fr

ce of a bearing

same effect c
ction for the 
e of wise cho
on between ma
ufficient lubric
dynamic or 
principle of 

ws determinin
analysis of cha

IPLE 

gs, both radia
 during the st
ses during ope

 

e pads  

on coefficient w

ith the 
metry. 
when 

e pads 
friction 

 

can be 
given 

oice of 
achine 
cation. 

EHD 
rotor 

ng the 
aracter 

al and 
tart-up 
eration 

due 
roto
show
dott
desc
take
star
low
the 
to e
con
for. 
Her
This
lubr
con
on t
resu
frict
of t
num
i.e. 
chan
posi

T
show
show
with
und

In
show
app
turn
amp
turn
ordi

with respect to ω

to the viscos
or-bearing sys
wn in Fig. 8 
ted line repr
cribed in the 
es the shape o
rt-up and shut-

w the asperities
friction coeffi

elastic deform
tact between t
As one can se

rsey’s number
s happens d
rication to fu
trol is in gene
the rotor so, th
ults in rotor ta
tion. The con
he rotor given

merically. The
electric signa

nge the pres
ition of a rotor

The system w
wed good co
ws the real an
h one active f

der stationary c
n Fig. 9, blue
ws experimen
roximately 15

ned on. One 
plitude of roto
ned on. Howe
inary servova

ω  

sity of a lubric
stem function
and is analyz

resents the S
present study
of the black s
-down, when 
s of the surfac
ficient as well 
mation. So, by
the surfaces, o
ee from the St
rs, where the 
during the tr
ull hydrodyna
erating such c
hat the rotor’s
aking a more 

ntrol system w
n that the desi
e ADC/DAC w
al to a servov
sure in the 
r along the ver

was checked 
ompliance to 
nd modeled ro
feeding cham
conditions, i.e
e line represe
ntal data. The
5 N, the contro

can notice 
or’s displacem
ever, this app
alves appear 

 

cant. The regi
ns in terms 
zed in detail 

Stribeck curve
y. However, in
solid line in F
the Hersey’s n

ce touch each 
as the geome

y means of i
other regimes
tribeck curve, 
friction coeff
ransition per
amic. Given 
control signal,
s displacement

efficient traje
would evaluate
ired position c
would then ge
valve, closing
feeder and th
rtical axis.  
during the w
the numeric

tor position in
mber, the prob

. ω = 0.  
ents simulation
e load applied
ol system was
a significant 
ent once the c
roach has its 
to be hardl

imes, in which
of lubricatio
in [12]. The 

e for the mo
n reality the c
Fig. 8, during
number (µU/W
other, influen

etry of the pad
ntroducing el
 can be accou
there is a rang

ficient is mini
riod from m
that, the ide
, which would
t due to this ac
ectory in term
e the real pos
can be determ
enerate the sig
g or opening 
hus changing

work on [13] 
al results. Fi
n a journal bea
blem was mod

n results, red 
d to the rotor 
 first off, and 

decrease of
control system

drawbacks, s
ly applicable

h the 
on is 

blue 
odel, 
curve 
g the 
W) is 
ncing 
d due 
lastic 
unted 
ge of 
imal. 

mixed 
ea of 
d act 
ction 

ms of 
sition 

mined 
gnal, 
it to 

g the 

and 
ig. 9 
aring 
deled 

line 
was 
then 

f the 
m was 

since 
e for 



International Journal of Mechanical, Industrial and Aerospace Sciences

ISSN: 2517-9950

Vol:10, No:9, 2016

1713

 

vib
lin
lo

fix
ap
ef
Th
wh
fe
of
Su
pa
ca
va

[1]

[2]

[3]

bration minim
near up to a 
ad on the rot

 

Fig. 9 Eff

The paper co
xed-pad bear
pplication of 
fficiency of a r
he latter can b
hich increase 
eding channel

f a thrust pad a
uch displacem
articular thrus
an be determin
alue.  

] H. Ulbrich, J
Biennial ASM

] J. Althaus, S.
biegeelastisch

] S. Fürst, H. U
Film Bearing
Machinery of
Scotland. 1988

mization, as t
few Hz. Roto
tor can be, h

fect of active co

VI. CO

overed a mathe
ring, develope

controlled 
rotor machine
be done using
or decrease th
l, thus changin
and displacing

ment can be b
t bearing, fro
ned, where the

REFE

J. Althaus, Actua
ME Conference on

 Fürst, H. Ulbric
her rotoren, in VD
Ulbrich, An Acti

g. 4th Internationa
f the Institution
8, pp. 61-68.  

their frequenc
or displaceme
however, redu

F

ontrol on rotor’s

ONCLUSION 

ematical mode
ed to study 
lubrication to

e by adjusting 
g electromech

he supply press
ng the value o

g one surface r
based on a S
m which a ra
e friction coef

ERENCES  
ator Design for 
n Vibration and N
ch, Aktive lagera

DI-Berichte, Nr. 78
ive Support Syste
al Conference on

n of Mechanical

cy response is
ent caused by
uced and if ro

Fig. 8 Stribeck 

s displacement 

el of a thrust h
the possibil

o increase e
the rotor’s po

hanical servov
sure in the bea
of the reaction
relatively to an
tribeck curve
ange of gap h
fficient has m

Rotor Control, i
Noise, 1989, pp. 17
abstützung zur dä
87, 1989, pp. 201
em for Rotors w
n Vibration in R
l Engineers, Edi

 

s only 
y static 
otor is 

ope
adju

curve and the lu
 

 

hybrid 
ity of 
energy 

osition. 
valves, 
aring’s 
n force 
nother. 
e for a 
heights 

minimal 

in: 12th 
7–22. 
ämpfung 
–218. 

with Oil- 
Rotation 
inburgh, 

[4]

[5]

[6]

[7]

[8]

[9]
[10]

[11]

[12]

[13]

rating under 
usted to match

ubrication regim

I. F. Santos, Ac
Eng. Thesis, VD
A. B. Palazzolo,
Test and Theory
of Rotating Ma
Accoustics 113 
 D. C. Deckler, R
Control of an 
Trans. 47 (2004)
A. Wu, Z. Cai
Tilting-Pad Bear
(2007) 689–695
I. F. Santos, Des
Journal Bearing
Vibration, Mech
87. 
W.J. Oledzki, U
 P. Kytka, C. E
Control of a H
Mechanical Scie
P.K. Agarwal, 
Magnetic Beari
Modelling, Iden
M. Dobrica, M.
and Rough Elas
Film Bearings.
717, (2008). 
D. Shutin, Hybr
Lubricant Suppl

stable cond
h the energy ef

mes 

ctive Tilting-Pad B
DI-Verlag, Düssel
, R. R. Lin, R. M.
y for Piezoelectri
achinery, Trans. 
(1991) 167–175. 
R. J. Veillette, M
Active Tilting-P
) 440–458. 
i, M. S. de Que
rings, IEEE/ASM
. 
sign and Evaluati
gs, in: IUTAM 
hanical Engineeri

U.S. Patent 852344
Ehmann, R. Nord
Hydrostatically S
ence and Technol
S. Chand, Fuzzy
ing System, Th

ntification and Con
. Fillon, P. Masp
stic-Plastic Conta
STLE Tribology

rid Bearings’ Ench
ly Parameters, Ph

ditions, its tr
fficient traject

Bearings - Theor
ldorf, Germany, 1
. Alexander, A. F
ic Actuators - Ac
Of ASME, Jour

M. J. Braun, F. K. 
Pad Journal Bear

eiroz, Model-Bas
ME Transactions o

ion of Two Types
Symposium - T

ing Publications L

45. (2010). 
dmann, Active V
Supported Flexib
logy. 21 (2007) 92
y Logic Control

he 2010 Internat
ntrol (ICMIC). (2
peyrot, Influence 
act on the Perfor
y Transactions, V

hancement by Me
D thesis, Oryol, R

rajectory can
ories. 

 

ry and Experimen
993. 

F. Kascak, J. Mont
ctive Vibration C
rnal of Vibration

 Choy, Simulatio
ring, STLE Trib

sed Control of A
on Mechatronics 

s of Active Tiltin
The Active Contr
Limited, 1995, pp

Vibration μ-Synt
ble Beam, Journ
24-929. 
l of Four-Pole A
tional Conferenc

2010) 533-538. 
of Mixed-Lubric

rmance of Small 
Vol. 51, N°6; pp.

eans of Controllin
Russia, 2015. 

n be 

nt, Dr. 

tague, 
ontrol 
n and 

on and 
bology 

Active 
12 (6) 

ng-Pad 
rol of 
p. 79–

thesis-
nal of 

Active 
ce on 

cation 
Fluid 

. 699-

ng the 


