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Rotor stability and rotation accuracy, which are highly dependent on the dynamic coefficients of supporting hybrid bearings, are
two important issues of high-speed water-lubricated spindles. To improve the spindles’ performance, the dynamic coefficients of
high-speed water-lubricated hybrid bearings were experimentally identified by the noncontact harmonic excitation method and
the additional unbalance excitation method, respectively. Comparisons between experimental results and theoretical predictions
were made.The experimental technique and the identification model were validated to be effective. Besides, the influence of supply
pressure and rotating speed on dynamic coefficients was also presented. As for different operating conditions, valuable guides were
provided to investigate the dynamic performance of high-speed and ultra-high-speed spindles.

1. Introduction

For the advantages of low temperature rise, high rotating
speed, and long life-span, water-lubricated hybrid bearings
have been used in high-speed machine tools. But some
technical problems caused by high speed and compact
structure of spindle system, such as rotor stability and rota-
tion accuracy, are yet to be resolved when water-lubricated
hybrid bearings are used in ultra-high-speed and ultra-
high-precision machining tools. Rotor stability and rotation
accuracy of high-speed spindles are highly dependent on the
dynamic coefficients of supporting bearings, especially for the
stiffness coefficients. Chen et al. [1] investigated the effect of
eccentricity ratio on the dynamic and static characteristics
of a hydrostatic spindle for machine tools. They concluded
that the machining accuracy is highly affected by the bearing
stiffness. Hu et al. [2] found that the instability resulting from
oil whirl gets weak as the bearing stiffness increases.

Theoretical studies with complicated models have been
conducted to investigate the dynamic performance of

water-lubricated hybrid bearings [3–7]. With the increasing
demand for high precision and high speed of spindles, more
accurate values of bearing dynamic coefficients are necessary
for proper design and operation of high-speed spindles.
However, theoretical predictions usually introduce errors
resulting from different assumptions and simplifications.
Thus, experimental investigation is necessary to find out the
key design parameters of high-speed rotor-bearing system
[8–10].

Dynamic coefficients of water-lubricated hybrid bearings
have been experimentally investigated by the inverse method
[11, 12], in which the exciting force is applied on the moving
bearing housing. However, in the real operating conditions
of high-speed spindles, the bearing clearance is very small,
and thus the bearing housing has to be held rigidly with a
rotating rotor. In this case, the exciting force must be applied
on the moving spindle. Therefore, the exciting technique
and identification model for conditions of applying force on
high-speed rotor need to be developed, and the influence of
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Figure 1: Structure of the water-lubricated hybrid bearing.
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Figure 2: General view of the high-speed spindle system.

water supply pressure and spindle rotating speed on bearing
performance also need to be investigated.

Thus, a water-lubricated hybrid bearing with circumfer-
ential grooves and stepped recesses was firstly proposed by
the authors [13] (see Figure 1).Then, a high-speed spindle test
rig was constructed [10] (see Figure 2), which uses the water-
lubricated hybrid bearings as radial support. In this study, the
noncontact harmonic excitation method and the additional
unbalance excitation method are firstly used to identify the
dynamic coefficients of high-speed water-lubricated hybrid
bearings with circumferential grooves and stepped recesses.

There are different excitationmethods used for parameter
identifications [12, 14, 15]. The noncontact exciters have flexi-
bility in force applications, such as sinusoidal, unidirectional,

and pseudorandomexcitation force [16–20]. Arumugamet al.
[21] identified the stiffness and damping coefficients of tilting
pad and cylindrical journal bearings using a noncontact
electromagnetic exciter. Frequency response functions were
obtained from the experimental measurements and the finite
element method, and then bearing coefficients were calcu-
lated with a least squares method. Sudheer Kumar Reddy
et al. [22] investigated the stiffness and damping coefficients
of tilting pad journal bearings with small 𝐿/𝐷 ratios using
the noncontact excitation method. The experimental results
generally showed a good agreement with the theoretical
values for different 𝐿/𝐷 ratios. Bediz et al. [23, 24] designed
an electromagnetic exciter for model testing of miniature
high-speed spindles. However, the noncontact exciters are
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rarely used for identifying dynamic coefficients in high-speed
conditions.

The additional unbalance excitation method does not
need too much space and equipment; thus it can determine
the bearing dynamic coefficients with very low cost [25].
Compared with the rotor mass, the additional unbalance
mass is so small that its influence on the rotor natural fre-
quency response can be ignored.The power of the unbalance
responses is concentrated at the rotating frequency, so the
signal/noise ratio in frequency domain is high at the rotating
frequency. It is very suitable for the excitations used in
high-speed conditions. However, the additional unbalance
mass usually leads to circular shaft orbit for isotropic/nearly
isotropic bearings [10, 12], which will result in the ill-posed
matrix inversion problem.

In this study, the dynamic coefficients of water-lubricated
hybrid bearings are identified by the noncontact harmonic
excitation method and the additional unbalance excitation
method, respectively. Theoretical results of the same bearing
are obtained by a thermal-hydrodynamic analysis model [13].
Then, the experimental results are compared with the theo-
retical results. Besides, the influence of operating parameters,
such as water supply pressure and spindle rotating speed, on
dynamic coefficients is also experimentally investigated.

2. Test Rig and Identification Model

As shown in Figure 1, the water-lubricated hybrid bearing
has four stepped recesses and two symmetric circumferential
grooves. Every stepped recess is consisted of a deep recess and
a shallow recess. Two circumferential grooves and relevant
cooling inlets are set symmetrically on both axial lands
of bearing surface. The hybrid bearing has a diameter of
40mm with an 𝐿/𝐷 ratio of one. Detailed bearing structure
parameters can be found in the authors’ previous studies
[10, 13].

Figure 2 presents the general view of the high-speed spin-
dle system. The spindle is supported by two identical hybrid
bearings and driven by a high-speed asynchronous motor.
The raw rotor of this motor is placed on the journal and the
wound stator of this motor is mounted on the inside surface
of bearing housing.

The water-lubricated hybrid bearing test rig for identify-
ing dynamic coefficients consisted of the high-speed spindle
part and the noncontact exciter part as shown in Figure 3.
Radial excitation force is applied either by the noncontact
exciter [26] or by attaching an imbalancemass. As the spindle
structure is compact, the noncontact exciting force and the
additional unbalance force are applied on the same position
of the shaft end.

The rotor is discretized into 𝑛 nodes, and the degree of
freedom of the rotor is 4𝑛. 𝑚 nodes corresponding to the
bearing are called bearing nodes.There are two bearing nodes
in this paper.Thehighest operating seed is 30,000 r/minwhile
the first-order critical speed ismore than 60,000 r/min, so the
rotor is assumed to be rigid.

The motion equation of this rotor-bearing system result-
ing from translational vibration is [12]

𝑀{�̈�} + 𝐶 {�̇�} + 𝐾 {𝑢}
= {𝑓ec} cos𝜔𝑡 + {𝑓es} sin𝜔𝑡 + {𝑓𝑏 (𝑡)} ,

(1)

where 𝑀 is the mass matrix, 𝐶 is the damping matrix, 𝐾
is the stiffness matrix, 𝑓ec and 𝑓es are the cosine and sine
components of the exciting force, 𝑓𝑏(𝑡) is water film force,𝜔 is angular frequency of the exciting force, and 𝑢 and its
derivatives refer to the displacements, velocities, and accel-
erations of the journal.

The linear model of water film force is expressed as
follows:

{𝑓𝑏 (𝑡)} = −𝐾𝑏 {𝑢} − 𝐶𝑏 {�̇�} , (2)

where 𝐾𝑏 and 𝐶𝑏 are the stiffness and damping matrices of
water film.

Substituting (2) into (1) yields

𝑀{�̈�} + 𝐶 {�̇�} + �̃� {𝑢} = {𝑓ec} cos𝜔𝑡 + {𝑓es} sin𝜔𝑡, (3)

where �̃� = 𝐾 + 𝐾𝑏, 𝐶 = 𝐶 + 𝐶𝑏.
The journal displacements can be expressed as

{𝑢} = {𝑢𝑐} cos𝜔𝑡 + {𝑢𝑠} sin𝜔𝑡. (4)

Substituting (4) into (3) yields

(�̃� − 𝜔2𝑀+ 𝑖𝜔𝐶) {𝑢} = {𝑓e} , (5)

where {𝑢} = {𝑢𝑐} − 𝑖{𝑢𝑠}, {𝑓e} = {𝑓ec} − 𝑖{𝑓es}, 𝑖 = √−1.
Or

𝐸 {𝑢} = {𝑓e} − 𝐻 {𝑢} , (6)

where 𝐸 = 𝐾𝑏 + 𝑖𝜔𝐶𝑏,𝐻 = 𝐾 + 𝑖𝜔𝐶 − 𝜔2𝑀.
Let

{𝑢} = {𝑢𝐴, 𝑢𝐵, 𝑢𝐶}𝑇 , (7)

where {𝑢𝐴} is 2𝑚 × 1 complex vector of the horizontal and
vertical displacements at the bearing nodes; {𝑢𝐵} is 2𝑚 × 1
complex vector of the horizontal and vertical displacements
at the displacement measurement nodes; {𝑢𝐶} is (4𝑛−4𝑚)×1
complex vector of the horizontal and vertical displacements
of the other nodes.

Substituting (7) into (6) yields

[[
[
𝐸𝐴 0 00 0 0
0 0 0

]]
]
{{{{{
𝑢𝐴𝑢𝐵𝑢𝐶
}}}}}
= {{{{{

𝑓𝐴𝑓𝐵𝑓𝐶
}}}}}

− [[
[
𝐻𝐴𝐴 𝐻𝐴𝐵 𝐻𝐴𝐶𝐻𝐴𝐵 𝐻𝐵𝐵 𝐻𝐵𝐶𝐻𝐴𝐶 𝐻𝐵𝐶 𝐻𝐶𝐶

]]
]
{{{{{
𝑢𝐴𝑢𝐵𝑢𝐶
}}}}}
.

(8)
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Figure 3: Schematic of the test rig for identifying dynamic coefficients.

Then we can get

[𝐸𝐴] {𝑢𝐴} = {𝑓𝐴} − [𝐻𝐴𝐴] {𝑢𝐴} − [𝐻𝐴𝐵] {𝑢𝐵}
− [𝐻𝐴𝐶] {𝑢𝐶} , (9)

where 𝐸𝐴 is 2𝑚 × 2𝑚 diagonal matrix constituting of the
stiffness and damping coefficients of water film.{𝑢𝐴} and {𝑢𝐶} can be expressed by matrix transformation
from (8):

{𝑢𝐴𝑢𝐶} = [
𝐻𝐵𝐴 𝐻𝐵𝐶𝐻𝐶𝐴 𝐻𝐶𝐶]

−1 {𝑓𝐵 − 𝐻𝐵𝐵𝑢𝐵𝑓𝐶 − 𝐻𝐶𝐵𝑢𝐵} . (10)

The exciting force is applied neither on the bearing nodes
nor on the displacement measurement nodes, so {𝑓𝐴} ={0, 0, . . . , 0}𝑇|2𝑚×1, {𝑓𝐵} = {0, 0, . . . , 0}𝑇|2𝑚×1. The left side of
(9) is then determined by {𝑢𝐵} and {𝑓𝐶}.

Thus, (9) can be transformed into

𝐸𝐴 {𝑢𝐴} = −𝐻𝐴𝐴𝑢𝐴 − 𝐻𝐴𝐵𝑢𝐵 − 𝐻𝐴𝐶𝑢𝐶 = 𝐺 (𝑢𝐵, 𝑓𝐶) , (11)

where

𝐸𝐴 = [[
[
𝐸1

d

𝐸𝑚
]]
]
,

𝐸𝑗 = [𝐾𝑥𝑥 𝐾𝑥𝑦𝐾𝑦𝑥 𝐾𝑦𝑦]
(𝑗)

+ 𝑖𝜔[𝐶𝑥𝑥 𝐶𝑥𝑦𝐶𝑦𝑥 𝐶𝑦𝑦]
(𝑗)

,
𝑗 = 1, 2, . . . , 𝑚.

(12)

In (11), {𝑢𝐵} can be directly measured; {𝑢𝐴} can be
calculated from {𝑢𝐵}; 𝐻𝑖𝑗 (𝑖, 𝑗 = 𝐴, 𝐵) are complex matrices
directly estimated based on parameters of the rotor; {𝑓𝐶} is(4𝑛−4𝑚)×1 complex force vector including the exciting force,
which is controlled by the noncontact electromagnetic exciter
or the additional unbalance mass.

There are 16 unknown coefficients in (11). Either the
noncontact harmonic excitation method or the additional
unbalance excitation method needs two excitations on the
rotor to determine all 16 linear dynamic coefficients. Running
the rotor three times, including once with nothing and twice
with two different excitation forces, can result in 16 linear
equations which are sufficient to get all 16 coefficients.
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The experimental procedures are as follows.
(1) Running the rotor at speedΩ and sampling and saving

the optical sensor signal and rotor’s initial unbalance response{𝑢𝐴0}, then (11) becomes

𝐸𝐴 {𝑢𝐴0} = 𝐺 (𝑢𝐵0, 0) . (13)

(2) Keeping the rotor running at the same speed, applying
a horizontal exciting force on the rotor (or attach the
unbalancemass𝑚1 on the rotor), and recording the vibration
displacements response {𝑢𝐴1} and the exciting force {𝑓𝐶1},
then (11) becomes

𝐸𝐴 {𝑢𝐴1} = 𝐺 (𝑢𝐵1, 𝑓𝐶1) . (14)

(3) Keeping the rotor running at the same speed, applying
a vertical exciting force on the rotor (or attach the unbalance
mass 𝑚2 on the rotor), and recording the vibration displace-
ments response {𝑢𝐴2} and the exciting force {𝑓𝐶2}, then (11)
becomes

𝐸𝐴 {𝑢𝐴2} = 𝐺 (𝑢𝐵2, 𝑓𝐶2) . (15)

(4) Eliminating the initial unbalance of rotor by subtract-
ing (13) from (14) and (15),

𝐸𝐴 {𝑢1} = 𝐺 (𝑢𝐵1, 𝑓𝐶1) − 𝐺 (𝑢𝐵0, 0) ,
𝐸𝐴 {𝑢2} = 𝐺 (𝑢𝐵2, 𝑓𝐶2) − 𝐺 (𝑢𝐵0, 0) , (16)

where 𝑈 = [{𝑢1}, {𝑢2}] = [{𝑢𝐴1} − {𝑢𝐴0}, {𝑢𝐴2} − {𝑢𝐴0}].
(5) Repeating the above procedures with different rota-

tion speed, then we can get different dynamic coefficients.
The influence of exciting force on rotor parameter and

bearing coefficients is neglected.Thus, the following equation
can be obtained:

𝐸𝐴𝑈 = 𝐺, (17)

where 𝐺 = [𝐺(𝑢1, 𝑓1), 𝐺(𝑢2, 𝑓2)] = [𝐺(𝑢𝐵1, 𝑓𝐶1) − 𝐺(𝑢𝐵0, 0),𝐺(𝑢𝐵2, 𝑓𝐶2) − 𝐺(𝑢𝐵0, 0)].
Finally, the matrix 𝐸𝐴 can be calculated by

𝐸𝑗 = 𝐺𝑗𝑈−1𝑗 (𝑗 = 1, 2) , (18)

where [ 𝑘(𝑗)𝑥𝑥 𝑘(𝑗)𝑥𝑦
𝑘(𝑗)𝑦𝑥 𝑘

(𝑗)
𝑦𝑦

] = Re(𝐸𝑗), [ 𝑐(𝑗)𝑥𝑥 𝑐(𝑗)𝑥𝑦𝑐(𝑗)𝑦𝑥 𝑐
(𝑗)
𝑦𝑦

] = (1/𝜔)Im(𝐸𝑗).
To experimentally obtain the dynamic coefficients, it

is important to select the amplitude of exciting force. The
electromagnetic force is mainly determined by the input
current and the air gap between armature and iron cores.
Compared with 3,000 r/min condition, the electromagnetic
force reduces by half when the rotating speed increases to
30,000 r/min [26]. It needs to increase the input current to
meet the requirement for larger exciting force. However, to
avoid high power loss of iron core and amplifier, the input
current is limited. On the other hand, the journal vibration
increases with rotating speed, which will lead to rub between
armature and iron cores when the air gap is too small.

Thus, in the first stage, the noncontact harmonic exci-
tation method is used. Based on the characteristics of
noncontact exciter, the dynamic coefficients are determined
under two rotating speeds (6,000 r/min and 9,000 r/min).
Subjected to the power of amplifier of the noncontact exciter,
the exciting frequency can not be too high, so two exciting
frequencies (4Hz and 60Hz) are chosen, and the amplitude
of exciting force is about 28N. If the supply pressure is lower
than 1.0MPa, shaft seizing is easy to occur; while the supply
pressure is higher than 3.0MPa, it will lead to sealing failure,
and water will leak to the motor.Thus, three supply pressures
(1.2MPa, 1.5MPa, and 1.8MPa) are used for the thought of
operation safety and cost economics.

In the second stage, the additional unbalance excitation
method is used. The exciting force resulting from the addi-
tional unbalance mass (𝑚1 = 1.7 g,𝑚2 = 3.0 g) is determined
by rotating speed. To avoid affecting the dynamic perfor-
mance of shaft, the additional unbalance mass is usually very
small. If the rotating speed is low, the additional unbalance
mass can not excite enough displacement disturbances.Thus,
to simulate the real operating condition, the dynamic coef-
ficients are determined with 2.5MPa supply pressure and
different rotating speeds (9,000 r/min to 24,000 r/min).

3. Results and Discussion

Based on the above two excitation methods, dynamic coeffi-
cients of the front bearing are identified and compared with
theoretical results. The theoretical results and their geometry
parameters are obtained by a thermal-hydrodynamic analysis
model from the authors’ previous study [10, 13].

Figure 4 indicates the stiffness results of noncontact
harmonic excitation. The direct stiffness coefficients increase
with water supply pressure and spindle rotating speed owing
to the hydrostatic effect and the hydrodynamic effect, respec-
tively.Thediscrepancies of experimental results between 4Hz
condition and 60Hz condition are not more than 25%. The
maximum errors between the experimental results of 60Hz
condition and theoretical results are 19% (𝑘𝑥𝑥 of 6,000 r/min),
25% (𝑘𝑥𝑥 of 9,000 r/min), 22% (𝑘𝑦𝑦 of 6,000 r/min), and 11%
(𝑘𝑦𝑦 of 9,000 r/min), respectively.

The cross stiffness coefficients vary slightly with water
supply pressure, because they are mainly affected by the
hydrodynamic effect. The cross stiffness coefficients of the-
oretical results increases with rotating speed, while those
of experimental results show few discrepancies. Besides, the
theoretical results are about four to six times higher than the
experimental results.

Figure 5 presents the damping results of noncontact
harmonic excitation. It is shown that the experimental results
of 60Hz condition are much more stable than those of
4Hz condition. The theoretical results and the experimental
results of 60Hz condition show a similar variation trend:
The damping coefficients are nearly constant as the increase
of supply pressure and rotating speed. The direct damping
coefficients of theoretical results are 2.5 times (𝑑𝑥𝑥) and 1.5
times (𝑑𝑦𝑦) higher than those of experimental results of 60Hz
condition, respectively.
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Figure 4: Comparative results of the stiffness coefficients by noncontact harmonic excitation: two rotating speeds (6,000 r/min and
9,000 r/min), three supply pressures (1.2MPa, 1.5MPa, and 1.8MPa), and two exciting frequencies (4Hz and 60Hz).

It can be seen from Figures 4 and 5 that the direct stiffness
coefficients have a better agreement than the cross stiffness
coefficients between theoretical results and experimental
results, especially for the 60Hz condition. As for the damping
coefficients, the experimental results of 60Hz condition have
a better coherence with the theoretical results. Phase errors
are introduced during themeasurement, and the test of lower
excitation frequency is more sensitive to the phase errors, so
a higher excitation frequency is preferred to get better results
for bearing coefficients identification.

Figure 6 shows the stiffness results of additional unbal-
ance excitation. Both experimental results and theoretical
results indicate the same trend that the stiffness coefficients

increase with rotating speed. The direct stiffness coefficients
of experimental results are smaller than those of theoretical
results for most cases, while the cross stiffness coefficients
of experimental results are larger than or similar to those of
theoretical results.

Figure 7 presents the damping results of additional unbal-
ance excitation. It can be seen that the direct damping
coefficients of experimental results have the same order of
magnitude as those of theoretical values, while the cross
damping coefficients of experimental results are larger than
those of theoretical values by nearly two orders of magnitude.

As for the additional unbalance excitation method, the
accuracy of identified dynamic coefficients is usually affected
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Figure 5: Comparative results of the damping coefficients by noncontact harmonic excitation: two rotating speeds (6,000 r/min and
9,000 r/min), three supply pressures (1.2MPa, 1.5MPa, and 1.8MPa), and two exciting frequencies (4Hz and 60Hz).

by phase errors and amplitude errors of journal vibration.
The damping terms are usually more sensitive to phase errors
of journal vibration than the stiffness terms. However, phase
errors are very difficult to totally eliminate, especially for
the additional unbalance excitation method, and amplitude
errors of journal vibration may also exist in this study.
Due to the compact structure of spindle, the space for
adjustment of displacement sensors is limited in the test, so
the displacement sensors are fixed and adjusted with four
simple adjustable holders. This makes the precise relative
position between the sensor and shaft difficult to determine,
and the measured displacements can not reflect the actual
journal vibration. Thus, phase errors and amplitude errors

of vibration displacement are brought into the identification
process during the measurement. In order to improve the
results accuracy, the spindle design and the operation pro-
cedure are needed to optimize.

4. Conclusions

This study identifies the dynamic coefficients of high-speed
water-lubricated hybrid bearings with circumferential groo-
ves and stepped recesses. The noncontact harmonic excita-
tionmethod and the additional unbalance excitationmethod
are applied for different conditions, respectively.
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Figure 6: Comparative results of the stiffness coefficients by additional unbalance excitation: one water supply pressure (2.5MPa) and six
journal rotating speeds (9,000 r/min to 24,000 r/min).

The results indicate that the direct stiffness coefficients
and the direct damping coefficients increase with rotating
speed, which is helpful to improve the rotor stability and
rotation accuracy. The direct stiffness coefficients increase
with water supply pressure while the direct damping coeffi-
cients do not. Thus, there is no need to use too large water
supply pressure during design and operation. A moderate
water supply pressure can provide operation safety and cost
economics.

When using the noncontact harmonic excitationmethod,
experimental results of 60Hz condition agree better with
theoretical results. Thus, a higher excitation frequency is
preferred to get better results for bearing coefficients iden-
tification.

The additional unbalance excitation is a usefulmethod for
ultra-high-speed conditions, but considerable care is needed
for phase errors and amplitude errors of journal vibration,
which are significant to improve the results accuracy.
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