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Abstract: A dynamic analysis model of the unbalanced vibration response of a single-rotor system is
established to study the corresponding mechanism of the unbalanced excitation force and vibration
response caused by the deviation of the rotor mass centroid in this paper, and finally to achieve the
combined rotor vibration suppression. First, the installation of multi-stage rotors during vibration
was studied, and the rotor mass centroid transfer model in the rotating coordinate system was
established to obtain the unbalanced excitation force vectors of the rotors at all levels based on

the traditional stacking assembly method and axiality measurement. Second, the rotor unbalance
check for

updates excitation force vectors were substituted at all levels to establish the finite element analysis model of

the single-rotor system. Finally, a simulation analysis was carried out for the stacking assembly of
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the three-stage rotor, and the rotor test piece was used for the vibration experiment. The results show
that the optimal assembly phase of the multi-stage rotor obtained by the dynamic analysis model of
Method Based on Coaxial Stacking the unbalanced vibration response of the single-rotor system can effectively suppress the vibration of
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Published: 21 June 2021 In the development and use of advanced rotors, vibration is always one of the main

problems [1,2]. According to statistics, more than 60% of rotor failures are vibration
Publisher’s Note: MDPI stays neutral = 41, peg. Fifty-six percent of the A-level failures in F100, F110, F404, AL31F, and other
with regard to jurisdictional claims in third-generation fighters occurred as a result od vibration. The rotor is the core com-
ponent of an aeroengine, and it is also the key source of vibration for the engine [3,4].
Among them, owing to the uneven material of the rotor itself and the asymmetry of the
structure, the unbalanced excitation force generated by the rotor centroid shifting the axis
of rotation after assembly is an important reason for the vibration of the aero engine [5].
= The rotor unbalance excitation force is proportional to the square of the speed. However,
continuously increasing the rotor speed is one of the important development trends of
rotors [6,7]. Therefore, it is of great significance to the safety, long-term, and high-efficiency
work of rotor to achieve combined rotor vibration suppression by adjusting the position of
the multi-stage rotor center of mass.
To effectively suppress the vibration caused by the unbalanced excitation force of the
rotor, scholars have done a lot of research. Multi-stage rotors are stacked by single-stage
rotors. The stacking model is established by studying the error transmission relationship
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of the assembly connection surface, which can control the position of the mass centroid of
the rotor at each level to suppress vibration [8]. Zhang put forward a method for modeling
geometric form errors of single planes for precision assembly [9]. Li established a multi-
objective optimization model of posture adjustment considering engineering constraints
including collinear, coplanar, and symmetry constraints and proposed multi-objective
optimization algorithm based on the Gauss—-Newton method [10]. Sun analyzed the
propagation process of geometry and mass eccentric deviations in the multistage rotors
assembly based on the connective build model, using spatial error compensation feature to
control cumulative eccentricity deviation of multi-stage rotor assembly [11]. Starting from
the vibration characteristics, Lusty further considered the flexible behavior of the magnetic
actuator support structure based on classic rotor/magnetic bearing systems, designed an
experimental facility conforming to the proposed topology, and proposed a vibration
control scheme based on Hoo for this system [12]. Moeenfard applied the intelligent
electrorheological elastomer to the field of rotor dynamics, took a Jeffcott rotor model with
ER elastomer added at both ends as the research object, used the finite element method
based on Rayleigh beam theory to establish the dynamic model, and used a four-parameter
viscoelastic model to numerically simulate the ER elastomer support to reduce the vibration
level of the rotor system [13].

Based on the above reference, it can be seen that, in the research on indirect realization
of multi-stage rotor vibration suppression by establishing the multi-stage rotor error
transmission relationship and axiality measurement, optimizing the position of the rotor
center of mass at all levels or designing system control methods has been more in-depth.
However, in the assembly process of multi-stage rotors, the machining errors of the single-
stage rotors are gradually transmitted and amplified through the assembly connection
surface. The centroid deviation of the rotors at each stage and the vibration characteristics
of the multi-stage rotors after assembly are not clear. Aiming at the actual rotation mode
of the multi-stage rotor of rotary parts, through the conversion of the traditional stacking
model and the vibration model coordinate system, the center of mass transfer model under
the multi-stage rotor rotating coordinate system is established in this paper. Based on the
finite element method and the center of mass transfer model in the rotating coordinate
system, the dynamic analysis model of the unbalanced vibration response of the single-
rotor system is established, and the corresponding mechanism of the unbalanced excitation
force and the vibration response generated by the centroid deviation of the rotors at all
levels is clear. The rotor vibration suppression is achieved by changing the phase of the
rotating rotor.

2. The Centroid Transfer Model in the Rotation Coordinate System

As shown in Figure 1, the traditional reference axis S is perpendicular to the bottom
face of rotor and cross though the bottom face center O. The position vector of mass
eccentric deviation for the k-th rotor in the assembly using traditional stack-build assembly
method [11] can be expressed as

dxg_ k=1 /i-1 k—1
dpe_, — Zyg)_k _ Zl ( 1(dR;dR;?)dR;dp?) +Hl(dR;dR$)dR;dpg (1)
Zo_k == =

where dx{_,, dyy_,, and dzj_, are the cumulative mass eccentric deviations of the k-th rotor
in the X, Y, and Z directions, respectively. dR;] is the rotation matrix of the i-th rotor. dRY is
the geometry eccentric deviation matrices of the i-th rotor. dp{ and dpf are the positions of
the geometry center and mass center of the i-th rotor, respectively.
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Figure 1. Centroid transfer model in the rotation coordinate system.

In the vibration analysis of the single-rotor system, the connection line between the
center O of the lower end surface of the lowest-level rotor a and the center OY of the
upper end surface of the highest-level rotor v is taken as the reference axis T. Therefore,
when studying the vibration problem caused by the unbalanced excitation force due to the
deviation of the rotor center of mass, it is necessary to obtain the coordinates of the rotor
mass centroid at various levels in the coordinate system OX’Y’Z’. The coordinate system
OX'Y'Z’ can be regarded as obtained by rotating the coordinate system OXYZ around the
axis passing the origin O by 9, and setting the rotation axis direction vector 1 to (Ix,1y,1z)T,
the unit vector of this vector is w(wx,wy,w,)T = \%I The vector [ and the rotation angle 0 can

be obtained by the change of the vector OO9, in the coordinate system OXYZ and OX'Y'Z’,
respectively. In the coordinate system OXYZ, the position vector of the measurement
surface center of the k-th rotor after assembly can be expressed as follows:

dx ;
0—k k i
dp_ = | dyp | =) (H (R/r‘flR?chR;jfl)R; (i + dP?)) 2)
dz) =1 \j=2
0—k
According to Equation (2), the position vector of the center of the circle OJ in the
T
coordinate system OXYZ is obtained, and the vector P(O?;x/ 05 ng> is represented.

oy’
According to geometric relations, the position vector of center O in the coordinate system

2
OX'Y'Z’ can be expressed as Q(0,0, O’ZZ)T, where 07, = \/(ng)z +(09,)* + (Ogy) ,

then the direction vector 1 of the rotation axis and the rotation angle d are shown in
Equations (3) and (4):

05,02,
I=PxQ=| —09,07, (3)
0
P-Q
0 = arccos () 4)
IP||Q

The rotation matrix A is represented by the unit vector w of rotation axis and rotation
angle d, as shown in Equation (5):

cosd + w2 (1 — cosd) wywy (1 —cosd) —w,sind  wysind + wyw, (1 — cosd)
A= | wysind+ wywy(1—cosd) cosa—i—w;(l — c0s0) —wy sin @ + wyw; (1 — cos 9) ®)
—wy sin d + wyw; (1 — cosd) wy sind + wyw, (1 — cosd) cosd + w?(1 — cos d)

Suppose the position vector of the mass center of the k-th rotor in the coordinate
system OX'Y'Z" is (dx'g_y, dy'q_,, d2'g_)T, according to the coordinate conversion relation-
ship, then,

dx'G_y dxg_
dy's_, | =A dyg_ (6)
dz'y_x dz§
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When the rotational angular velocity of the rotor is (), and the mass of the k-th rotor
is set to my, the unbalanced excitation force Q" of the k-th rotor in the coordinate system
OX'Y'Z' due to the offset of the center of mass is shown in Equation (7) [14]:

dx:((f)_k —dyclg_k
o =m0 | W 07 | cos Ot 4 m dx g7 | sin @)
0 0

3. Finite Element Analysis Model of Single Rotor System

To study the influence mechanism of the unbalanced rotor excitation force and the
unbalanced vibration response of the system, the finite element method was used for
analysis. This method simplifies the rotor system into discrete rigid disks (rotors at all
levels), elastic shaft segments, and bearings with stiffness and damping. The rotor system
motion equation is synthesized by the motion equations of the above elements [14,15].

3.1. Equation of Motion of Shaft Element

When applying the finite element method [16-18] for analysis, the shaft element is
usually set as Timoshenko beam. As Figure 2 shows, each shaft element has two front and
rear nodes, and each node has four degrees of freedom (two translations V and W, and two
rotations B and F), so each element has a total of eight degrees of freedom. The generalized
coordinate composed of these eight degrees of freedom is g° = [V1 Wy B; F1 V, Wy B BT

%

W, Tdt"jl W, T#I'l'-l
(DN,
X ) T
%% ‘7;32

Figure 2. Finite element analysis.
The motion equation of the shaft element is shown in Equation (8):
(M7 +Mp)§ — QGG +K'q* = Q° (®)

where M7 and My, are the translatory and rotary inertia matrices of the shaft mass. G® is
the gyroscopic matrix of the shaft. K} is the stiffness matrix. Q° is the generalized force
vector of the shaft element.

[ M 0 0 Mry Mrps 0 0 —Mrs T
0 Mp  —Mrpy 0 0 Mtz Mrs 0
0 —Mty Mp 0 0 —Mrt1s Mrg 0
M = pil Mry 0 0  Mr2 Mrs 0 0 —Mry
(1+ (ps)z Mrs 0 0 Mrps  Mnm 0 0 —Mp
0 M7z  —Mrs 0 0 Mr1  Mrpy 0
0 Mrs Mrg 0 0 Mry My 0
L —Mrs 0 0 Mr¢ —Mry 0 0 Mty |
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where My
09s + 593, M
Mro = (g + & s + 92 ) 12

B+ {00s + 398
(& + Hhos + &o?)l, Mrs = (F+

, M =

Mg 0 0 Mgy —Mpg 0 0 Mpy
0 Mpr1  —Mps 0 0 —Mgr1 —Mps
0 —Mgrs Mg 0 0 Mpry  Mg3
M, — pil MRy 0 0 Mgz —Mgs 0 0 Mgs3
114 ¢s)*A | —Mp 0 0 —Mgry Mg 0 0 —Mpgy
0 —Mg1 Mgy 0 0 Mg1 Mgy
0 —Mpy Mg 0 0 Mgy  Mp2
Mgy 0 0 Mgs —Mpy 0 0 Mpgo
where Mg; = §, Mgy = (%5 +59s T %(Pg)lzr Mpz = (—% — 595 T %403)12,
MR4 = (% — %QDS)Z
r 0 -G Gy 0 0 G1 Go 0 7
Gq 0 0 Gy, -G 0 0 Gy
G, 0 0 -G, G 0 0 G
o ol 0 -G G 0 0 G -Gy 0
15[(1 + 475)2A 0 G1 —Gz 0 0 —G1 —G2 0
-Gy 0 0 -G, G 0 0 -Gy
-Gy 0 0 Gs Gy 0 0 —Gy
L O -Gy —Gs 0 0 Gy Gy 0

(ﬁ +g9s+ ﬁﬁl’?)lzf M3 =

Hos+ A2 )L,

where Gy = 36, G = 31 — 151¢s, G3 = 12 + 5125 — 5122, G4 = 41% 4 5125 + 10122

[ Ky 0 0 Ky —Ky 0 0 Ky 7
0 Ky —-K4 O 0 —-Ki —-Ky O
0 —Ki Kp 0 0 Ks Kj 0
5 | Ky 0 0 K, —-K4 0 0 K3
CB(1+¢s) | -Ki 0 0 -Ki Ky 0 0 —Ki
0 —-K4 K 0 0 Ky, —-Ks ©
0 —K4; K3 0 0 —-K4 K 0

Ky 0 0 K3 —-K4 O 0 K, |

where Ky = 12, Ky = (4 + ¢s)I%, K3 = (2 — ¢5)12, Ky = 6.
And p;, I, s, I, A, and E denote the density, length, shear deformation coefficient, sec-
tion moment of inertia, section area, and elastic modulus of the shaft element respectively.

3.2. Equation of Motion of Disk (Rotor) Element

Each disk is considered as a rigid element with concentrated inertial properties and
mass unbalance. The motion equation of the disc element is shown in Equation (9):

(M +Mm3) i — 06" = @ ©)

where M% and M% are the translatory and rotary inertia matrices of the disk mass. G%is
the gyroscopic matrix of the disk element. g7 is the generalized displacement vector of the
rotor, qd =[VWBF]L. Qd is the external force vector on the disk.
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Each stage of the rotor in the previous section can be regarded as a disk element
located at a fixed node of the finite element grid, and the external force vector Q¢ can be
calculated by Equation (7).

mg 0 0 0 00 0 0 00 0 O
1o m 00|, [O0OO0O0 O0O| .4 |00 0 0
Mj = 0 o0 o o |Mk™ OOIdOG_ 00 0 —I,
0 0 00 00 0 I 00 I O

where myg, I3, and I, are the mass, diametral moment of inertia, and polar mass moment of
inertia for the corresponding rigid disk, respectively.

3.3. Equation of Motion of Bearing Element

When considering linear stiffness and damping, the motion equation of the bearing is
as follows:
'’ + Kt = @' (10)

where C? is bearing damping matrix, K’ is bearing stiffness matrix, Q" is the external
force vector of the bearing, 4” is the generalized displacement vector of the bearing,
and q* =[VW B F]T.

b b b

c%y c%Z 00 kgy kzZ 00
ch— | Gy 00 K — kzy k; 0 0

0 0 00O 0 0 0O

0 0 00O 0 0 0O

Assuming that the bearing is isotropic, then k,; = kz, = ¢z = ¢,z = 0 and kyy = kzz,
Cyy = Czz.
vy 2z

3.4. Equation of Motion of the Rotor System

According to the characteristics of the rotor system, the system is divided inton — 1
units and 7 nodes, then the generalized displacement vector g of the entire rotor system
can be expressed as follows:

I’ (11)

Add the coefficient matrices of the similar items in the motion equations of the disk
element, the shaft element, and the bearing element to obtain the steady-state motion
equation of the rotor system, as shown in the following equation:

Mg+ (C—QG)g+Kq=Q (12)

where M is the mass assembly matrix, which contains the translational and rotary effects
of the shaft element and the disk element. Just like M, G is the gyroscopic assembly matrix
that considers the effects of the shaft element and the disk element. C is the damping
assembly matrix. K is the stiffness assembly matrix that considers the stiffness effects of
the shaft element and the disk element. Q is the excitation matrix. To study the influence
of the unbalanced excitation force caused by the deviation of the center of mass on the
rotor system, Q only considers the unbalanced excitation force after the multi-stage rotor is
stacked and assembled.

3.5. Unbalanced Response Solution

The unbalanced force of the system can be expressed as follows:

Q = Q. cos Ot + Q, sin Ot (13)
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Then, the steady-state solution of the differential equation of motion of the rotor
system can be set as follows:

q = q,cos Ot + g, sin Ot (14)

Substituting Equation (14) into Equation (12), derivation, and sorting can obtain
the following:

.1 [ K-MQ2 Q(C-0G6) 1T Q. 15)
9, | | —Q(C-0QG) K-MQ? Q,
Then, the unbalanced response is as follows:
q = q cos(Qt —0) (16)

where

{ q/ =\ qcz + qsz (17)

0 = arctan®s
qc

4. Simulation Analysis

To study that the unbalanced vibration response dynamic analysis model established
in this paper can realize the effectiveness of vibration suppression after assembly of the
multi-stage rotor, a simulation analysis is carried out for the stacked assembly of the
three-stage rotor. Assuming that the masses of the three-stage rotor are 27.4 kg, 20 kg,
and 58 kg, respectively, the height of the three-stage rotor is 120 mm, 130 mm, and 240 mm,
respectively; the mass eccentricity error of each rotor in the X, Y, and Z axis directions is
0.02 mm; the geometric eccentricity error of the radial measuring surface of each rotor in
the X and Y axis directions is 0.04 mm; the verticality of the axial measuring surface of the
rotors at all levels is 0.005 mm; and the angle between the center of the measuring surface
of each rotor and the X axis is 0° when it points to the lowest sampling point. After the
rotor is assembled, elastic supports are applied at the front and rear journals. The front
support rigidity is 0.8 x 107 N/m, the rear support rigidity is 1.6 x 10’ N/m, and the
working speed is 10,000 rpm.

Figure 3 is a diagram showing the vibration amplitude of the corresponding node
of the rear support after adjusting the second-stage rotor installation phase 6,, and the
third-stage rotor installation phase 6,3 at the working speed of the rotor system assembled
with the three-stage rotor. Analyzing Figure 3 shows that, at the same speed, adjusting the
installation phase of the rotors at all levels will change the vibration response. When the
second-stage rotor installation phase 6;, is 195° and the third-stage rotor installation phase
f:3 is 0°, the maximum vibration response amplitude is 27.1 um; when 6,, is 180° and
B3 is 180°, the minimum vibration response amplitude is 2.9 um; compared with the
worst assembly, the vibration amplitude is optimized by 89% in the optimal assembly.
Therefore, the optimal assembly phase of the rotor can be obtained through the dynamic
analysis model of the unbalanced vibration response of the multi-stage rotor after assem-
bly established in this paper, and the vibration suppression of the combined rotor can
be achieved.

Figure 4 is a graph of the vibration amplitude of the corresponding nodes of the rear
support when the rotation speed is increased from 0 to 15,000 rpm, and the rotor system of
the three-stage rotor assembly is the optimal assembly and the direct assembly, respectively.
Amplitude and minimum rotor assembly phase correspond to the optimal assembly when
the rotation speed is 1500 rpm, 5000 rpm, and 10,000 rpm. The assembly method is direct
assembly when the assembly angle of each rotor is 0° and no assembly phase adjustment
is performed. It can be seen from Figure 4 that, when the rotation speed increases from 0
to 3000 rpm, the vibration response amplitude increases continuously, and the vibration
amplitude increase rate of the corresponding node of the directly assembled rear support
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is much higher than that of the optimal assembly. When the rotation speed is 3000 rpm,
the vibration amplitude corresponding to the direct assembly and the optimal assembly
has the first peak value, which is 47.3 pm and 3.5 um, respectively. As the speed continues
to increase, the vibration amplitude first decreases and then increases, and the second
peak appears at 7000 rpm. At this time, the vibration amplitudes corresponding to direct
assembly and optimal assembly are 17.6 um and 11.3 pum, respectively. When the rotation
speed reaches 10,000 rpm, the vibration amplitudes corresponding to direct assembly and
optimal assembly are 6.6 pym and 2.9 pm, respectively, and the vibration amplitude is
optimized by 56%. When the rotation speed is greater than the working rotation speed
of 10,000 rpm, the vibration amplitude changes slightly with the increase of the rotation
speed and tends to be stable. Therefore, compared with the direct assembly, the optimal
assembly can greatly suppress the vibration of the rotor system.

Amplitude (em)

120
o 60
9[3 ) 4] 0 60 0 2 )

Figure 3. Corresponding vibration amplitude diagrams at the rear support under different assem-

bly phases.

50
? =~ Optimal adjustment
40+ :l =@ Direct adjustment
-~ |
g Iy
St Iy
P 30 L4
2 i
2201 by
g ' e A
= 4 IR
10 | ! e _OD . .
3 o0 €009 2 0-00¢ 0009
(1600 ' '

0 5000 10,000 15,000
Rotation speed (rpm)

Figure 4. Corresponding vibration amplitude diagram at the rear support at different speeds.

5. Experimental Verification

To verify the effectiveness of the unbalanced vibration response dynamics analysis
model of the single-rotor system established in this paper in suppressing the vibration of the
combined rotor, the rotor test piece shown in Figure 5a was used for vibration experiments.
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age 2 |
Compressor disk
Stage 1
! Front axle

(a) (b)

Figure 5. Rotor geometric parameter measuring device: (a) four rotors assembly; (b) rotary measur-
ing instrument.

First, use the double-column Rotary parts ultra-precision assembly measuring instru-
ment shown in Figure 5b to measure the geometric error parameters of the single-stage
rotor. The parameters of each core unit of the measuring instrument are as follows:

(1) Air-bearing turntable is used to provide the rotary measurement datum. The radial
and axial accuracies of air-bearing turntable are 80 nm.

(2) Centering and tilt worktable is used for adjusting the eccentricity and tilt of base surface
of the rotors to make the geometric axis coincident with the rotation axis. The minimum
adjustments of displacement and angle are 0.2 um and 0.2”, respectively.

(3) The chuck is used to fix the rotor.

(4) The inductive sensors are used to collect the radial and axial surface data of the rotors,
of which the resolutions are 0.1 um.

(5) The displacement of the horizontal guide rail is 800 mm.

(6) The displacement of the vertical guide rail is 2000 mm.

(7)  The turbine disk is the measured rotor.

The geometric characteristic parameters of the rotor components at all levels are
shown in Table 1.

Table 1. Geometric characteristics and error parameters of the rotor experimental parts.

Part Name Front Axle Compressor Disk Turbine Disk Rear Axle
Radius of upper end face (mm) 43 189 100 66
Radius of lower end face (mm) 189 100 66 40
Height (mm) 560 245 3255 124.5
Geometric eccentricity error in dy° (mm) 0.0026 0.0011 —0.0119 —0.0012
Geometric eccentricity error in dy® (mm) 0.0419 0.0051 —0.0047 0.0009
Geometric eccentricity error in d;° (mm) 0.0021 0.0015 0.0003 0.0029
Tilt error Ox (”) —-15 -2 0.7 7.7
Tilt error By (”) -1.8 -23 0.6 —12.8
Tilt angel 6t (”) 2.3 3.1 0.9 15
Lowest point of tilt 61 (°) 220 221 51 221

The parameters are shown in Table 2.
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Table 2. The quality characteristics and error parameters of the rotor experimental parts.

Part Name Front Axle Compressor Disk Turbine Disk Rear Axle
mass (g) 27,850 19,278 53,278 5032
Mass eccentricity error dy© (mm) 0.0042 —0.0080 —0.0042 0.0124
Mass eccentricity error dy® (mm) —0.0039 —0.0067 0.0041 0.0111
Mass eccentricity error d,¢ (mm) 380 91 218 51

According to the dynamic analysis model of unbalanced vibration response of single-
rotor system established in this paper, the optimally assembled rotor assembly phase angle
is obtained. The rotor test pieces were assembled according to the direct assembly and
optimal assembly strategies respectively, and the test pieces were installed on the dynamic
vibration measurement test bench as shown in Figure 6 for experiments. The dynamic
vibration measurement test bench includes a basic platform, a speed-increasing drive
system, a test system, a lubrication system, a support system, and a rotor test piece system.

lubricating
device

Rotor tester

accelerator

displacement
sensor

squirrel-cage
flexible support

Figure 6. Dynamic vibration measurement test bench.

Compare the actual measured values of the vibration response amplitude of the front
support of the combined rotor turbine disc under the direct assembly and the optimal
assembly strategy, then record them in Table 3. It can be seen from the data in the table that
the vibration amplitude of the rotor experimental part under the optimal assembly strategy
is smaller than the vibration amplitude of the directly assembled rotor experimental part.
The vibration response of the assembled rotor experimental part is shown when the speed
is 3000 rpm, 6000 rpm, and 9000 rpm. The amplitude decreased by 29.8%, 20.9%, and 22.0%,
with an average decrease of 23.8%. Therefore, the dynamic analysis model of unbalanced
vibration response of single-rotor system established in this paper can effectively suppress
rotor vibration.
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Table 3. Comparison of amplitude measurement results of rotor experimental parts under different
assembly strategies.

3000 rpm 6000 rpm 9000 rpm
Optimal assembly 7.4 um 13.1 um 9.2 um
Direct assembly 10.5 pm 16.3 um 11.8 um
Optimization effect 29.8% 19.6% 22.0%

6. Conclusions and Discussion

To study the corresponding mechanism between the unbalanced excitation force and
the vibration response caused by the deviation of the rotor center of mass, the dynamic
analysis model of the unbalanced vibration response of the single-rotor system was estab-
lished in this paper. Through finite element simulation, the vibration amplitude of each
node of the rotor at different speeds is obtained. The conclusion is summarized as follows:

(1)  From the center of mass transfer model, it can be seen that the rotor vibration ampli-
tude is affected by the installation phase of the rotor at all levels. The dynamic analysis
model of the unbalanced vibration response of the single-rotor system established
in this paper can directly reflect the corresponding relationship between the rotor
installation phase and the vibration amplitude at different speeds.

(2) According to the dynamic analysis model of the unbalanced vibration response of
the single-rotor system, the optimal assembly phase of the multi-stage rotor can be
obtained, and then the unbalanced excitation force of the multi-stage rotor can be
adjusted to achieve the combined rotor vibration suppression.

(3) When the speed is 3000 rpm, the uncertainty introduced by measurement repeatability
u(x1) = 1.00 pm, the uncertainty introduced by the resolution of eddy current sensor
u(xp) = 0.01 pm, and the standard uncertainty is U = 2.00 um (k = 2).

(4) It is verified by the vibration experiment of the rotor test piece that the optimal
assembly phase obtained by the dynamic analysis model of the unbalanced vibration
response of the single-rotor system can effectively suppress the vibration of the
combined rotor.

The focus of this paper is to achieve rotor vibration suppression by studying the
corresponding mechanism between the unbalanced excitation force and vibration response
caused by the deviation of the rotor center of mass. In future work, attention can be focused
on studying whether there is a cancellation feature between the unbalanced excitation force
vectors generated by the rotor centroid deviation at all levels and, if this feature exists,
whether the feature can be used to guide the rotor design process.
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