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Study of the Effect of Sensor Position on the Forced Response Characteristics of Rotors with Active
Magnetic Bearings
by
Dharamendra Niranjan Rawal
R. G. Kirk, Chairman
Mechanical Engineering
(ABSTRACT)

The need for better performance of turbomachinery with active magnetic bearings has necessitated
a study of such systems for accurate prediction of their vibrational characteristics. This research
presents a modification of existing transfer matrix methods for rotor analysis, to predict the response
of rotor systems with active magnetic bearings. The position of the magnetic bearing sensors is
taken into account and the effect of changing sensor position on the vibrational characteristics of
rotor systems is studied. The modified algorithm is validated using a simpler modified Jeffcott
model. The effect of changing from a rotating unbalance excitation to a constant excitation in a
single plane is also studied. An eight-stage centrifugal compressor rotor is analyzed using the
modified transfer matrix code. The results for a two-mass Jeffcott model are presented as plots of
critical frequency vs. sensor position and amplitude at critical frequency vs. sensor position. Plots
of amplitude vs. frequency and phase angle vs. frequency for different cases of sensor location are
also presented. The results obtained by analyzing this two-mass model with the modified transfer
matrix method have been compared with the results of the modified Jeffcott analysis for the purpose
of verification. Also included are plots of amplitude vs. frequency and phase angle vs. frequency
for the eight-stage centrifugal compressor rotor. These plots will demonstrate the significant influ-
ence that sensor location has on the critical frequencies and the amplitudes at the critical frequencies

of the rotor system.
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Chapter 1
INTRODUCTION AND LITERATURE

SEARCH

The use of active magnetic bearings in turbomachinery is a comparatively new development but
one which has shown great promise for better control of rotating equipment. The idea behind these
bearings is not new however. The use of magnetic attraction to levitate the rotor shaft free of the
bearing has been tried before, but because the system is inherently unstable (Hustak, 1985) unless
a real-time control system is used, these attempts were not successful. The first actively controlled
bearing was developed in the 1950's (Keesee, 1989). Since then the use of active magnetic bearings
has gained widespread acceptance particularly in North America and Canada. Hendnckson et al
(1987) give some examples of the varied uses to which active magnetic bearihgs have been applied.
Kirk (1988) lists a number of turbomachinery installations where active magnetic bearings have

been used.

The principle of how active magnetic bearings work is very simple. A magnet will attract any
ferromagnetic material. Thus, the rotor shaft is wound with ferromagnetic lamination near the

journal location. The stator is made up of slotted lamination stack and has coils wound around the
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slots. When an electric current is supplied to the coils of lamination in the stator, the lamination
acts as an electromagnet and attracts the ferromagnetic material on the rotor shaft. One such
electromagnet is located in each of the four quadrants inclined at 45°. The attraction of each of
these four electromagnets is varied by a control system to levitate the rotor shaft and keep it
levitated while it is rotating. In order to enable the control system to decide the amount of attraction
to be applied to the rotor shaft through each electromagnet, sensors are placed at some distance
from the stator along the axis of the rotor shaft. These sensors sense the location of the shaft. The

configuration is illustrated in Figs. 1 and 2.

Magnetic bearings possess a number of advantages compared to conventional bearings. They give
an almost unlimited control over rotor vibrational characteristics due to adjustable stiffness and
damping. Automatic balancing is possible by allowing the rotor to spin on its inertial axis. This
leads to decreased vibrations and noise. Active magnetic bearings do not require lubrication, and
since they are non-contact bearings, they eliminate the possibility of wear and tear of the stator and
rotor surfaces. Hendrickson et al (1987) demonstrates the tolerance of magnetic bearings to a wide
range of temperatures and also their insensitivity to hostile environments. Zlotykamien (1988) gives

a good description of the various advantages of active magnetic bearings.

One of the main disadvantages of active magnetic bearings is the relatively high costs involved due
to the presence of a complex control system. Since magnetic bearings require electricity to gencrate
the magnetic field that keeps the rotor levitated, the possibility of power failure has to be taken into
account and conventional backup bearings have to be provided. The weight of the rotor shaft has
to be within the limits of the carrying capacity of magnetic bearings. Being a comparatively new
development, the vibrational behaviour of rotor systems with magnetic bearings needs furthur study

specially with respect to their stability characteristics.
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Figure 1. Picture of Active Magnetic Bearing (Courtesy of Magnetic Bearings, Inc., USA)
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Figure 2. Active Magnetic Bearing Configuration (Zlotykamien, 1988)
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Previous Research

Most of the research in active magnetic bearings has been in the control systems used. Schweitzer
(1985) shows a method for controlling an elastic rotor so that it can be represented by a low-order
model amenable to control techniques. Williams, Keith, and Allaire (1990) have developed the-
oretical relationships to relate the characteristics of a controller transfer function to the stiffness and
damping properties of an active magnetic bearing. Burrows and Sahinkaya (1988) evaluate various
strategies for applying a magnetic bearing to control the synchronous vibration of a flexible rotor.
Kirk et al (1988) present the results of shop tests on a high-speed eight-stage centrifugal compressor
supported by active magnetic bearings along with some design recommendations. Keesee (1989)
examines the effects of sensor position on the critical frequencies of rotors with active magnetic

bearing.

Research Objective

The sensors are not located at the place where the attraction forces are applied on the rotor shaft
but at some distance away along the axis of the shaft. Due to this “non-colocation” of the sensors
from the bearing position, the deflection sensed by the sensors is not the same as the actual de-
flection at the bearing but differs from it by some magnitude and phase, dictated by the mode shape
of the rotor shaft. Because of this, the stiffness and damping forces of the active magnetic bearing
depend not on the deflection at the bearing location, but on the deflection at the sensor location.
For such cases, the vibrational characteristics of the rotor system is different from that obtained
using conventional analysis programs. The objective of this research is to take into account the ef-
fect of sensor non-colocation on the vibrational characteristics of rotors with active magnetic

bearings.
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‘This research is an extension of the work done by Keesee (1989) and involves the modification of
an existing transfer matrix code to account for sensor non-colocation. Sensor non-colocation ef-
fects on forced response amplitudes and phase angles are studied. The other objective of this re-
search is to compare the vibrational characteristics of rotor systems, when they are subject to
unbalance excitation with circular synchronous shaft rotation and excitation in one plane with no
shaft rotation or whirling. The effect of changing the mass at the bearing locations with respect to
the mass at midspan is studied. The effect of changing the stiffness of the bearings with respect to
the stiffness of the shaft is studied. The effect of changing the amount of damping in the system is

also studied.

Two models of rotor systems are used for this study. One is a simple two-mass Jeffcott model. The
other is an eight-stage centrifugal compressor rotor model. The modification of the transfer matrix
program is validated by comparing its results for the two-mass model with the results obtained from
a simple program written to specifically analyze the two-mass model. Chapter 2 gives the theory
of the Jeffcott model as well as the modification made to account for sensor non-colocation. It also
gives the results obtained from the two-mass Jeffcott model. Chapter 3 details the theory of transfer
matrices and the different modifications necessary to account for sensor non-colocation and
excitation forces. The results of the typical eight-stage centrifugal rotor system are also illustrated
in Chapter 3. These results provide the validation of the modifications made in the transfer matrix
code. Chapter 4 gives the recommendations and conclusions of this research.The Appendix con-
tains the Jeffcott model code, the data for the two-mass model and the eight-stage compressor rotor
systemn model, guidelines for the use of the AMB (Active Magnetic Bearing) modified transfer ma-
trix code and additional plots illustrating the effect of a change in sensor position on the vibrational

characteristics of a two-mass rotor system.
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Chapter 2

THE JEFFCOTT MODEL

Jeffcott (1919) has analyzed a simple rotor model composed of a long thin massless elastic shaft
with a given stiffness and a central disk mass with a given unbalance. Since the unbalance force
rotates at shaft speed, the frequency of whirl will be the same as the frequency of shaft rotation.
Jeffcott assumes that the bearings are radially rigid. Thus, the system reduces to a single-degree-of-

freedom vibrations problem as shown in Figs. 3-5.

The equations of motion for the system shown in Fig. 3 and Fig. 4 are as follows

d ax g
M Py (x+acoswt) + C ar +Kx=0 [2.1]

L2

> :
M Py y+asinwt)+ C 2

+Ky=0 [2.2]

These equations can be simplified and rewritten as follows
M5 + Cx + Kx = Mw?acos ot [2.3]

Mj + Cj + Ky = Mw’asin ot [2.4]

THE JEFFCOTT MODEL 7



Henceforward, the complex variable r= x + iy will be used to indicate the whirl radius in the Jeffcott
model, and all the equations will be stated in terms of r. Equations 2.3 and 2.4 can be combined

and written as a single equation by using complex algebra as follows

MF + Ci + Kr= Mo?r [2.5]

The AMB Modification

To modify the Jeffcott model for active magnetic bearings, four additional factors are assumed.

e  First, the stiffness and damping of the magnetic bearing are considered. This is because the
forces due to bearing stiffness and damping depend on the deflection of shaft sensed by the
active magnetic bearing sensor, and thus, are subject to change as the sensor poSition changes.
A change in the excitation frequency will also change the shaft deflection sensed by the sensor

and and consequently change the bearing stiffness and damping forces.

e Second, the presence of journal masses at the bearing locations is assumed. Thus, a central disk
mass at midspan and the two journal masses at the bearings are considered in the formulation

of the equations of motion.

e A harmonic excitation force in one plane F, that can be applied at the bearing locations is
considered. This is so that a magnetic bearing rig can be tested without rotating the rotor shaft.
Instead, the journal masses are excited at a particular frequency and the vibrational character-
istics of the rig are examined. Unlike an unbalance force where the amplitude of the force
changes with the rotor spinning speed, the amplitude of the planar harmonic excitation force
remains constant irrespective of the rotor spinning speed and hence this force can also be

termed as a constant magnitude excitation force.
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Figure 3. Original Jeffcott Model
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¢ Lastly, consideration is given to the sensors that detect the deflection of the shaft at some dis-
tance from the bearings. This deflection is then used to modify the stiffness and damping

characteristics of the active magnetic bearings.

The bearing pedestal is assumed to be rigid. The entire configuration after modification is illustrated

in Figs. 6-8.

Since the unbalance force and the planar harmonic excitation force are applied symmetrically along
the longitudinal axis of the rotor, only the first and third modes are observed. The second mode

cannot be observed in the reduced two-mass model.

Derivation of Modified Equations

To formulate the equations of motion, consider the freebody diagram shown in Fig. 9.

Note that the forces on the mass M, depend on the deflection and velocity at the sensor location.
To express the deflection at the sensor location (r;) as a function of the deflection at the disk (r2)
and at the bearing (), it is assumed that the first and third modes of vibration are half-sine curves.

These modes are illustrated in Fig. 10. Thus

ro=r+ (= n)sin(55) [2.6]

so that whenz=0 r,=r and

whenz=L[2 r.=n

The two equations of motion will be
MoFs = Myw?ae"® — Cy(fy — 1)) — Ky(ry — 1) [2.7]

Ml.r.] = F¢eiwt+ C2(f'2 - rl) + Kz(rz - rl) - C]fs - Klr: (28]
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