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Abstract: Estimation of the dynamic parameters of bearings is essential in order to be able to interpret
the performance of rotating machinery. In this paper, we propose a method to estimate the dynamic
parameters of the bearings in a flexible rotor system. By utilizing the electromagnetic excitation
generated by a built-in PM motor and finite element (FE) modeling of the rotor, safe, low-cost, and
real-time monitoring of the bearing dynamics can be achieved. The radial excitation force is generated
by injecting an alternating d-axis current into the motor windings. The FE model of the rotor and the
measured frequency responses at the motor and bearing locations are used to estimate the dynamic

parameters of the bearings. To evaluate the feasibility of the proposed method, numerical simulation

check for

atos and experiments were carried out on a flexible rotor system combined with a bearingless motor
u

(BELM) having both motor windings and suspension windings. The numerical simulation results
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show that the proposed algorithm can accurately estimate the dynamic parameters of the bearings.
In the experiment, the estimates made when utilizing the excitation force generated by the motor

o windings are compared with the estimates made when utilizing the excitation force generated by
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the suspension windings. The results show that most of the stiffness and damping coefficients
for the two experiments are in good agreement, within a maximum error of 8.92%. The errors for
some coefficients are large because the base values of these coefficients are small in our test rig, so
these coefficients are sensitive to deviations. The natural frequencies calculated from the dynamic
parameters estimated from the two experiments are also in good agreement, within a maximum

relative error of 3.04%. The proposed method is effective and feasible for turbomachines directly

connected to motors, which is highly significant for field tests.
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iations. 1. Introduction
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Rotating machinery with built-in motors, such as compressors and canned motor
pumps, are widely used in the oil and gas industries. To achieve high stability and reliability
for long-time operation, real-time monitoring during rotation is necessary. Oil-film bearings
are essential for supporting a large rotor, and the dynamic parameters of the bearings have a
significant effect on the dynamic characteristics of the rotor. The main dynamic parameters
of oil-film bearings are the stiffness and damping parameters [1]; however, these parameters
change over time because of wear, solid deposition, and poor lubrication conditions, making
Attribution (CC BY) license (https://  the parameters estimated by theoretical analysis different from the actual parameters in
creativecommons.org/ licenses/by/ practical rotor systems. Therefore, it is necessary to measure the dynamic parameters of the
40/). bearings in real time in order to interpret the dynamic characteristics of the rotor system.
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Many methods have been developed to measure the dynamic parameters of bearings
in full-scale rotor systems [2,3]. In contrast to applying forces on the bearing pedestal [4]
to measure these parameters, forces applied to the rotor shaft are suitable for full-scale
rotor systems [5-7]. An impact hammer, an unbalanced mass, or some form of excitation
can generate the force, and the corresponding acceleration, velocity, and displacement of
the rotor can be used to estimate the dynamic parameters of the bearing. Using an impact
hammer [8] requires the appropriate experience, and it is dangerous to hammer a rotating
rotor. The unbalanced mass [9,10] method is simple and accurate; however, at least two test
runs are required to estimate the eight bearing parameters, and the necessary shutdown
and disassembly /reassembly of the rotor system takes a lot of time, leading to economic
losses.

Dynamic forces generated by excitation in order to measure the dynamic parameters
of bearings and for stability testing of the rotor system have been used for many years.
Electromagnetic excitation [11-13] is more widely used because it can be applied in a
noncontact manner. For example, using an active magnet bearing (AMB) [14-16] for
electromagnetic excitation has been successfully applied in industry and laboratory tests.
However, the use of electromagnetic excitation requires additional space and an extended
shaft to install the excitation mechanism. The basic design of the rotor system needs to be
changed, which increases the development and production costs. Therefore, a space-saving
and low-cost method is required to measure the dynamic parameters without significantly
changing the system design.

For a rotor system supported by oil-film bearings combined with a built-in PM motor,
the eccentricity of the bearing journal and residual unbalance force in the rotor result
in static and dynamic eccentricity in the motor. The eccentricity induces an unbalanced
magnetic force (UMF) in the radial direction.

In our previous research [17,18], the UMF was utilized as a radial excitation force.
Excitation forces at different frequencies were realized by injecting a sweep frequency
d-axis current into the motor windings. Generally, injecting a constant d-axis current into
the motor windings is performed in order to control the flux-weakening to enable rotation
of the motor over a wide speed range, whereas we used an alternating d-axis current to
change the bias magnetic flux to generate an alternating radial force. The UMF was used to
measure the frequency response of the rotor system. The measured results were verified
by comparing them with the frequency responses measured utilizing a radial magnetic
bearing. Estimation of the dynamic parameters of bearings using the frequency responses
measured utilizing UMF excitation has not been studied.

In this paper, we propose a method to estimate the dynamic parameters of oil-film
bearings in a flexible rotor system utilizing electromagnetic excitation generated by a built-
in PM motor. The dynamic parameters were estimated from measured frequency responses
of the motor and the bearings and finite element (FE) modeling of the rotor.

Numerical simulation is used to explain and validate the proposed estimation al-
gorithm. Experiments were carried out on a rotor supported by two oil-film bearings
combined with a bearingless motor (BELM). Because the BELM functions as an indepen-
dent PM motor and a radial magnetic bearing, radial excitation of the rotor by the PM
motor and the radial magnetic bearing can be performed at the same rotor position. The
proposed method was verified by comparing the results with the dynamic parameters
estimated utilizing the measured frequency responses of the PM motor and the radial
magnetic bearing of the BELM.

The remainder of this paper is organized as follows. In Section 2, we introduce the
principle of the excitation force generated by the PM motor and describe the algorithm
used to calculate the dynamic parameters of the bearings using the FE model of the rotor.
In Section 3, the numerical simulation results are presented. The experimental setup and
the estimated results are described in Section 4. Section 5 gives the conclusions.
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2. Estimation Method
2.1. Excitation Force Generated by a PM Motor
Figure 1 shows a cross-sectional view of a PM motor with eccentricity in the X-direction.

The red lines show the bias magnetic flux generated by the permanent magnets, and the
blue lines show the magnetic flux generated by the motor windings.

Y Winding

Bias magnetic magnetic flux

flux

Motor
windings

Permanent
magnet

Figure 1. The magnetic flux flow of a PM motor with eccentricity in the X-direction.

In the motor, the magnetic fluxes in the air gaps in the positive and negative X-direction
are strengthened and weakened by the eccentricity, respectively. The force generated in the
X-direction can be expressed as [19]

Fnx =~ Ksx + Kyigx (1)

where K; is the initial negative stiffness; K is the eccentricity—current-force coefficient; i; is
the d-axis current of the PM motor. Therefore, injecting an alternating d-axis current into
the motor windings can generate a radial excitation force in the PM motor.

2.2. Algorithm for Estimating the Dynamic Parameters of the Bearing

In our research, the algorithm for estimating the dynamic parameters of the bearing is
based on the FE model of the rotor system. For a rotor supported by two oil-film bearings,
the equations of motion can be expressed as

Mq+ (QG+Cp)q+ (K+Kp)q =F, +Fy 2)

where M, K, and G are the mass, stiffness, and gyroscopic matrices of the rotor; F, and
F,, are the unbalanced force and motor force vector, respectively; q is the generalized
displacement vector; () is the rotational speed of the rotor; Kp and Cp are the stiffness and
damping matrices of the two bearings, which can be written as

Kg=| -+ oo v oo o liCp=| 0 oo o €)
cee e Ky e T PR
with
kv ky :| [Cxx Cx :|
K, = Y |,Cp = Yy 1,i=1,2 4
v [ kyx  kyy v Cyx  Cyy @

where kyx, kxy, kyx, ky, are the stiffness parameters of the bearing; cxy, cxy, cyx, cyy are the
damping parameters of the bearing.
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The stiffness and damping of the bearing are considered to be linear at a fixed speed.
Therefore, the bearing force can be expressed as

F, = —Kpqp — Cpqp (5)

where qp is the bearing displacement vector. Substituting Equation (5) into Equation (2),
Equation (2) can be rewritten as

Mq+QOGq+Kq=F,+F,+F, (6)

Because of the limitation of the number of measurement points in a practical rotor
system, dynamic condensation is used to reduce the DOFs in the FE equation, enabling us
to estimate the dynamic parameters of the bearings. The transformation is defined as

q={ n }=qum )
qs
where
1
I
drMm

where T is the transformation matrix. The subscripts 7 and s are the master and slave
DOFs, respectively. qp and qyp are the measured displacement vectors of the support
points of the bearings; qpys is the measured displacement vector of the PM motor rotor.
These displacement vectors are expressed as

=% ym =[x ve ) dpm=| *em yem || ©)

where xp1 > and yp1 > are the measured translational displacements of the two bearings
in the horizontal and vertical directions; xpy; and ypps are the measured translational
displacements of the PM motor rotor in the horizontal and vertical directions.

After substituting Equation (7) into Equation (6), Equation (6) can be rewritten as

Mg, + QG%q,, + K'q,, = F (10)
with . r
M? = (T9) MgT?, K? = (T%) KgrT?

(11)
G* = (19 GrT¢, F = (1% (Fy + Fy + Fy)

where F? and qm are the force and displacement vectors, respectively. Md, Kd, and G are
the condensed mass, stiffness, and gyroscopic matrices, respectively.

In general, F(t) = Fé“!, and the response has the same frequency as the excitation
q(t) = qe/*. Therefore, Equation (2) can be expressed as

(—w*M? + jwOG? +K%)q,, = F (12)

According to Equation (12), the transfer function between the excitation force and the
rotor displacement is
H = (—w*M? 4 jwQG? + KY) (13)

Therefore, Equation (12) can be rewritten as

dpm Fp1
He qp =93 Fn (14)
dpm Fpm

where Fy; and F; are the bearing force vectors; Fpy, is the excitation force vector.
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Because the H matrix can be partitioned into sub-matrices, Equation (14) can be
rewritten as below:

Hy;1 Hpy Hgps dp Fp1
Hy;1 Hyp Hy 2 =49 Fn (15)
H3; Hsz; Hss dpum Fpm

According to Equation (15), the bearing forces can be derived from the measured
responses at the bearing and motor positions without knowing the excitation force. The
bearing forces can be obtained from the first and second rows of Equation (15):

Fy = Hi1q + Hi2qy + Hizqpy (16)
Fyp = Ha1qy; + Hazqy; + Hazqpy

Similarly, according to Equation (5), the bearing force can also be expressed as

(Kpy + jwCp)qp = Fry = Hiqpy + Hioqyy + Hizqpy (17)
(Kpz + jwCha)qp = Fio = Ho1qpy + Hooqyy + Hazqpyy

In order to obtain a sufficient number of equations to derive the total eight stiffness
and eight damping parameters of both side bearings, excitation forces with different
frequencies are required to produce two linearly independent rotor responses. For example,
the frequencies of the two excitations are w; and wy, and the displacements of the bearing
journal are [qpie1 Q2w1]” and [Qpiewr Qeow2]” with corresponding reaction forces [Fyj,1
Fjp1]" and [Fyin Fpowz] . With this information, the stiffness and damping parameters of
the bearings can be obtained by solving Equation (18):

[ kyx1 + jwrcen kxyl + jwica
kyxl + jwlcyxl kyyl + jwlcyyl
Kxx1 + jw2can kxyl + jwacxy1
kyxl +jw2cyx1 kyyl +jw20yyl J (18)
kyxo + jwlcxe kxy2 + jwl Cxy2 )
kyxZ + jwicyxa kyyZ + jwicyy2
kyxx2 + jwacxx2 kxy2 + jwacxyn
L kyxz + jwacyxo kyyZ + jwacyyn

= [ Fpior  Frien H 1wl Dpiw2 ]_1

= [ Foow1 Froer [ Bt oz |

The required response information for estimating the dynamic parameters of the
bearings can be obtained from the measured frequency responses at the motor and bearing
locations.

3. Numerical Evaluation

To evaluate the feasibility of the proposed method, numerical simulation and exper-
iments were carried out on a flexible rotor test rig, as shown in Figure 2. The test rig
consists of two cylindrical oil-film bearings and a bearingless motor (BELM). The BELM
is a consequent-pole bearingless motor, which is placed between the two bearings. There
are six pairs of eddy-current displacement sensors (PU-05, Applied Electronics Corp.) in
the test rig. The displacement response of the BELM and the bearings were obtained by
averaging the displacement signals from pairs of sensors placed on each side of the BELM
and the bearings.

Unlike general PM motors, the BELM combines a radial active magnetic bearing (AMB)
and a PM motor. The BELM has suspension windings for the radial AMB function and
independent motor windings for rotation. The estimates of the parameters of the bearing
obtained utilizing the excitation force generated by the suspension windings are regarded
as being reference parameters. The estimates utilizing the excitation force generated by the
motor windings are compared with the reference results.
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I 780
Unit: mm

Figure 2. The experimental test rig.

The FE model of the rotor and the measured responses at the locations of the motor
(BELM) and the oil-film bearings are used to estimate the dynamic parameters. The accuracy
of the FE model of the rotor is verified by a modal test. Table 1 shows the measured free-free
modal frequencies of the rotor, which show that the maximum relative error is within 2%.

Table 1. Measured and simulated modal frequencies.

Calculated

Modal Measured Frequency F Error
requency
1 83.3 Hz 829 Hz —0.48%
2 268.2 Hz 269.8 Hz 0.59%
3 510.8 Hz 507.5 Hz —0.64%
4 770.5 Hz 756.5 Hz —1.82%

The FE model employed to obtain the rotor displacement responses of the rotor was
compiled in SIMULINK® (SIMULINK R2016b, The Mathworks, Inc, Tokyo, Japan). A block
diagram of the rotor system is shown in Figure 3. The suspension windings of the BELM
are arranged as three-phase windings, and the suspension currents are determined by the
transformation from two-phase to three-phase. The radial force variations caused by the
rotor rotation are minimized by this arrangement of suspension windings [20]. Therefore,
the radial AMB function of the BELM is considered to have linear current—force coefficients
(K;) and linear displacement-force coefficients (K;) in the horizontal and vertical directions.
A proportional-integral-derivative (PID) controller was employed for the rotor suspension.
The transfer function of the controller is

Cs) = p4 Lo p 19
(S)_ +g+ Nf+s (19)

where P, I, and D are the proportional, integral, and derivative coefficients; Nris the filter
coefficient.
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Rotor | Xz
system [YB

Figure 3. Block diagram of the rotor system.

The physical properties and dimensions of the rotor system are shown in Table 2, and
the main parameters used for simulation are shown in Table 3. The residual unbalanced
force is added onto the BELM node. The current—force coefficient, displacement—force
coefficient, and the PID controller parameters are the same in both the horizontal and
vertical directions. The simulated rotational speed was set at 2400 rpm. The Runge-Kutta
method was used to solve the equation of the system.

Table 2. Specifications of the rotor system.

Components Parameters Values
Length 780 mm
Diameter 15 mm
Rotor Young’s modulus 2.05 x 10 N/m?
Mass density 7850 kg/ m3
Poisson’s ratio 0.29
Length 25 mm
Oil-film bearing Diameter 25 mm
Clearance 0.1 mm
M Rotor length 50 mm
otor Rotor diameter 70 mm

Table 3. Main parameters for simulation.

Parameters First Set
Proportional (P) 52,000
Integral (I) 17,500
Derivative (D) 60
Filter coefficient (Ny) 12,560
Current—force coefficient (K;) 264N/A
Displacement—force coefficient (K;) 1.27 x 10° N/m
Eccentricity—current—force coefficient (K;) 1.17 x 10* N/A-m
Bias current (I;9) —4 A
Excitation current amplitude (I;7) 4A
Unbalance moment (mr) 6 x 1074 kgm

To obtain the frequency response for estimating the dynamic parameters of the bearing,
spring and damping elements with assumed dynamic parameters were added to the
corresponding nodes of the FE model. In simulating the eccentricity of the rotor, the
reference position for the BELM rotor center was set at (—50 um, —50 pm). Figure 4 shows
the FFT results for the displacement at Bearing 1 in the X-direction when the I4; current
frequency is 10 Hz.
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Figure 4. FFT result of the simulated displacement of Bearing 1 in the X-direction.

From the results, it can be seen that the response has four frequency components: w,
Q-w, ), and Q) + w. The maximum amplitude at () is due to the synchronous unbalance
force. The vibrations at frequencies of w, ()-w, and () + w are generated by injecting a
d-axis current and the eccentricity of the motor rotor.

Figure 5 shows the simulated frequency response characteristics of the BELM rotor
and Bearing 1 when an excitation current is applied. The unit of gain is meter/ampere
(m/A). The range of the excitation frequency is from 1 to 100 Hz. As seen in Figure 5,
the displacement and phase information of the rotor at different frequencies can be ob-
tained. According to the algorithm proposed in Section 2.2, two linearly independent rotor
responses are required to estimate eight stiffness and eight damping parameters of both
side bearings. Here, only the displacement and phase data at the excitation frequencies of
25 Hz and 26 Hz were used to estimate the dynamic parameters of the bearing because the
estimations are the same when using the response data at other frequencies.

U p— VBELM
S0 — XBELM Va1
XBI1
~ g
= = -100
Z -100 g
g O
<
]
-150
-150 : 10° 10" 10
0 2
10 10 10 Frequency (Hz)
Frequency (Hz) 100
0 =
3
— g 0
B -50 $
5 s
Z -100 £ -100
2 [
S -150 XBELM
R xe: -200
-200 l()“ lOl 10%
10° 10! 10? Frequency (Hz)
Frequency (Hz)
(a (b)

Figure 5. Simulated frequency responses of the BELM rotor and Bearing 1. (a) Simulated frequency
responses of the BELM rotor and Bearing 1 in the X-direction; (b) Simulated frequency responses of
the BELM rotor and Bearing 1 in the Y-direction.
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Based on the algorithm proposed in Section 2.2, the dynamic parameters of the bearing
are estimated from the simulated response data. Table 4 shows a comparison of the
estimated and assumed values of the dynamic parameters of the bearing.

Table 4. Assumed and estimated stiffness and damping parameters of the two bearings.

Bearing 1 Bearing 2
Parameters

Assumed Estimated Assumed Estimated
kxx 1 x 106 1.000 x 10° 1.2 x 10° 1.200 x 10°
Stiffness ksy 5 x 10° 4.999 x 10° 5 x 10° 4.999 x 10°
(N/m) kyx 6 x 10° 6.000 x 10° 8 x 10° 8.000 x 10°
kyy 1.2 x 106 1.199 x 10° 1.4 x 10° 1.399 x 10°

Cxx 4000 4000.00 5000 5000.00

Damping Cxy 1500 1499.99 1000 999.99

(N.s/m) Cyx 2000 2000.00 2000 2000.00

cyy 5000 4999.99 4000 3999.99

According to the estimates, it is clear that the dynamic parameters of the bearing
estimated by the proposed method are almost the same as the assumed values.

4. Experiment Evaluation
4.1. Experimental Method

Two experiments were carried out on the test rig shown in Figure 2 to verify if the
estimated dynamic parameters were reasonable. Figure 6 shows the signal flow. There
are two types of windings in the BELM: one is the motor windings, and the other is
the suspension windings. The motor windings are three-phase and have eight poles.
The suspension windings are three-phase and have two pairs of poles. A DSP system
(MicroLabBox, dSPACE, GmbH.) with a sampling frequency of 20 kHz is used to control
the BELM. Three PWM amplifiers (Junus JSP-180-20, Copley Controls Corp.) generate
current for the suspension. The bandwidth of the current feedback system is about 600 Hz,
and the coefficients of the PID controller are the same as used in simulating the FE model
of the rotor described in Section 3. For the motor, a current amplifier (7425 AC, Copley
Controls Corp.) generates three-phase current, and the bandwidth of the current feedback

system is about 1000 Hz.

Lay

a

'Qre!+ +
s}

Motor
windings
.

Experiment 2

I
Xy ¥ o
+ PID + 2 phase

Yier L 3phase

+

« Suspension
v windings

Figure 6. The signal flow for the experiments using excitation forces generated by the motor windings
(Experiment 1) and the suspension windings (Experiment 2), respectively.
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In Experiment 1, the excitation force was generated by the motor windings of the
BELM. In Experiment 2, the excitation force was generated by the suspension windings of
the BELM. The estimates obtained from Experiment 2 are regarded as reference values.

In Experiments 1 and 2, the rotational speed of the rotor was set at 2400 rpm. The
reference position X, and Y, of the motor center is defined when the control current
of the suspension winding is zero, which is obtained by a zero-power controller. The
application of the zero-power controller balances the external forces acting on the rotor,
such as the gravitational force, which causes a nonuniform air gap in the motor. Therefore,
the reference position defined by the zero-power controller leads to eccentricity. With
eccentricity, an excitation force can be generated by injecting a d-axis current into the motor
windings.

In both experiments, the reference position was the same, the excitation frequency
range was 5 to 100 Hz, and an offset of —4 A was set to the d-axis current (I).

In Experiment 1, the d-axis current added to the motor windings is

Iy = I + Iy sinwt (20)

where ;g is the offset to the d-axis current; I;; is the amplitude of the sinusoidal excitation
current; w is the excitation frequency. The offset applied to the d-axis current was —4 A,
and the amplitude of the sinusoidal d-axis current was 4 A.

In Experiment 2, the excitation currents added to the suspension windings in the two

directions are as follows:
Iy | | ILsinwt
{ Iy } o { I, cos wt } 1)

where I, and Iy are the excitation currents in the horizontal and vertical directions, respec-
tively; I, is the amplitude of the excitation current. The amplitude of the excitation current
Ie in the two directions was 0.5 A.

4.2. Results of the Experiments

Figure 7 shows the measured frequency response characteristics of the BELM rotor and
Bearing 1 in the X-direction using excitation forces generated by the suspension windings
and the motor windings. The unit of gain is millimeter /ampere (mm/A). Comparison of
the frequency responses of the two experiments shows that the phases of the response of
the BELM and Bearing 1 in the two experiments are similar. The difference in the amplitude
offset is caused by the difference in the current—force coefficients for the excitation forces
generated by the motor windings and suspension windings.

There are two peaks in the experimental bearing responses. The first one is the
resonance frequency at about 19.4 Hz. The other is at about 40 Hz due to the synchronous
unbalance force. The responses at the BELM rotor and the bearing positions are different
because the radial AMB function of the BELM provides additional stiffness and damping,
which changes the response at the BELM rotor position. Thus, the radial AMB function of
the BELM has a substantial influence on the characteristics of the oil film.

Figure 8 shows the measured displacement frequency responses of the two bearings
in the X-direction in Experiment 1. The responses of the two bearings are similar because
the test rig is nearly symmetrical; the force is applied at the center of the rotor and the
experimental conditions are the same.

Because the experimental data contains noise, deviations in the amplitude and phase
caused by the measurement noise result in estimation errors. Therefore, after obtaining
the frequency responses, the least-squares method was used to fit the measured results
using a frequency response function G(jw). A high-order function can improve the fitting
accuracy, but it is more sensitive to measurement noise. Because both the characteristics
of the bearings and the BELM affect the response of the rotor, a fourth-order function was
adopted for fitting in our experiment.
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Figure 7. Measured frequency responses of the BELM rotor and Bearing 1 in the X-direction using
excitation forces generated by the motor windings and the suspension windings. (a) Measured
frequency responses of the BELM rotor and Bearing 1 in Experiment 1; (b) Measured frequency
responses of the BELM rotor and Bearing 1 in Experiment 2.
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Figure 8. Measured frequency responses of the two bearings in the X-direction using the excitation
force generated by the motor windings.

Gliw) = —— e,
by (jw)™ + by (jw)” + b3(jw)” + ba(jw) + bs
From Equation (22), the phase and amplitude of the displacement response at each
excitation frequency can be obtained through the parameters a1, ay, b1, by, bs, by, and bs.
The amplitude and phase information of the responses at different frequencies can
be acquired through G(jw). In this work, due to the insufficient sensor resolution, the
frequency response from 5 Hz to 40 Hz was used for fitting; this reduces the fitting error

(22)
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caused by the large phase deviation. The measured and fitted results of the BELM rotor
and Bearing 1 are shown in Figures 9 and 10, respectively.
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Figure 9. Measured and fitted responses of the BELM rotor. (a) Measured and fitted response of the
BELM rotor in the X-direction; (b) Measured and fitted response of the BELM rotor in the Y-direction.
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Figure 10. Measured and fitted responses of Bearing 1. (a) Measured and fitted response of Bearing 1

in the X-direction; (b) Measured and fitted response of Bearing 1 in the Y-direction.

Figure 11 shows the rotational speeds with and without injection of the alternating
d-axis current. The frequency of the d-axis current has a significant influence on the
fluctuations in rotational speed. The maximum error is about 1.5 rps at 5 Hz. The error
gradually decreases with increasing excitation frequency. However, the error increases
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when the frequency is close to a multiple of the rotational speed. Therefore, to prevent the
effect of these fluctuations on the estimates, response data between 22 Hz and 26 Hz, where
the speed is stable, were used to estimate the dynamic parameters of the bearings.
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Figure 11. Rotational speed with and without injection of the alternating d-axis current.

We assumed that the dynamic parameters of the bearings are constant over a small
range of excitation frequencies. For example, the amplitude and phase information at 22 Hz
and 22.1 Hz were used to estimate the dynamic parameters at 22 Hz. The same procedure
was used to estimate the bearing dynamic parameters at other frequencies.

Figure 12 shows the estimates for the two bearings in Experiment 1. The dynamic
parameters of the two bearings are close because the test rig is nearly symmetrical, and the
experimental conditions for the two bearings are the same.
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Figure 12. Estimates for the two bearings in Experiment 1. (a) Estimated stiffness coefficients of two
bearings; (b) Estimated damping coefficients of two bearings.

In our test rig, the estimated stiffness parameters ky, and kyx are much bigger than ky
and kyy, and the damping parameters cy, and c;, are much bigger than ¢y, and cyy, which is
not typical for oil-film bearings. Since the rotor is suspended by the radial AMB function
of the BELM in our experiments, the eccentricity and additional stiffness and damping
provided by the AMB have a substantial influence on the characteristics of the oil film. The
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force generated by the oil film is small, and the oil film only provides damping to reduce
vibration in the Y-direction due to the suspension function. Therefore, the suspension of
the rotor has a significant influence on the characteristics of the oil film.

The dynamic parameters of Bearing 1 estimated in the two experiments are shown
in Figure 13. The percentage deviations of the mean value of the estimated dynamic
parameters in the two experiments are listed in Table 5.
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Figure 13. Comparisons of the dynamic parameters of Bearing 1 estimated in the two experiments.

(a) Estimated stiffness coefficients of Bearing 1; (b) Estimated damping coefficients of Bearing 1.

Table 5. Percentage deviations of the mean value of the estimates in the two experiments.

Stiffness Damping
(N/m) Exp. 1 Exp. 2 Error (N.s/m) Exp. 1 Exp. 2 Error
K 7.92 x 10° 8.11 x 10° —2.37% Cxx 4.95 x 102 3.12 x 10? 58.87%
kxy 8.97 x 10* 7.54 x 10* 19.03% Cy 5.57 x 10° 5.79 x 103 —3.81%
kyx 9.38 x 10° 9.29 x 10° 1.02% Cyx 7.84 x 10 7.21 x 102 8.92%
kyy 2.33 x 10 3.12 x 10* —33.11% Cyy 6.19 x 10° 6.21 x 10° 0.31%

It can be seen that there is good agreement between the two experiments for most of
the stiffness and damping coefficients, with a maximum error of 8.92%. The errors for ky,,
kyy, and ¢y are relatively large. This is because the base values of these coefficients are
small, so that they are more sensitive to deviations.

To evaluate the influence of the deviations in the estimated bearing parameters on
the rotor dynamic characteristics in the two experiments, the bearing dynamic parameters
estimated in the two experiments were applied to the FE model of the rotor to calculate the
natural frequency of the rotor system.

The FE model of the rotor before dynamic condensation was used to simulate the
natural frequencies. The main parameters for simulation are those shown in Table 3. Table 6
lists the first three bending modal frequencies.

The results show that the natural frequencies calculated from the dynamic parameters
of the bearings estimated in the two experiments are in good agreement, with a maximum
relative error of 3.04%. Therefore, we believe that the estimates made using the proposed
method are reliable for a general rotor-bearing system driven by a built-in motor.
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Table 6. Percentage deviations of the calculated natural frequencies.
Calculated Natural Frequency Calculated Natural Frequency
Modal (Parameters from Exp. 1) (Parameters from Exp. 2) Error
1 47.82 Hz 46.41 Hz 3.04%
58.27 Hz 58.26 Hz 0.02%
5 262.09 Hz 262.48 Hz —0.15%
271.63 Hz 27216 Hz —0.19%
3 461.34 Hz 461.33 Hz 0.01%
505.91 Hz 506.84 Hz —0.18%

5. Conclusions and Discussion

In this paper, we proposed a method for estimating the dynamic parameters of the
bearings in a flexible rotor system based on the excitation force generated by a built-in
PM motor. The excitation force is generated by injecting an alternating d-axis current into
the motor windings. An FE model of the rotor and the measured frequency response of
the rotor are used to estimate the dynamic parameters of the bearings. A flexible rotor
combined with a BELM having a PM motor and radial magnetic bearings is employed for
numerical simulation and experiments.

The numerical simulation results show that the proposed method can accurately
estimate the dynamic parameters of the bearings. In the experimental work, to evaluate the
feasibility of the proposed method, comparisons were made between the results estimated
using the frequency responses measured when using the motor windings of the BELM for
excitation and those generated using the suspension windings.

Comparison with the stiffness and damping coefficients estimated from the frequency
responses measured when current is applied to the suspension windings shows that most
of the stiffness and damping coefficients were estimated to within an error of 8.92% or less.
The errors of some coefficients are large (ky, 19.03%, kyy —33.11%, and cyx 58.87%) because
the base values of these coefficients are small in our test rig, so these coefficients are sensitive
to deviations. The natural frequencies calculated from the estimated dynamic parameters
of the bearings in the two experiments are in good agreement, within a maximum relative
error of 3.04%. Therefore, the proposed method is significant for field tests.

Although safe, low-cost, and real-time tests can be carried out using this method, it still
has shortcomings. This paper uses an alternating d-axis current to vary the bias magnetic
flux to generate an alternating radial force. However, excessive d-axis current causes
demagnetization of the permanent magnet, and a too-small d-axis current would not have
a noticeable impact on the response of the rotor. As the displacement cannot be measured
directly at the bearings and motor locations, the displacement responses are obtained by
averaging the displacement signals from pairs of sensors placed on each side of the bearings
and the motor. Therefore, it is necessary to develop a displacement measurement method
with a small number of sensors to measure the displacement response at the bearings and
motor locations, or to develop a sensorless method. The FE model of the rotor is used to
estimate the dynamic parameters of the bearings, and the accuracy of the model is verified
by experimental modal analysis. It is necessary to investigate the modeling errors on the
accuracy of the estimated parameters. These remaining problems will be addressed in our
future research.
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