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Complex Modal Testing of Asymmetric Rotors Using Magnetic
Exciter Equipped with Hall Sensors
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The complex modal testing methods developed for asymmetric rotors are briefly discussed and
their performances are experimentally evaluated. For the experiments, a laboratory test rotor is
excited by using a newly developed, cost effective magnetic exciter equipped with Hall sensors,
which measure the excitation forces. It is concluded that the exciter system is characterized by
a wide bandwidth and a high resolution for both the excitation and force measurement, and that
the one-exciter/two-sensor technique for complex modal testing of asymmetric rotors is supe
rior to the standard two-exciter/two-sensor technique in terms of practicality and realization.
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1. Introduction

Nowadays, the operation of the rotating
machinery involves high force and energy levels
along with high operating speed so that failures in
the rotating machines can often lead to severe
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Fig. 1 Stationary (xyz) and rotating coordinate
system
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2. Directional Frequency Response
Functions

In general, a rotor-bearing system consists of
the rotor and stator parts. Depending on the non
axisymmetric properties of the rotor and stator, a
rotor-bearing system may be classified as follows
(Joh and Lee, 1996): isotropic (symmetric) rotor
system-both the rotor and the stator are axisym
metric; anisotropic rotor system-the rotor is
axisymmetric but the stator is not; asymmetric
rotor system-the stator is axisymmetric but the
rotor is not; general rotor system-neither the
rotor nor the stator is axisymmetric.

Using the stationary coordinate system, or
XYZ, as shown in Fig. 1, the Nxl complex
response and input vectors, p (t) and g (t), are

z.......I----,----Ir:-

and Kwon, 1999).
In this work, a cost effective magnetic exciter

equipped with Hall sensors is developed for force
measurement as well as the excitation of rotors.
Preliminary force calibration experiments are
performed to show that a Hall sensor can be used
to measure the excitation force with good accu
racy and relatively high bandwidth. Finally, the
performances of the various modal testing
methods developed for asymmetric rotors are
experimentally evaluated with a laboratory test
rotor and compared with respect to then imple
mentation using the magnetic exciter equipped
with Hall sensors.

damage not only to the machines, but also to the
surrounding equipments. The accidental or
intended presence of asymmetry (rotating asym
metry) in a rotor system, which may be caused by
the rotating machine failures, may significantly
alter its dynamic characteristics, such as the un
balance response, critical speeds and stability,
from those of the ideal isotropic (symmetric)
rotor (Jei and Lee, 1988). Thus, the complex
modal testing theories and methods have been
extensively developed to accurately identify the
asymmetric properties and understand the
dynamic behavior of practical rotors (Lee, 1991;
Lee, 1993). However, they all utilize the direc
tional frequency response functions (dFRFs)
defined on the basis of the complex inputs and
outputs. Therefore, the new excitation and mea
surement techniques, which differ from the con
ventional ones, are required.

Lee and Kim (1992) developed a bi-direc
tional magnetic exciter, equipped with a piezo
electric load cell, for the complex modal testing of
anisotropic rotors (Lee and Kim, 1992). Since
then, the magnetic exciters have been widely
adopted for modal parameter identification of
rotors. On the other hand, Gabler (1994) success
fully adopted Hall sensors as a force transducer in
a magnetic bearing system (Gahler and Forch,
1994).

In the early works by Joh and Lee (1996) for
identification of the rotating asymmetry, a rotat
ing coordinate system has been adopted to conve
niently describe the equation of motion of asym
metric rotors (Joh and Lee, 1996). However, in
the later works (Lee and Lee, 1997), it was found
that it is much easier and more convenient to deal
with the dFRFs in the stationary coordinate
system than the rotating one, because the excita
tions and responses are usually measured with
respect to the stationary coordinate system (Lee
and Lee, 1997). Recently, Lee and Kwon (1999)
also suggested that the modal testing method
required for the identification of rotating asym
metry can be much simpler, requiring only a
single exciter, compared to the case of the station
ary asymmetry (anisotropy), which requires the
standard bi-directional excitation method (Lee
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Fig. 2 Two complex inputs single complex output
model for asymmetric rotor system

pet) =y(t) +jz(t), pet) =y(t) -jz(t),
get) =fy(t) +jfz(t), get) =fy(t) -jfz(t) (I)

(5)

(6)

Sgp(jw)
Silg (jw)

2y(t) =p(t) +p(t)

dFRFs. On the other hand, since it normally
holds that (Lee and Lee, 1997; Lee and Kwon,
1999; Bendat and Piersol, 1986)

Sgg(jw, jw) =TSgg(jw) =0, or

equivalently, rig(jw) =0 (4)

for a sufficiently long time record length, i. e., T
';}> ;r/2Q, irrespective of the correlation between g
(t) and g(t), the dFRFs can be estimated from
(Lee and Lee., 1997; Lee and Kwon, 1999)

3.2 Two-exciterlone-sensor method
The estimation methods for dFRFs of the

asymmetric rotors are discussed when a unidir
ectional response measurement is available. The
measured response, yet), of an asymmetric rotor
along one direction, say the y-axis, can be written
as

Note that Eq. (5) is valid even when get) and g
(t) are fully coherent. This implies that any
unidirectional stationary random excitation in the
y-z plane, necessitating only a single exciter, is
sufficient for estimating the dFRFs of the asym
metric rotor systems. Therefore, it can be conclud
ed that the estimation by the so-called one-ex
citer/two-sensor method is identical to that of the
standard two-exciter/two-sensor method since
Eq. (5) holds irrespective of the number of ex
citers (Lee and Lee, 1997).

Taking the Fourier transform of Eq. (6) and
using Eq. (2), we obtain (Lee and Kwon, 1999)

2Y(jw) =P(jw) +P(jw) =Hgp(jw)G(jw)
+Hgp(jw) G(jw) +Hgp(jw) G(jw)
+Hgp(jw) G(jw) (7)

where vo,». G(jw), GUw), GUw) and GUw)
are the Fourier transforms ofy (t), g (t), g (t), get)
and get) =g(t)e-2J0 t, respectively. Each random
input process is stationary, but may be jointly
non-stationary for estimating the dFRFs from the
signals get), get), get), get) and pet). For non
stationary random processes, the double fre
quency spectral density functions at any pair of

(3)

pet)

defined by the real response vectors, y (t) and z
(t), and the real input vectors, fy(t) and fz(t),
respectively, as

3. Modal Testing Methods for
Asymmetric Rotors

where j denotes the imaginary number, Q is the
rotational speed, and the bar denotes the complex
conjugate.

For the asymmetric rotors, where the stator is
axisymmetric but the rotor is not, the directional
frequency response matrices (dFRMs) between
the complex inputs and outputs are defined as
(Joh and Lee, 1996; Lee and Lee, 1997)

P(jw)=[Hgp(jw) Hgp(jW)][g~:n (2)

where P(jw), G(jw), G(jw) and G(jw) =G{j (w
- 2Q)} are the Fourier transforms of p (t), g (t) ,
get) and get) =iHt)eJ20 t, respectively. Here Hgp(j
w) is referred to as the normal dFRMs, whereas
Hgp(jw) is referred to as the reverse dFRMs of the
asymmetric rotor. Figure 2 shows the correspond
ing two complex inputs/single complex output
model (Lee and Lee, 1997). The directional
coherence function (dCOH) between get) and g

(t), rig (jw), is defined, for the asymmetric rotor,

as

3.1 One-exciter/two-sensor method
Lee and Lee (1996) showed that the input

processes g (t) and g (t) for the asymmetric rotor
should be individually stationary but may be
jointly non-stationary for effective estimation of
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fixed frequencies , Clh and wz, are defined by the
expected values, and their relationships are der
ived for Wl=W2= W, to estimate the dFRFs by
(Lee and Kwon, 1999)

[
Hgp ~W) 1 · · [ sgg Uw) SggUw) SggUw)
H gpUw) _ SggUw) SggUw) SggUw)

H gl'Uw) - SggUw) SggUw) SggUw)

H~pUw) SjgUw) SggUw) SggUw)

~:~:;1_1[~~:~ci:;1 (8)
SggUw) 2SgyUw)

SggUw) 2SgyUw)

For signals taken with a sufficiently long
record length such that T'j;>Jr/2[2, with Q * 0, Eq.
(8) reduces to (Lee and Kwon , 1999)

SgyUw) S~Uw)

H U
· ) 2 SgyUw) Sgy(jw)Su Uw)

gp w = Sgg(jw) 1- r ;gUw)

2
Sgy(jw)

= SggUw) ,

'f 2 U ) °H U ) 2Sgy(j w) (9)
I r~ (f) = , gp w = SggUw)

since

SggU(f)=Sgg(jw) =Sgg(jw) =SggUw)

=Sgg(jw) =0

4. Magnetic Exciter Equipped with
Hall Sensors

4.1 Design of magnetic exciter
The newly developed magnetic exciter consists

of four magnet cores and four Hall sensors
(SIEMENS, KSY44). Each Hall sensor was
placed between the magnet core and rotor to

measure the magnetic flux density as shown in
Fig. 3. The measured magnetic flux density was
ampl ified and squared by a signal conditioner.
The Hall sensors were calibrated with a reference
force transducer so that the excitation forces can
be measured indirectly via the Hall sensor out
puts. Figure 4 depicts the operating principle of
the magnetic exciter equipped with Hall sensors.

Assuming that the leakage of the magnetic flux
is negligible . the magnetization curve is linear and
furthemore the magnetic flux density is uniform
across the paleface. Then the magnetic force. F.

Fig. 3 Photo of magneticexciterequipped with Hall
sensors

calibra tion
Factor

Power
Amp

F

Fig. 4 Operation principle of magnetic exciter
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Fig. 5 Experimental set-up for the force calibration of Hall sensor

can be written in terms of the flux density, B, as
Leeet al. (1997)

4.2 Calibration of hall sensor as a force
transducer

The magnetic force is proportional to the Hall
voltage squared, for the given pole face area, A, as
given by

changed, irrespective of the change in air gap.
Figure 5 shows the experimental set-up for the

Hall sensor calibration. It consists of a jig, a
stationary rotor, a reference piezoelectric force
transducer, a magnet core and a Hall sensor. The
piezoelectric force transducer is placed between
the jig and magnet core. The Hall sensor is placed
on top of the pole face between the magnetic core
and rotor. The current supplied from the power
amplifier drives the magnetic core and the am
plifying and squarer circuit amplifies the output
voltage from the Hall sensor.

Two separate procedures are required to cali
brate the Hall sensor. In the first procedure, a
band-limited random excitation signal, which is
generated by a 4-channel FFT analyzer (HP
35670A), is fed into the power amplifier for the
magnetic core in order to excite the rotor. The
force transducer and the Hall sensor signals are
fed back to the FFT analyzer for data processing
so that the frequency response functions (FRF's)
between the force transducer signals and the Hall
sensor signals can be estimated. Figure 6 shows
that the frequency bandwidth (± 3dB) is about
830Hz. In the second procedure, a sinusoidal
signal with 100Hz, which is within the frequency
bandwidth, is applied to the magnetic core in
order to excite the rotor. The signal from the Hall
sensor is amplified and squared by a signal condi
tioner. Then the output signals of the force trans
ducer and the Hall sensor are measured simulta-

(10)

(11)

F

F A
W= f.J.o =const.

The equation implies that the magnetic force
along the magnetic poles can be computed from
the corresponding measured flux density. Note
that the calibration factor remains nearly un-

where I is the current, A is the projected area of
the curved poleface, N is the number of coil turns,
g is the nominal air gap, and fJ.o is the permeabil
ity of free space (=4 X 10-7 Hzrn). The design
parameters used for the magnetic exciter are: N =

305 turns, I=IA, g=l. 6mm, and A=240 mrn",
The characteristics of the magnetic exciter

equipped with Hall sensors are as follows: (I) It

is cost effective and easy to install/assemble; (2)
The diameter of the exciter can be adjusted so that
it is possible to excite the rotor with various
diameters (075±lOmm); (3) It has a wide fre
quency bandwidth; and (4) It is possible to excite
the rotor at any location.
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(b)

Fig. 6 Force calibration of Hall sensor: random test
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------ gap-1_2mm ----gap-1.6mm
_._-. gap-1.4mm ------ gap-1.8mm

Fig. 7 Force calibration of Hall sensor: harmonic
test
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Table 1 Calibration results (dynamic charac

teristics)

Calibration factor 1.685

Resolution 0.04 N Sensitivity 590 mYIN
Linearity

*61.5 % Range 0-7N
(0-5N)

Bandwidth
830 Hz

Supply
7 mA

(-3dB) Current

and good accuracy.

5. Experiments

5.1 Experimental set-up
Figure 8 shows the schematic of an experimen

tal set-up for the complex modal testing of a

flexible rotor bearing system. The test rotor

(Bently Nevada rotor kit: Model 24755) consists

of a shaft, two ball bearings and two rigid disks.

A motor with the tacho feedback feature drives

the rotor system through a flexible coupling. A

pair of magnetic exciters, driven by two indepen

dent random signals from the noise generators

(B&K Model 1027), excites the rotor for the

standard two-exciter method. For the one-exciter

method, a uni-directional excitation force is

applied to the rotor system. The resulting excita

tion forces are measured by Hall sensors

(SIEMENS, KSY44) and the responses in the y

and z-directions are measured using a pair of

eddy-current type proximity probes. The mea

sured force and response signals are filtered using

anti-aliasing analog filters (W AYETEC Model

852) with a nominal cut-off frequency of 200Hz

and sampled at a rate of 450Hz by a data acquisi

tion board (National Instrument Model AT

MIO-16E-IO). Each data set consists of 2048

data points that are averaged up to 200 times. An

encoder is used to measure the rotational angle

and speed, when the test rotor is operated at 600

rpm (10Hz).

neously. Figure 7 shows the typical calibration

curves with air gap varied. The calibration results

are summarized in Table 1. Note that the Hall

sensor has a relatively wide frequency bandwidth

5.2 Modal testing of asymmetric rotors
To demonstrate the modal testing method for a

rotor with shaft asymmetry, an artificial local slot

was made on the shaft with the radius of 9.5 mm
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Fig. 8 Experimental set-up for modal testing of rotor

as shown in Fig. 9. Two identical disks with the
mass of 0.9 kg and polar and diametric moments
of inertia of 0.0006kgm2 and 0.0003kgm2, respec
tively, are mounted on the shaft.

Since the differential equations of motion for
asymmetric rotors, when written with respect to
the stationary coordinate system, essentially are
characterized by the presence of time varying
coefficients, the modulation of measured signals is
needed to estimate the dFRFs, requiring precise
measurement of the rotational angle (Qt) and
speed. For this purpose, an encoder is attached at
the free end of the shaft through a flexible cou
pling. The dFRFs, especially the reverse dFRF,
are very sensitive to any mismatch of rotational
angles. Hence, the rotational angles must be
precisely measured and carefully calibrated. Dur-

(For asymmetricrotor)

ing the test, the overhung disk #2 is excited in
both y and z directions using the magnetic exciter
with two independent band limited random
noises (0-300Hz). The resulting rotor responses
are measured near disk #1 using a pair ofproxim
ity probes.

The dFRFs for the asymmetric rotor can be
obtained as shown in Fig. 10 using the standard
two-exciter/two- sensor method. Figure 10
shows that the first backward (IB [-47Hz]) and
forward (marked IF [47Hz]) modes are well
separated in the normal dFRF. The first conju
gate modes (marked IB[ -28Hz] and IF[66Hz])
also appear clearly in the normal dFRF. The
second backward (2B[- II 6Hz]) and forward
(2F [I I6Hz]) modes are also clearly identified in
the normal dFRF. However, the second conjugate
modes (2B[ -81Hz], 2F[134Hz]) do not appear
clearly in the normal dFRF. The conjugate
modes of the asymmetric rotor appear to be
almost symmetrical with respect to the rotational
frequency (10Hz), in contrast to the zero fre
quency for the anisotropic rotor systems. The
second modes in the reverse dFRF cannot be
clearly identified due to the presence of the noise.
However, the second modes are also symmetric
with respect to the rotational frequency axis. The
phase at 85Hz indicates that the peak near 85Hz
is not a mode, and may be caused by weak

Disk #2

\ /'-f' Dearing
#2

Disk #1

Hearing

#1r

Fig. 9 Rotor with shaft asymmetry

flexible

Coupling

vlotor tm:=:::====l
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anisotropy of the rotor (Joh and Lee, 1996).

5.3 Comparison of complex modal testing
methods

The estimated dFRFs obtained from two differ-

ent methods, described in Sec. 3, are compared in

Fig. II. For the one-exciter/two-sensor method,

the normal and reverse dFRFs shown in Fig. 11

(a) are almost the same as the two-exciter/two
sensor method. For the two-exciter/ one-sensor
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one-exciter/two-sensor the most effecti ve
method method

Table 2 Summary of excitation and measurement
techniques

MODAL TESTING
METHOD

two-exci ter/ two-sensor
method

two-exciter/one-sensor
method

REMARK

a pair of uncorrelated
random input signals
with equal power

sensitive to anisotropy
and noise

evaluate the performance of the various testing
methods. It is found that, among others, the one
-exciter/two-sensor method is the most effective
in terms of practical implementation and the
measurement accuracy in estimating the dFRFs
associated with the asymmetric rotors.
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method, the normal dFRF shown in Fig. II (b) is
nearly the same as that using the two-exciter/ two
-sensor method, except for the spliting of the first
modal peak into two distinct peaks. The result
implies that the two-exciter/one-sensor method is
rather sensitive to the system anisotropy (stator
asymmetry). The reverse dFRF is affected by the
noise to a much greater extent than in the two
exciter/two-sensor method and the one-exciter/
two-sensor method.

As a result, the noise affects the reverse dFRF
significantly as the number of sensors is reduced
to just one (i. e. the two-exciter/one-sensor
method). The experimental results indicate that
the one-exciter/two-sensor method is the most
effective method, considering the quality of the
results and implementation practicality. The one
-exciter/two-sensor method greatly lessens the
testing effort compared with the bi-directional
excitation method. The comparison of the
methods is summarized in Table 2.

6. Conclusions

A magnetic exciter equipped with Hall sensors
is developed and successfully used for the com
plex modal testing of a rotor. The test system is
inexpensive, easy to move and convenient to
install/assemble. The force calibration experi
ments also show that Hall sensors can measure
the magnetic excitation force with a wide ban
dwidth and a good resolution. The complex
modal experiments using the laboratory test rotor
with an open crack were carried out in order to
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