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Abstract—The support parameters, the stiffness and damping
coefficients, of active magnetic bearings (AMBs) have direct
influence on the dynamic response and stability of a rotor bearing
system. The unbalance response method is a simple but effective
way to identify the AMB support parameters. In this paper, we
present experimental verification of this identification method.
We first briefly introduce the unbalance response method and the
error response surface approach to rectifying the identification
error induced by the rotor flexibility. The final AMB stiffness
and damping coefficients are determined as the sum of the
nominal values identified by the unbalance response method
and the identification errors derived from the error response
surfaces. We will then present the experimental verification of
this combined unbalance response and error response surface
identification method on a rotor AMB test rig. In order to verify
the identification method, the parameters thus identified based on
the experimental data are integrated with the rotor finite element
model to form the rotor-AMB model. The model unbalance
response is obtained through simulation and compared with ex-
perimentally measured unbalance response. The close agreement
between the model unbalance response and the experimentally
measured response demonstrates that the proposed method is
effective in identifying the AMB support parameters.

I. INTRODUCTION

Active magnetic bearings (AMBs) find a wide range of
applications in energy storage, machine tool operation, arti-
ficial heart pumps and hybrid vehicles [1], because of their
lubrication free and non-contact operation. The stiffness and
damping coefficients of a rotor AMB system have substantial
effect on the system dynamic response and stability, and many
methods have been reported on their determination. Humphris
et al. derived equivalent stiffness and damping coefficients
from the AMB system transfer function [2], Yu [3] and Hu
et al. [4] analyzed the theoretical AMB static and dynamic
characteristics, Wang and Jiang [5] proposed a method to
estimate the bearing stiffness using the control current ratio.
These methods are based on a simplified model and the support
parameters of AMBs are identified only through the theoretical
analysis, which leads to inaccurate results. In addition, it is
difficult to identify support parameters based on theoretical
analysis methods when complex AMB control algorithms are
employed.

Compared to the theoretical analysis approach, which re-
quires simplified model of the rotor AMB system, experimen-
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tal identification approach is an easier but effective way to
identify the AMB stiffness and damping coefficients. Wang
[6] and Schweitzer et al. [7] confirmed that the AMB stiffness
and damping coefficients are closely related to the controller
frequency response, with the controller bandwidth having the
strongest impact. Yang et al. [8] used the AMB as an exciter
for the stiffness identification. Since the excitation force is
obtained through the electrical current conversion, magnetic
flux leakage causes the actual force to be inconsistent with
the theoretical value. Wu [9] and Wang and Gao [10] used
the external load method to identify the static stiffness, but
they did not consider the dynamic characteristics of magnetic
bearings. Zhou and Lin [11] used the hammer impact method
to estimate the stiffness and damping of a single degree of
freedom (SDOF) AMB system, and then verified the results
through the sine sweep frequency response. According to the
amplitude-frequency characteristic curve, the estimated system
stiffness is close to the value obtained by the hammer impact
method, but the study was only limited to an SDOF system.
Shen and Yu [12] used the multiple frequency excitation
approach, in combination with the least squares method, to
identify the AMB support parameters, but a rigid rotor motion
equation was used as the rotor model. The drawback for
these existing experimental identification approaches is that
they mostly do not consider rotor flexibility, which leads to
inconsistent results at different rotating speeds.

In summary, there are basically two main approaches to
the identification of the AMB support parameters. One is
based on the frequency characteristics of the control system,
which has been studied through theoretical analysis but lacks
experimental verification. The other one is to analyze response
to the excitation. The second approach is mostly based on a
rigid rotor motion and does not take the rotor flexibility into
consideration. Treating the unbalance force an excitation, Zhou
et al. [16] developed an unbalance response based method
to identify AMB support parameters, which takes the rotor
flexibility into consideration during the identification process.
The unbalance response based support parameter identification
method has already been widely used in mechanical bearings,
but few works have been documented for applying this method
to AMBs. Because the unbalance force is the simplest form
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of external excitation, it does not require additional devices,
which makes experimental studies easier to conduct [13]-[15].

In this paper, we present experimental verification of the
unbalance response based method that was developed in [16]
on a flexible rotor AMB test rig. Two sets of balancing weights
are attached to the rotor disks to obtain the unbalanced rotor
displacements, from which the nominal stiffness and damping
coefficients are derived. We then rectify the identification
error caused by the rotor flexibility with an error response
surface approach. The final parameters thus identified are
integrated with the rotor finite element model to form the
rotor-AMB model. The model unbalance response is obtained
through simulation and compared with experimentally mea-
sured unbalance response. The close agreement between the
model unbalance response and the experimentally measured
response demonstrates that the proposed method is effective
in identifying AMB support parameters.

The remainder of this paper is organized as follows. Section
II describes the experimental setup and the unbalance response
based method we are to verify. Section III presents the results.
Section IV draws a conclusion to the paper.

II. THE IDENTIFICATION METHOD

This section contains three subsections. Subsection II-A
describes the flexible rotor AMB test rig where the proposed
identification method is applied. The identification results are
also verified based on this test rig in Sec. III. Subsection II-B
introduces a rigid rotor model based identification method
to calculate the nominal values of the AMB stiffness and
damping coefficients from the measured unbalance response.
Subsection II-C adopts a finite element model of the rotor to
construct error response surfaces for rectifying the identifica-
tion errors induced by the rigid rotor modeling of the flexible
rotor.

A. Experimental Setup

Shown in Fig. 1 is the experiment setup that we use to
verify the identification method described in Section II. The
setup contains a five DOF rotor AMB test rig and two sets of
balancing weights that are added to the rotor disks. This test
rig was built to simulate an industrial high speed centrifugal
gas compressor and two radial AMBs (H and A) are located
on the driven (DE) and nondriven end (NDE) of the rotor. The
nominal bias current is around 3.8 A so the support AMBs’
load capacity is around 1336 N. Each AMB is equipped
with four Model 422 PWM amplifiers from Copley Controls
and each amplifier can generate up to 10 A current and 3.2
kW peak power output to provide the maximum required
force slew rate. The rotor movement is monitored by a 10
channel Kaman eddy current sensor system. For each AMB
control axis, there is one pair of sensor probes in a differential
arrangement to measure the rotor displacement in the direction
of the AMB control quadrants. To avoid damage when the
rotor drops, two auxiliary bearings are also mounted in the
casing with 10 mils clearance. The steel rotor has a length of
1.23 m and weighs around 44.9 kg. The first rigid body mode
is around 2500 RPM (41.67 Hz) and the first bending mode
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is around 14,800 RPM (246.67 Hz). A 3.7 kW Colombo RS-
90/2 high speed motor with variable frequency drive (VFD) is
used to move the rotor up to 18,000 RPM.

There are two discs attached to the rotor and they serve
as the balance planes. For disc 1, the distance between the
mounting holes and center is 0.11265 m while for disc
2, it is 0.03799 m. The first set of balancing weights are
mp = 1.262 g and mo = 3.926 g. The second set are
m; = 1.415 g and my = 4.103 g. We are going to identify
the supporting stiffness and damping coefficients of the two
magnetic bearings A and H.

The digital control system is based on the Innovative
Integration M6713 PCI board and a TT C6713B 32-bit floating
point digital signal processing (DSP) chip is used for the
implementation of the digital control algorithm with an up-
dating frequency around 12 kHz. Besides the DSP, a Labview
data acquisition console is also added to interface with the
computer for additional data logging. The data logging func-
tion is written in Labview 2010 and the sensor measurements
and control outputs of all four control axes are saved at
6.4 KHz, which are much higher than the logging function
provided by the DSP graphic user interface. They are also
converted from time domain response to frequency domain
response using the FFT block provided by Labview so it is
possible to precisely identify at which frequency the maximum
vibration happens. The rotating speed is also saved at 6.4 KHz,
so these information can be used to identify the unbalance
weight and estimate the stiffness and damping coefficients.
Identification of AMB support parameters requires the steady
state rotor displacement amplitude and phase information at
AMB locations. The displacement amplitudes are obtained
through eddy current sensors and the phase information is
obtained through fiber optic sensors.

C: Rotor Shaft

A: Non-driven End Support AMB B: Gyroscopic Disk 1

D: Mid-span Disturbance AMB E: Gyroscopic Disk 2 F: Electric Motor

G: Quarter-span Disturbance AMB H: Driven End Support AMB I: Control Station

J: Variable Frequency Drive K: Amplifiers & Sensor Conditioning Station

Figure 1: A Five DOF rotor AMB test rig with balancing
weights m1 and mo.

B. Unbalance Response Based Identification

Shown in Fig. 2 is the schematic of the rotor AMB test rig
we are to verify the unbalance response based identification
method on.
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Supportl Center of mass Support2

Figure 2: The schematic of the rotor AMB test rig.

In the Fig 2, [; and l5 respectively represent the distances
from the AMBs at both ends of the rotor to the rotor centroid,
ls and I, are respectively the distances from disk 1 and disk
2 to the rotor centroid, m; and my are the balancing weights
attached respectively to the left and right disks, 7; and ry are
the distances between the disk centers and locations of the
balancing weights.

We will model the AMBs with a combination of springs and
dampers. The effects of unbalance force on the rotor center
of mass and the effect of AMB force are equivalent to each
other. The following equations are derived respectively from
the balance of force and the balance of torque,

Mmie = fuzl + fuz2 + fe1 + fa2, (D
Mmije = fuyl + fuy2 + fy1 + fy2, 2
10y = — fuzils + fuaola — farli + faolo — Q0. (3)
1,6, = — funls + fuyals — fyrls + fyolo + 1,98, (4

where z. and y. are the movements of the rotor center of
mass in the x and y directions, respectively, m is the rotor
mass, fuzi, fuwz2, fuyr and fuyo are the unbalance forces
generated by the balancing weights, fy1, fz2, fy1 and fyo are
the supporting forces from the AMBs, 6, and ¢, are the rotor
tilt angles in the x and y axes, I; and I, are respectively the
transverse and polar moments of inertias, and €2 is the rotor
rotating speed.
The AMB supporting forces can be expressed as

Jo1 = = (kz1(Q) 21 + €21 ()31) ,
fy1 = — (k1 (Qy1 + cn(D)3n),
faz = = (ke2(Q) 22 + c22(Q)d2),
Jy2 = = (ky2(Q)y2 + cy2(2)92) ,

where k;(2), c2i(Q), kyi(©2) and ¢,;(Q), i = 1,2, are the
stiffness and damping coefficients of AMBs in the z and y
directions, with ¢+ = 1 denoting the AMB at the left end and

= 2 denoting the AMB at the right end. For notational
brevity, in what follows we will often drop the dependence
on £ of these coefficients, and simply write k., c.i, ky; and
Cyi-

Based on Egs. (1)-(4), the motion equation of the rotor can
be further derived in the following complex form [16]

Mi+ (C+QG)j+ Kq = Fye’*™, (5)

where M is the rotor mass matrix, C' is the support damping
matrix, G is the gyroscopic effect matrix, K is the support
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stiffness matrix, Fpe/$* is the rotor unbalance force vector,
and ¢ = qoe’** are the rotor displacements vector with ¢y =
[x1 @2 y1 y2]". Matrices M, K, G and C are defined as

follows,
mls  mly 0 0
1 |1 I 0 0
M= — t t
0 0 mlg mll
0 0 I, I
kxl ka 0
—kz1ly kol 0
K — 11 202 ,
0 0 kyi  kyo
0 0 —kal Kyl
0 0 0
G- l 0 —Ip Ip 7
Lo 0
I, —I, 0
Cx1 Cy2 0 0
—cCgp1l w2l 0 0
C— Cp1ll  Cgal2 7
0 0 Cy1 Cy2
0 0 —Cy1l1 Cyglg

where L is the rotor span.
The total unbalance excitation vector Fj is given by

fit fe
—fils + fala
Fy = S (6)
=i(f1+f2)
—Jj(fils — fala)
where
fi=mir Qe i,
fo = maraQPe %2,
with ¢; and ¢, being the phase angles for the two balancing

weights.
Substitution of ¢ = goe** into (5) results in

iQCq + Kqo = Fy + (M — jO*G)qo. 7

The values of the AMB support parameters can be solved
from expanded Eq. (7), which can be reorganized into the
following two equations,

QyPy = Fy, 9

Qx = " 2 y
—llxl lgl’g

k:vl + chxl

ka + jQCIQ 7

where
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Y1 Y2

Qy_ —liyr laye 7
P,— kiyl—‘r]:QCyl 7
ky2 + jQcy2
Fm:[ fi+ fa ]
—fils + fala
T
Q2| mly ml 0 0 To
Ll -h o =il i |||
Y2
| A+ )
L =il — fola)
T
02 0 0  mly mi T2
L Hy —jlp —It I Y1
Y2

Then we can solve P, and P, from Eqgs. (8) and (9) to get
the nominal values of the support parameters ky;, ¢y, ky; and
Cyi» 1 = 1,2,

P, =Q,'F,, P,=Q,'F,

We denote the nominal values as kJ;(9), ¢2,(), k()
and c),(Q), i = 1,2.

C. Parameter Rectification Based on Response Surface

In the unbalance response identification procedure described
in the previous subsection, the rigid rotor model is adopted,
which is expected to result in substantial identification errors.
We will adopt the response surface approach to improve the
precision. The response surface approach relies on the finite
element model of the flexible rotor.

Because the coupling between the z and y axes of a
radial AMB is small, we will establish an error response
surface based on four support parameters in the x and y
axes independently. Four control quadrants are assigned to
each AMB and each control channel covers the two opposing
quadrants. The top two quadrants both have 45° offset from
the vertical so the two control channels can evenly carry the
rotor weight, which makes the dynamics for both x and y axes
almost identical. Therefore, the error response surfaces in the
x and y axes can be established similarly. The error response
surfaces in the = axes are formulated as follows,

Akz1 = Fl(kxb k22a Cgla ng)a

Akyo = Fa(ky xl? x2’ xlacga)a
Acp1 = F3(ky 127 xl’ Ca2);
Acgo = Fa(kgy, koo, a1, €0a),
where F;(k%;, k05,2, cY,), i = 1,2,3,4, are polynomials in

terms of the four nominal AMB support parameters k;, k%,
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Y, and ¢Y,, as identified by the unbalance response method
from the experimental measurements.

We approximate these error response surfaces with polyno-
mials of fifth degree in the normalized nominal stiffness and
damping coefficients kw1, Koy Cu1, Cuo. Take Ak, at speed
) as an example, we have

Akz1 = Bo(Q) + B1(Dka1 + B2(Dkaz + B3(2) a1
+ Ba(D)az + -+ + Br7(Q) (ka1)® + B1s(2) (ka2)®
+ B19(Q)(Ea1)® + B20()(Ea2)® + Ba1 (ka1 ko
+ Bon(Q)kp1Ep1 + - - + Pog(Q)Er1 o

The procedure for determining the coefficients (3;(2), i =
0,1,---,26, is described in detail in [16] and is briefly
summarized in Fig. 3.

Repeat for different operating speed Q

Generate 200 test points for each k,,, K,,,

as ki Kb @l gl =
CusCeas Kyu Ky, €, €, based on Use the normalized valuek,;, K,

[ 5 of the nominal stiffness

the D-optimality method in Matlab g0 g0
x12

and damplng coefficientsky, , K,

Find the computed stiffness and damping CL’; 'Cfg to find the final
coefficientsk/,, k!,, €} and;, based on the identification errors Ak, and Ac,,

unbalance response of the finite element i=1,2
model integrated with the same set ofk‘;‘ s IE‘EI
i ai ai test points
Kjas Cyand €,
Not Satisfy
satisfy R*>0.95

At each speed, the simulated identification
errors Ak, = ki — K, ...
i=1,2, ...,

. ATh =€, ¢,

200. Find the normalized values

L P =i i
Ka» Ko, € and €, for the computed Verify the accuracy of the established

error response surfaces using the R’
criterion

support parameters K}, ki, C} andc;,

Based on the simulated identification errors
and the normalized stiffness and damping
coefficients, the error response surfaces of

Use least squares method to find the
estimated £, f,, f, , ..., By for the

polynomial which represent the error

the approximated identification errors Ak, ,

Ak,,, Ac, and Ac,, can be formulated using
. . response surface for Ak, and other
fifth order polynomials, each with 27

identification errors, correspondingl
| [_coefficients to be identified i gl

Figure 3: The procedure for determining the coefficients of
the error response surfaces.

With these coefficients determined, the identification error
can be calculated as

Akz1() = Bo(Q) + Br (kL (2 )+52(Q) 2(©2)
+03(2)831 (Q) + Ba(2)E2(Q) + - -
+B17(Q) (k1(2))° + Bis(Q) (k2(2))°
+B19(2)(51 (2))” + B2 ( )(022(9))5
+B21 (kY (Q)kD(Q) +
+B26 ()20, ()2 (),

where k2, (Q), k% (), &, (), @, () are normalized values
of kg, (), km(Q)’ c1(2) and ¢y (Q).

The other error response surfaces on the z axis, Aky2 (),
Ac;1(2) and Ac,o(2), can be formulated and obtained in the
same procedure.

The final identified AMB stiffness and damping coefficients
on the x axis can be obtained as,

Fat () = K0 () + Akya (),
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kw2(Q) = k22<9) + Ak:ﬂ(Q)v
() = 1 (Q) + Aca (),
cz2(Q) = cgg(Q) + Acy2(9).

III. EXPERIMENTAL VERIFICATION

The experimental identification process for the stiffness and
damping coefficients is summarized in Fig. 4.

Start AMB test rig

Set initial speed

Raw data filtering

Amplitude/phase
extraction using Matlab

Use unbalance response
method to identify AMB
Collect position sensor stiffness and dampin
reading under current

speed

Compensate stiffness and
damping coefficients using
error response surface

Speed increases
at 5HZ

Reach maximum test

speed Stiffness and damping

verification

Test
terminates

Figure 4: Experimental identification process.

A. Identification Results

The data logging starts from 600 rpm to 6000 rpm. The
rotor displacements and rotating speed are saved every 300
rpm for around 10 seconds. The measured displacements
go through unbalance signal filtering using Kaiser bandpass
filters and zero phase digital filters to extract the steady state
amplitude and phase information. Based on the experimental
measurements, the nominal values of the stiffness and damping
coefficients can be identified using the unbalance response
method described in Subsection II-B.

To construct the error response surfaces as described in
Subsection II-C, we create a finite element model of the test
rig in MSC.Patran. The stiffness and damping coefficients
of AMBs are closely related to the feedback control gains.
Generally, the control gains for each control channel are
slightly different, so the stiffness and damping coefficients for
each axis are different. Therefore, we used different test points
in constructing the error response surfaces for the support
parameters. Two virtual balancing weights are attached to
the model discs and then we analyze the unbalance response
through the finite element model from 600 rpm to 6000 rpm
with an interval of 300 rpm. Based on the rectification method
proposed in Subsection II-C, we can develop the error response
surfaces for different operating speeds.

The identified stiffness and damping coefficients for the two
sets of balancing weights are shown in Figs. 5 and 6. It is
observed that the AMB stiffness coefficients on both axes
increase with the operating speed because the frequency of
the unbalance force is directly related to the operating speed.
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B. Verification of the Ildentification Results

To verify the accuracy of the identification results, we
integrate identified stiffness and damping coefficients with the
finite element model of the rotor to form a full model of the
rotor-AMB test rig. Based on this model, we obtain the model
unbalance response and compare them with the experimental
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measurements. The comparison results are shown in Figs. 7
and 8.
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Figure 7: Comparison of displacements between experiments
and simulation under Set 1 of balancing weights. The upper
two plots: x1 and x2; The lower two plots: y; and ys.
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It can be observed that the unbalance response from the
finite element model closely agrees with the experimental
measurements at speeds ranging from 600 rpm to 6000 rpm.
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This verifies the effectiveness of the identification method.

IV. CONCLUSIONS

This paper presented the experimental verification of an
unbalance response based identification method we recently
proposed to identify AMB stiffness and damping coefficients.
Considering the rotor flexibility, the final AMB support pa-
rameters are determined as the sum of the nominal values cal-
culated from the experimental unbalance response of a flexible
rotor AMB test rig and the identification errors derived from
the error response surfaces. The identified support parameters
are combined with the finite element model of the test rig
to generate unbalance response and they are compared with
experimental measurements. Their close agreements indicate
that the proposed method is effective in identifying the AMB
stiffness and damping coefficients.
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