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Abstract - In this work a comparative study of the vibration
reduction capabilities of rolling element bearings provided
with external damping and that of magnetic bearings is
studied. A simply supported rotor system with two discs and
subjected to unbalance force is considered. The rotor system is
modeled with Timoshenko beam elements which consider
shear deformation and rotational inertia. The global equation
of motion of the rotor bearing system is solved in time domain
in Mat lab /Simulink environment. Firstly the case of the rotor
with two discs supported on two rolling element bearings is
considered. Three different clearances are considered in SFD
and their effect on vibration reduction is studied. Next the two
rolling element bearings are replaced with two active
magnetic bearings with 8 poles each. A parametric study of
the effect of changing the value of ky, k;, kq is performed. Time
domain wave forms and orbit plots are used to compare the
vibration of the rotor systems for the cases with SFDs and
AMBs. It has been observed that AMBs are superior to
conventional bearing/damper configuration in terms of
vibration suppression capabilities thus making them a good
choice for industrial applications

Key Words: Active magnetic bearing; Squeeze film
damper, Vibration, Bearing

1. Introduction

AMB:s are used as bearings however unlike conventional
bearings there is no contact between stator and rotor. AMBs
can produce only attractive forces and therefore a closed
loop controller is required to maintain stable operation.
AMB:s offer various advantages over rolling element bearings
such as high speed, tunability, no wear, no lubrication, and
lower power consumption.

The working principle of AMB is shown in Fig-1. An AMB
system consists of four essential sub systems: magnetic
actuator, controller (digital/analog), power amplifier, and
proximity probe. When the rotor position changes the signal
from proximity probe is sent to controller which sends error
signal to power amplifier which in turn sends the necessary
current to the actuator coils. The coils create magnetic flux
and attract the rotor back to its equilibrium position. This
real time process helps in levitating the rotor during its
operation.

Proximity sensor
Power amplifier

|

Data acquisition |
system

Fig-1: Working principle of AMB-rotor system (taken
from Srinivas et al., 2018)

In AMB applications, each bearing axis has a pair of power
amplifies. They supply the actuator coils with the current
required to generate the forces that act on the rotor. Thus
they function between controller and the coils of
electromagnetic actuator. Eddy current proximity probes,
capacitive sensors, inductive pick-ups, magnetic pick-ups,
optical sensors, photo-electric sensors, laser type sensors
and Hall sensors are the most commonly used sensors in
AMB applications(Schweitzer and Maslen, 2009; Tiwari,
2011). Eddy current sensors have a displacement range of 2
mm and possess good frequency response and are most
commonly used. Touch down bearings also called auxiliary
or backup or retainer bearings are mounted at one half of
AMB air gap to protect the AMB in the event of power failure
or load saturation. During normal operation they are not in
contact with the rotor.

2. Literature Review

Das and Dutt (2010) controlled the transverse
vibrations of a flexible rotor-shaft using a combination of PD
law and extended state observer. Basaranetal. (2011) used
a Ho, controller on a flexible rotor supported on two radial
AMBs and a thrust AMB to control its vibrations as it passed
through the first critical speed. Kozanecka et al. (2011)
applied AMB as a vibration damper in the torque
transmission system to a tail rotor of a helicopter to pass
through three critical speeds.

© 2021,IRJET | ImpactFactor value: 7.529

IS0 9001:2008 Certified Journal | Page 1095



’// International Research Journal of Engineering and Technology (IRJET)  e-ISSN: 2395-0056

JET Volume: 08 Issue: 12 | Dec 2021

www.irjet.net

p-ISSN: 2395-0072

Zhong and Zhu (2013) tested the steady state response and
acceleration response of a flexible rotor using a 2-DOF PID
controller as it passed through the first critical speed. The
PID controller showed higher damping and better stability
than the 1-DOF PID controller. Defoy et al. (2014) compared
the performances of a simple PID, SISO fuzzy PID and polar
fuzzy controllers on a flexible rotor - AMB test rig.

Wang et al. (2014) used virtual trial-weights method, which
simulate the physical trial weights, for field balancing a
magnetically levitated flexible rotor below the critical speed.
AMBs produce synchronous electromagnetic forces which
act as trial weights in this method. Diand Lin (2014) applied
an all-coefficient adaptive control method to stabilize a
flexible rotor using an AMB. The performance of the
controller was comparable those obtained with the
benchmark p-synthesis controller. Zhao et al. (2015) used
model predictive control (MPC) method to study the stability
of a flexible rotor - AMB system subject to the input and
output constraints. Fang et al. (2015) tested a damping
control method on a 315 kW magnetically suspended rotor
which reduced the rotor 1X amplitude near the critical
speed.

Enemark and Santos (2016) achieved significant reduction
in 1X vibration force of a magnetically suspended centrifugal
compressor with an adaptive notch filter. Zheng and Feng
(2016) devised an adaptive notch filter to eliminate the
current stiffness force of a magnetically suspended
centrifugal compressor using a compensation signal.
Significant reduction in synchronous vibration force is
achieved at 30,000 rpm in experiments.

Lusty etal. (2014, 2016) developed a concentric twin-spool
rotor consisting of a hollow outer rotor mounted on bearings
and coupled magnetically to inner non-rotating shaft in a
clamped configuration. AMBs are activated at critical speeds
of primary shaft resulting in a coupling between the two
rotors that changes the vibration behaviour of the rotor
system. Roy et al. (2016) implemented a control law called
high-frequency band-limited PD control law on a rigid rotor-
shaft system. This was shown to be more efficient compared
to PID in reducing the rotor vibration amplitudes. Ranjan
and Tiwari (2020) used auxiliary AMB to introduce virtual
trial unbalances in a flexible rotor supported on rolling
element bearings. Influence coefficients were calculated
based on these trial unbalances and were used to balance
rotor below its first critical speed.

Mani et al. (2006), Quinn et al. (2005) used multiple scales
analysis to estimate a combination resonance among critical
shaft frequencies, shaft rotational speed, and external
frequency of AMB excitation. Sawicki et al. (2008), and
Sawicki (2009) present similar experimental results on
combination frequencies technique. Storozhev (2009)
conducted experiments where in cracked rotor was
supported/ levitated using AMBs unlike the earlier work
where AMB was used as an exciter and not as a support.

Kasardaetal. (2007) performed experimental studies on the
use of AMB to as an actuator for identifying shaft crack. Litak
etal. (2009), Friswell et al. (2010) used recurrence plots to
study the condition of a cracked rotor. Sawicki etal. (2011a,
2011b) used combination frequencies to study the response
of a cracked rotor system excited by unbalance force and
external AMB force. They used harmonic balance method
instead of multiple scales analysis in their studies. Morais et
al. (2012) numerically studied a phenomenon called self-
healing wherein a mid-span AMB was used to control the
breathing mechanism of crack. This however was found to
increase the rotor vibration level.

Chasalevris and Papadopoulos (2015) used AMBs for early
detection of shallow cracks (< 5% of shaft radius) in rotating
shafts. Singh and Tiwari (2015, 2016) numerically studied
the behaviour of a rotor-bearing-AMB system with a
breathing crack. The vibration data that was lost on account
of using AMB was compensated for by the use of controller
current. Both vibration and AMB current were used for the
purpose of identifying crack parameters. Sarmah and Tiwari
(2018, 2020) identified internal and external damping
coefficients in a cracked rotor system supported on auxiliary
AMBs.

Chasalevris et al. (2011, 2014) used AMB to study the
operation of worn out journal bearings. Xu etal. (2016) used
a mid-span AMB exciter to study the bearing outer race
defects of faulty rolling element bearings. Guinzburg and
Buse (1995), Baun and Flack (1999) made direct
measurements of reaction forces acting on centrifugal pump
impellers with the help of retrofitted AMBs. Marshall et al.
(2001) made static force measurement in AMBs using multi-
point technique based on actuator geometry and control
current. Raymer and Childs (2001) measured the force
exerted by AMB on rotor using fibre-optic strain gages
(FOSG) mounted on the magnetic poles.

Nordmann and Aenis et al. (2004) compared various AMB
force measurement techniques such as i-s method,
reluctance network method, and flux based method using
Hall sensors. Zutavern and Childs (2008) identified the
parameters of an annular gas seal on a flexible rotor test rig
using AMBs. The dynamic forces acting on the rotor were
measured using four fibre-optic strain gauges and further
used for parameter identification. Kozanecka et al. (2008)
used measured gaps and measured magnetic forces to
estimation of the bearing dynamic parameters. Tiwari and
Chougale (2014) developed a linear regression algorithm for
the estimation of AMB dynamic parameters and rotor
unbalances for a flexible rotor system levitated on AMBs.
The numerically estimated parameters were compared with
the previously obtained experimental results obtained by
Tiwari et al. (2009). Tiwari and Viswanadh (2015) estimated
stiffness constants of AMBs and residual unbalances in a
rigid rotor system levitated on AMBs using the numerical
responses obtained from a SimulinkTM model.
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After conducting a comprehensive survey of literature
available on AMBs some gaps have been found which need to
be explored.a) The comparison of the vibration
characteristics of AMBs and Squeeze film dampers (SFD) has
notbeen addressed. b) The identification of fault parameters
in the presence of multiple faults such as unbalance, cracks,
misalignment, rubs has not been investigated. c) The effect of
AMB in rotor systems where lateral and torsional vibration
is coupled has not been investigated.

3. Objectives
The objectives of the present work are

a) To develop the mathematical model a rotor bearing
system supported on SFDs (Rotor-1).

b) To develop the mathematical model a rotor bearing
system supported on AMBs (Rotor-2).

) To build the Simulink models for rotor-1 and rotor-2 to
generate responses in time domain

d) To perform parametric studies on rotor-1 by varying the
geometric parameters of SFD such as clearance, land length.

e) To perform parametric studies on rotor-2 by varying the
gain constants of AMB (Kp, Kj, and Kp).

f) To perform comparative study from the vibration
responses of rotor-1 and rotor-2.

4. System Configuration and Mathematical Modeling

For the present study two different rotor-systems
have been considered. Fig-2 shows the simply supported
rotor- system with two discs supported on rolling element
bearings at either end. Viscous damping is provided by
incorporating squeeze film dampers at both the bearing
locations. Figure 3 shows the same rotor- system supported
on AMBs at either end.

Fig-2: Rotor-Bearing-SFD system.

Fig-3: Rotor-AMB system.
4.1 Shaft and disc model

In this work Timoshenko beam finite elements have been
used to discretize the rotor system. The elemental matrices of
size given in Chen and Gunter (2007) that correspond to a
complex nodal displacement vector have been used for
modeling each finite element. Besides reducing the
computational effort.

(1)

uezuxz+juyz={x1 Py % %Z}Tﬂ'{yl (2 P (/’xz}T

The mass, stiffness and gyroscopic matrices of shaft, discs
are given in the Friswell et al. (2010).

4.2 Force due to stiffness and damping of bearings

Rolling element bearings are isotropic with no cross-coupled
stiffness coefficients. If krad is the radial stiffness of the

bearing then the force vector due to stiffness is

i, ={0.5(k,ad Uy + T, )+ Kig (U —ubl))} )

0

Generally the equivalent viscous damping of rolling element
bearings is much lower than that of journal bearings. If C

is the radial stiffness of the bearing then the force vector due
to damping is given by

f _ {O.S(Crad (l‘]bI + l'Tbl ) + Crad (uh‘ - UTb. ))}
b =
. 0

(3)

4.3 Squeeze Film Damper

SFDs are commonly used in rotor systems in conjunction
with a rolling element bearing for the purpose of attenuating
rotor vibration. The empirical relations provided here are for
the short bearing approximation (Chen & Gunter, 2007).
When the oil film completely fills (2 film, no cavitation) the
annulus then the stiffness and damping of SFD are given by

K=0 (4)
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URL7

= C3(1_82)3/2 (5)

When the oil film partially fills the annulus (m film,
cavitation) then the stiffness and damping of SFD are given
by

2uRLsw
“cla-sy 0
LR
(7)

= 2C3(1- £2)"*

where £ is the viscosity of oil, C is the SFD clearance, € is

the eccentricity ratio (e/c; e is the journal eccentricity), @ is
the angular speed of rotor, R is SFD radius and L is SFD land
length. The above expressions are valid for the cases of
circular synchronous radial motion about the origin with no
precession.

4.4 Active Magnetic Bearing

The lateral force exerted by the AMB on the rotor at its
nodal location is given by

KU e — K
fAMB — s~ AMB ic (8)
0
where
ic (t) = KpuAMB + Ki J.uAMBdt + KDuAMB 9)

U,ve is the complex rotor vibration at the AMB location, icis

the complex AMB current ks and k; are the displacementand
current stiffness constants of AMB.

In the present work PID control law is employed and the
values of proportional gain (Kp), integral gain (Kj), derivative
gain (Kp) of the controller are taken from Bordoloi and
Tiwari (2013). These gain values can be chosen from the
pidTuner which is a MATLAB tuning algorithm with a

graphical user interface.
4.5 Unbalance Force

The unbalance force vector due to the mass eccentricities at
the nodal locations of discs is

- INENT
., =Meo’e”e (10)

Where e is the disc unbalance eccentricity located at the
phase angle /3.

4.6 Global Equations of Motion

For the case of rotor supported on SFDs the global EOM in
complex form obtained by assembling the sub system
matrices is given by

MU +(C—-joG)u+Ku=f,, (11)
where

M= Mshaft + Mdisc ’ C = Cbrg + CSFD + Cshaft )

K= Kbrg + Kshaft ; G = Gshaft +GdiSC

For the case of rotor supported on AMBs the global EOM in
complex form obtained by assembling the sub system
matrices is given by

Mi+(C—joG)u+Ku=f,, +f,. (12)
where

M=M_.+M,. :C :Cbrg +Cshaﬁ; K= Kbrg +K
G =G +Gisc

4.7 Simulink Model

Eq.(11) is used to build the Simulink model of Rotor-
Bearing-SFD system shown in Figure 4. The responses of
bearings, discs can be plotted using the time domain output
of this model. Likewise Eq.(12) is used to build the Simulink
model shown in Fig-5. In addition to the vibration responses
at various axial locations along the length of the rotor, AMB
current is also obtained from the model.

There are various fixed-step and variable-step solvers
available in Simulink library. The choice of the solver
depends upon the nature of the equations being solved. For
the present problem Runge-Kutte 4t order solver with a

fixed time step of 10 s is used to solver Eq.(11) and
Eq.(12).

The present section dealt with the development of
mathematical models for Rotor-Bearing-SFD system and
Rotor-AMB system using the elemental matrices of shaft,
disc, and bearings. The external forces acing on the rotor
system are the unbalance forces generated due to the
uneven mass distribution. Simulink models have been
developed for Rotor-SFD system and Rotor-AMB system to
identify resonances and generate vibration responses in time
domain. The AMB that is integrated with the rotor system
works on PID control law. The next section deals with the
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parametric studies and results generated from the Simulink
models.
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5. Results and Discussions

In this section firstly the response of the rotor-bearing
system without external viscous damping through SFD is
studied. The rotor is discretized into 25 elements, each 20
mm in length. The nodal locations of bearings are (1,21) and
those of discs are (6, 21). Table 1 shows the geometric
properties of the shaft, discs and bearings.

Table-1: Properties of shaft, discs, and bearings
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Fig-5: Simulink model of Rotor-Bearing-SFD system
(rotor-1) for identifying resonances
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The critical speeds of the rotor system are obtained from Fig-
8 which is the hilbert envelope of vibration in x direction that
is obtained by ramping up the rotor from 0 rpm to 12000
rpm at arate of 40T rad/s for 10 seconds. It can be seen from
that the resonant speeds of rotor are present at 3090 rpm
and 8234 rpm. The orbits of the rotor at critical speeds are
shown in Fig-9.

wt Interpreted

t >
Time Angular velocity

MATLAB Fen

f_unbalance

Sum

Bus
Creator

To Workspace

Fig-6: Simulink model of Rotor-AMB system (rotor-2)
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5.1 Response of rotor system with squeeze film damper
(rotor-1)

Parametric studies are carried out by varying the radial
clearance ( 125 um, 150 pm and 200 pm) and land width of
the SFD ( 20 mm, 25 mm). A 21 oil film ( no cavitation) is
assumed to be present around the annulus of the SFD. The
damping cofficients are calculated from Eq.(5). The various
parameters of SFD are given in Table 2.

Table: 2 Parameters of Squeeze Film Damper

Oil viscosity, £, N-s/m"2 | 5e-3

SFD radius, R ,mm 75

Land width, L ,mm 20,25
Radial clearance, C, pm 125,150, 200

In practice SFDs operate at eccentricity ratios of 0.4 - 0.5.
From Figures 10 (a) to 10(f) it can be seen that for a given
land width with increasing clearance damping coefficent
increases. Also it can be seen that for a given amount of
radial clearance the damping value increases with increased
land width. Fig-11 and Fig-12 show the orbits at various

locations along the rotor length i.e. at the locations of
bearing-1, disc-1, disc-2 and bearing-2. It is clearly evident
that higher damping contributes to a clear decrease in the
size of the orbits. Fig-13 shows the response at disc-2
location for the above six configurations when the rotor
accelerates from stand still to beyond second critical speed.
Fig-14 shows that as damping increases the critical speeds
shift to higher values. The amplitude of vibration decreases
initially with increase in damping. Beyond a certain value of
damping the amplitude again increases. The x displacement
with ¢ =14510 N-s/m is 400 pum whereas with c = 28870 N-
s/m the x displacement is 500 um. This shows that increase
in damping beyond a certain value rigidifies the supportand
leads to increase in vibration.
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5.2 Response of rotor system with active magnetic

bearing (rotor-2)

In the next stage parameteric studies are carried out by

varying the gains K, K, , K of controller to investigate their

effect of the responses. The values of AMB gains and AMB
displacement stiffness and current stiffness are given in
Table 3.

Table-3: AMB parameters considered for parametric

studies
K, 12000 8000 4000
“[LII, N/A | 2000 1000 500
kg 10 5 3
ks 105210 k. 42.1

From Fig-15 it can be seen that with increasing proportional
gain kP the critical speed of the rotor system shifts to higher
speeds and increases the response amplitude as well. For kP
0f 400 the critical speed and disc-1 amplitudes are 1056 rpm
and 204 microns respectively. Increasing kp to 12000

increases the respective values to 2045 rpm and 531
microns.
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Fig-15: Sensitivity of Rotor-AMB system to kP (x-

displacement at Disc-1)
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Fig-16 shows the effect of increasing Integral gain
kI .With increase in kI the response initially increases with

increasing kI and then decreases. Similar trend can be
noticed in the critical speeds with the value shifting from
1068 rpm with K of 5to 1056 rpm fora K, value of 20 and

then decreasing to 1016 rpm for a kD value of 20. Fig-17

shows a similar trend in the AMB current plots. Fig-18 shows
the effect of increasing derivative gain kD . As the value of

kD incerases from 5 to 20 the response amplitude decreases

from 17 microns to 11 microns. The corresponding AMB
currentincreases from 0.97 A to 1.4 as shown in Fig-19. Also
amarginal shiftin 1stcritical speed can be noticed from 1144
rpm to 1299 rpm and the 2 critical speed shifts from 7632
rpm to 7832 rpm.

6. Conclusions

A parametric study has been made to study the
effect of incorporating squeeze film dampers and active
magnetic bearings in a simple rotor system with two discs.
Timoshenko beam elements are used to discretize the rotor
system into finite elements. External forcing due to the mass
unbalance present in the discs has been considered. The
global equations of motion have been assembled using the
mass, stiffness, gyroscopic matrices of shaft, mass and
gyroscopic matrices of discs. Initially the response of rotor
system with nominal damping has been considered. The 1st
and 2 critical speeds have been found to be present at 3090
rpm and 8234 rpm. The response at 1st critical speed is 322
microns. Next SFDs have been incorporated at bearing
locations to introduce external viscous damping. Three
different clearances and three different damper lengths have
been considered for parametric studies. It has been shown
that damping is linear up to an eccentricity ratio of 0.5.
Beyond this it shows significant nonlinearity. From the
response plots itis found that incorporation of SFD certainly
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helps in vibration attenuation. However vibration amplitude
decreases with damping only up to a certain value of
damping coefficient. Beyond this value the damper locks up
and behaves like a rigid support which leads to increase in
vibration amplitude. . This goes to show that only properly
tuned SFDs are helpful in vibration reduction. Next AMBs are
incorporated at bearing locations. The effect of varying
proportional, integral and derivative gains on the vibration
amplitudes has been studied. Proportional gain helps in
shifting the resonant speeds, however the peak at the
resonant speed also increases. Increasing integral gain shifts
the resonant speed marginally. However a reduction in
vibration amplitude is noticed. The same behaviour is
noticed with an increase in the value of derivative gain. From
the results it has been found that AMBs provide more
flexibility in controlling the dynamic behaviour of rotor
system by way of shifting critical speeds and controlling
vibration amplitudes. Also with SFD a new design/tuning
essentially involves a replacing existing component with
new one. With AMB tuning can be performed by varying the
gains without changing any hardware. This shows the
potential of AMBs to replace SFDs in rotordynamic
applications.
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