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The multi-stiffness matching method of raft isolator based on RBF (Radial Basis Function) agent model and
particle swarm optimization algorithm is proposed to solve the resonance of superconducting motor using as
main propulsion plant. Firstly, the modeling methods for the end-winding of high-temperature superconducting
motor stator coils are investigated, including the equivalent density method, additional mass method, and non-
simplification method. Additionally, the optimal modeling scheme is selected by comparing with experimental
results. An accurate vibration prediction model for the superconducting motor’s raft system is established. Sub-
sequently, based on finite element power flow analysis, the transfer paths of electromagnetic forces in the motor
structure and the distribution characteristics of vibration energy on the raft are studied. Based on this analysis,
a vibration isolator grouping scheme is designed in accordance with the law of vibration transmission of electro-
magnetic excitation force. Furthermore, a vibration response agent model of the superconducting motor-raft-shell
system is constructed using the RBF network. An optimal stiffness matching scheme is formulated through a
multi-objective particle swarm optimization algorithm. The results indicate that the motor excitation force pre-
dominantly propagates through the armature frame to the intermediate raft frame and subsequently to the shell.
By employing the optimization algorithm, the stiffness distribution of the vibration isolator group is configured to
be softer in the middle and stiffer at both ends. Finally, the vibration isolation effect is enhanced by 8.6 dB while
maintaining the vibration level of the motor base plate constant.

1. INTRODUCTION

Superconducting motors exhibit superior power density and
efficiency compared to conventional DC motors,' rendering
them highly promising for a wide range of applications. The
internal structure of superconducting motors, including the sta-
tor and coil configuration, is intricate. Due to factors such as
the presence of coolant and the stacked coupling of silicon steel
sheets, the modal frequencies of the stator assembly are low
and concentrated.> Particularly, during high-power, low rota-
tional speed operations as a propulsion motor, these motors ex-
perience high-amplitude electromagnetic excitation forces and
clearly discernible low-frequency line spectra, leading to res-
onance phenomena in the low-frequency range that hinder ef-
fective dissipation of vibration energy. Consequently, a de-
tailed analysis of the electromagnetic force transmission path
in high-temperature superconducting motors is imperative to
understand the excitation force transmission law and devise a
rational and efficient control strategy.

The precise modeling of superconducting motors is essen-

tial for the analysis of vibration characteristics. Given the in-
tricate structure of the stator and coil winding in superconduct-
ing motors, it is imperative to appropriately simplify the model
and validate it through modal testing to ensure its accuracy.
Wang? conducted an analysis of the internal structure of the
stator to investigate the effects of various factors on its modal
characteristics. A high-precision stator model was developed
and subsequently validated for accuracy through experimental
results. Chai* used the Voigt-Reuss formula combined with
the equivalent method of empirical coefficients to establish the
finite element model of the windings and the seat in the stator
system and compared it with the test to verify the accuracy of
the model. In the finite element calculation, to establish a high-
precision stator simulation model. Yin® combined the modal
test to correct the equivalent parameters of the stator core and
winding materials to obtain a high-precision simulation model
and proposed a method for the correction of the equivalent ma-
terial parameters.

For each structure of conventional motor stator systems, the
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simplification method has been refined, enabling the develop-
ment of numerical simulation models that closely align with
actual test results. However, superconducting motors involve
complex structures, including coolant channels and stacked sil-
icon steel sheets. Therefore, further exploration is needed to
simplify and model the superconducting motor stator assem-
bly.

The structure of superconducting motors is complex and
the mass distribution is uneven, making the study of vibration
transmission paths a major focus. Hu® established a transmis-
sion path analysis model for propeller motors and combined it
with vibration test results to determine that the main transmis-
sion path for propeller motors is located at the motor support
plate. The prediction of vibration energy distribution and trans-
mission paths often adopts TPA and structural intensity analy-
sis methods. Li’ conducted a contribution analysis on a marine
reducer and identified the main transmission path of a double-
layered enclosure based on force transmission rate analysis,
which is the isolator. Additionally, Yang® used a combination
of classical TPA and power flow methods to analyze the main
transmission path from the main engine to the shell and seawa-
ter pump. They pointed out that the isolator is the main trans-
mission path for low-frequency spectrum and it affects the dis-
sipation of vibration energy. Wang® proposed a Modal Expan-
sion combined with finite element method for structural inten-
sity analysis to analyze the vibration energy transmission path
of a cantilever plate under thermal load. Zhu'® analyzed the
transmission path of a fiber composite material plate using the
structural intensity method and visualized the results, demon-
strating the distribution and transmission patterns of vibration
energy. It can be seen that the structural intensity method is
widely used in the analysis of vibration energy distribution and
transmission paths, and its technical means are becoming ma-
ture. However, there is relatively limited research on the analy-
sis of the transmission path of electromagnetic excitations from
superconducting motors to the shell structure.

The vibration source of superconducting motors is mainly
the electromagnetic force acting on the stator. Under low-
speed conditions, the frequency of the excitation force is of-
ten within the low frequency range of 100 Hz, and due to
the elasticity of the installation of superconducting motors, the
modal frequency corresponding to the overall vibration is also
below 100 Hz. The excitation frequency of electromagnetic
force is close to the frequency of motor installation, which is
prone to resonance phenomenon. Secondly, low-frequency vi-
brations have longer wavelengths and can more easily propa-
gate to various components of the motor, thereby increasing
the difficulty of control. Although, the design of the plate
spring structure for vibration isolation'' makes the motor in
a wide range of frequencies within the vibration reduction ob-
vious, the low-frequency does not have the effect, due to the
presence of resonance in the low-frequency, so the effect of
plate spring damping failure.'> For the problem of motor low-
frequency vibration control, scholars mostly adopt active con-
trol methods to control the motor excitation source: Li'3 based
on the inverse system decoupling method and p-synthesis of
the control of the motor bearing rigid rotor vibration in the low
and high frequency for effective control; Zhao'* based on the
fractional-order proportional-integral differential controller to
achieve real-time control of the motor vibration of the low-
frequency; Li'> proposed an optimization measure combin-

ing active disturbance control (ADRC) and random frequency
space vector pulse width modulation to suppress the sideband
vibration of the motor, which was verified by simulation. For
the conventional motor active control to achieve a more sig-
nificant control effect, but due to the cost of the active control
scheme and failure rate and other issues, the application of a
large superconducting motor platform is less.

In the field of ships, large mechanical equipment mostly
adopt a double-layer vibration isolation system for control
in the transmission path. Wang!® designed a double-layer
vibration isolation system based on electromagnetic control,
which has a better dissipation effect on low-frequency vibra-
tion. Wen'” designed a truss-type CFRP raft that effectively
reduces the vibration transmitted to the base. He'!® com-
bined with the Functional Gradient Material (FGM) to design
a double-deck raft structure, investigated the influence of ma-
terial, structural parameters, stiffness and damping on the vi-
bration response of FGM double-deck raft, laying a founda-
tion for the subsequent optimization design. Li'® established a
12-degree-of-freedom quasi-zero-stiffness floating raft system
high-dimensional mathematical model, which has an excel-
lent vibration isolation performance relative to traditional lin-
ear vibration isolation in the middle and high frequency bands.
Wang? based on the genetic optimization algorithm to opti-
mize the design of a periodic structure raft, by reducing the
power flow through the periodic structure making the periodic
structure has a wider resistive band region. For vibration con-
trol of large equipment, a double-layer isolation system can
effectively control the energy transmitted from the equipment
excitation source to the shell. However, the stiffness of the iso-
lator was selected as a set of identical stiffness without consid-
ering the influence of equipment mass and its vibration energy
distribution characteristics, which limits the isolation effect.

While the majority of scholars tend to concentrate on the
simplified modeling and vibration analysis of conventional
electrical equipment, the unique stator structure of supercon-
ducting motors presents distinct challenges. Notably, the low-
frequency electromagnetic excitation force exhibits complex
transmission paths within superconducting motors. Moreover,
the conventional approach of selecting vibration isolator stiff-
ness in a singular manner fails to sufficiently address the low-
frequency vibration isolation efficiency in double-layer iso-
lation systems. Hence, this study focuses on developing an
optimal stiffness matching solution for the vibration isolation
system in the superconducting motor-raft-shell configuration
to reduce the transfer of vibration energy to the shell. Sec-
tion 2 delves into the analysis of stator assembly modes, with
validation of the simulation model accuracy through experi-
mental testing. Section 3 involves the development of a fi-
nite element model for the superconducting motor-raft-shell
system, followed by an analysis of vibration characteristics.
Investigation into the transmission pathway of electromag-
netic force within the superconducting motor-raft-shell sys-
tem model is conducted in Section 4. Section 5 implements a
multi-objective, multi-parameter optimization design based on
the RBF neural network for the motor-raft-shell system model,
establishing an agent model to formulate an optimal stiffness
matching scheme. Finally, Section 6 presents the study’s con-
clusion.
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Figure 1. FE model of different modeling method.

Table 1. Frequency of winding ends under three different states.

Order Frequency /Hz
Original Added mass Equivalent density

1 757.56 768.66 —

2 1076.58 1068.64 677.518

3 1119.82 1107.39 810.01

4 1671.13 1670.76 1792.76

5 1700.34 1703.59 1712.43

6 1823.08 1841.91 1283.76

2. MODEL AND VALIDATION

To verify simplified modeling methods for the stator subsys-
tem, we compared the additional mass and equivalent density
methods, identified the most suitable one, and established a
finite element model for the superconducting motor-shell sys-
tem.

2.1. Analysis of Stator Coil

Method

The scaled stator was created by cutting the whole stator
circumferentially, then scaling axially by 1 : 2 and circum-
ferentially by 2 : 3, with coil thickness and stator slot size
unchanged. Simplifying the end model by ignoring the vol-
ume and shape of the winding end is necessary. Two methods
were proposed: the equivalent density method, which adjusts
coil density, and the added mass method, which attaches end
winding mass to the linear coil. The FE models under different
modeling methods are shown in Fig. 1. The three models were
imported into ANSYS for modal simulation calculation, and
the modal vibration mode order was calculated. The modal vi-
bration mode of the additional mass method was taken as the
reference. The frequency of each order of winding end under
three different states is shown in Table 1: It can be seen from
the table that the natural frequency error between the stator
model established by using the additional mass method and the
original model was small, while the natural frequency differ-
ence between the stator model established by using the equiv-
alent density method and the original model was only small in
the 4" and 5" order, and large in the 274 and 374 order. In
addition, the stator model established by the equivalent den-
sity method will have the phenomenon of order disorder and
individual order disappearance. The main reason was that the
density of the winding established by the equivalent density
method is uniform, which destroys the mass distribution law
of the original structure.

2.2. Scaled Stator Modal Test

To further simplify the accuracy of some parts in the model-
ing process and the effectiveness of the modeling method, the
hammering method was used for the modal test of the scaled
stator. The hammering method was used for the modal test of

Modeling

Figure 2. Test Site Layout.

Figure 3. Measurement Point Layout Diagram.

the scaled stator. DHDAS test system was adopted for data ac-
quisition, Lance acceleration sensor was adopted as the sensor,
and the model of force hammer was LC-60 kN. During the test,
the suspension method was adopted to make the scaled stator
in a free state. The test site diagram is shown in this Fig. 2:
During the experiments, it was observed that when there was
an incomplete rigid connection between the coil and the stator
core, as well as between the core and the fastening stiffness,
the vibration characteristics of the system changed. Specifi-
cally, this incomplete rigidity led to increased error in certain
orders due to insufficient mechanical stiffness, which caused
shifts in the resonance frequency or increased vibration ampli-
tude.

The upper and lower panels were each equipped with 32
measurement points. Given that the scaled-down stator lacked
coils in its central section, resulting in a hollow structure, most
measurement points are arranged directly above and below
the coil positions. For the coil ends, six measurement points
were arranged above and below each turn of the coil at each
side. The remaining measurement points were primarily posi-
tioned at the corners to approximate the overall structure of the
scaled-down stator. The arrangement of measurement points
and the test model for the scaled-down stator are shown in
Fig. 3. The modal test results of the scaled-down stator were
compared with those of the finite element model. The first
four modal shapes were extracted, and the comparison results
are shown in Fig. 4. The modal test results are compared with
the finite element simulation results, and the results are shown
in Table 2. It can be seen from the table that although there are
some errors between the simulation and test, the error between
the simulation and the test of individual orders is slightly more
than 10 %. The error comes from the incomplete rigid connec-
tion between the coil and the stator core and between the core
and the fastening stiffness, and the error range of other orders
is within 10 %. At the same time, it shows the effectiveness of
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Figure 4.  Comparison between Experiment and Simulation.(a) The first
mode. (b) The second mode. (c) The third mode. (d) The fourth mode.

Table 2. Natural frequency of scaled stator.

Order Natural frequency /Hz \ Error /%
Experiment Simulation
1 119.66 108.70 9.16
2 139.03 146.82 5.60
3 159.02 157.05 1.24
4 176.18 161.67 8.24
5 297.31 318.16 7.01
6 394.77 434.96 10.18

the model and calculation method.

2.3. Modal Analysis of Full-Size Motor

The modal characteristics of the superconducting motor sta-
tor assembly are assessed utilizing the hammer impact testing
method. Comparing the overall formation of the stator assem-
bly and the corresponding modal frequencies, the comparative
simulation and test results are shown in Fig. 5 Analysis of the
vibration patterns and corresponding frequencies in the com-
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Figure 6. Finite element model of superconducting motor-raft-shell.

parative study between simulation and testing, as presented in
Fig. 5, reveals a high degree of agreement between the results
obtained from both methods.

3. VIBRATION CHARACTERISTICS
ANALYSIS OF SUPERCONDUCTING
MOTOR-RAFT-SHELL

The raft frame structure is devised as a lightweight plate
frame structure, forming an integral part of the vibration isola-
tion system along with the upper and lower vibration isolators,
as depicted in Fig. 6. Setting the electromagnetic parameters
in ANSYS Maxwell to obtain the electromagnetic force under
the operating condition of the motor. The motor was set to ro-
tate at a speed of 140 r/min in ANSYS Maxwell. After calcu-
lation, the magnetic field calculation results at a certain time,
and the electromagnetic force curve under a certain cogging
can be obtained. The basic process of obtaining electromag-
netic force data is shown in Fig. 7. As shown in Fig. 7, under
operating conditions of 140 rpm, the electromagnetic force in
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Figure 7. Flow chart of electromagnetic force calculation.
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Figure 8. Vibration response curves at different positions of the motor.

the frequency domain exhibited its highest amplitude at 30 Hz.
According to the relevant references, the structural damping of
the superconducting motor-shell model was set to 0.001.The
calculation frequency band was selected as 5 Hz - 315 Hz with
a step size of 2 Hz.Calculating vibration response based on the
full method. Two sets of measurement points were selected:
motor base plate and lower isolator. Extract the vibration re-
sponse of two sets of node groups and calculate the average
value, and the curves are plotted as shown in Fig. 8. From
Fig. 8, observed under the 140 rpm condition, the vibration re-
sponse curves of the motor base plate and the lower vibration
isolator exhibit a similar trend. The peak frequencies aligned
closely with the excitation frequency of the motor’s electro-
magnetic force (30 Hz) and the modal frequencies of the su-
perconducting motor-shell system (58 Hz and 86 Hz). The
resonance phenomenon was observed at 58 Hz due to its prox-
imity to the second harmonic of the excitation force, resulting
in a peak in the curve at that frequency. The synthesized vibra-
tion acceleration level at the motor base plate was 120.27 dB
within the 5 Hz - 315 Hz frequency range, and at the lower
isolator base, it is 106.64 dB. This double-layer vibration isola-
tion configuration effectively reduces the transfer of vibration
energy to the casing.

4. ANALYSIS OF VIBRATION
TRANSMISSION PATH OF
SUPERCONDUCTING MOTOR-RAFT-
SHELL SYSTEM

To obtain the stiffness-matching design criterion of the vi-
bration isolation system, it is also necessary to carry out the vi-
bration transmission path analysis to clarify the vibration trans-
mission law of the electromagnetic excitation on the motor it-
self and the raft frame. In this section, the vibration response
of the motor-raft structure is calculated based on the finite el-
ement method, and the corresponding parameters can be ex-
tracted through post-processing, including the node stresses,
node displacements, and node coordinates, then based on the
extracted results, the power flow of a node on the shell can be
calculated at a specific frequency,?' the calculation process is
shown in Fig. 9. According to elasticity, the equations for the

Calculation of vibration
response

L

Vibration energy in the
¢ local coordinate system

Element forces of Element
\ The displacement of E i\ Element
. nodes in element ! \ coordinate
''''''''''''''''''''''''''''''''''''' system

The coordinates of
nodes in element

| Vibration energy in
Cartesian coordinate
system

Local coardinate system

Figure 9. Structural sound intensity flow chart.

normal stress o, in the X direction, the normal stress o, in the
Y direction, and the shear stress 7., in the plate shell structure
can be expressed as deflection, which are:

_ _FE 52w 52w
O = 12 (527 672)
_ _FE 5w 5w .
Oy =12 (W‘Fuw) ; (D
E 5%w

Tey = 1+p dzdy

In the formula, w represents the deformation of the shell ele-
ment in the z-direction; x Indicates Poisson’s ratio; E repre-
sents the elastic modulus.

The calculation of the shell power flow also requires know-
ing the internal forces on the shell element, including the plane
membrane force under longitudinal vibration and the bending
moment, torque and shear force of the shell element under
transverse vibration. Based on relevant theoretical derivation,
expressions for membrane force, bending moment, torque, and
shear force are obtained:

The formula for calculating the membrane force of shell el-
ements is:

t/2 FE ou ov
N, = pdz = ———— (4 pe); 2
/t/20 : 1—u2(5fc+u5y) @

t/2 FE ov ou
N, = dz = —— (&= + p=—); 3
/_t/2ay i 1*u2(5y+u5x) ©)

t/2 Et ou ov
N = N = [ (— — ). 4
e /—t/2 ey 2 2(1+ p) (531 i) @

The formula for calculating the bending moment of the sec-
tion is:

t/2 2w 2w
M, = / 0z2dz = —D(—5 +u—=); %)
i (5x2 5y2 )
t/2 52w 6w
M, = dz=-D(p——5)- 6
v /t/g ovidi=Dlgage)  ©
The formula for calculating cross-sectional torque is:
t/2 52w
My, = My, = dz=—-D(1— .
y y /t/2 Tyzaz ( 1) 510y @)

The formula for calculating cross-sectional shear force is:

53w 53w

o3 + 5x6y2); ®)

t/2
Q. = / Toydz = —D(

—t/2

52
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Figure 10. Simplified model of motor base.
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Based on the internal forces acting on the middle surface
of the shell and the vibration response results obtained from
finite element analysis, the structural intensity of the shell can
be calculated. The calculation expression is:

I

_7“lm(qu*+nyv*+wa*+Mx0;—Mxy0;); (10)

—W
I, = S5 Um(Nyw" + Ny + Qo+ M, 0~ Mya03); (1)

In this formula: N, and N, are the axial forces in the X
and Y directions; N, and NV, are the shear forces of two-
dimensional plates and shells; M, and M, are bending mo-
ments in the X and Y directions; M, and M, are the torques
of two-dimensional plates and shells; (), and ), are the shear
forces perpendicular to the plate and shell; u, v and w are dis-
placements in the X, Y and Z directions; 6, and 0, are the
angles of rotation in the X and Y directions; * represents com-
plex conjugate; Im represents taking the imaginary part of the
complex; w represents circular frequency. The model structure
of the superconducting motor-raft-shell system is complex, and
the transfer path can be divided into two parts: the transmis-
sion path analysis at the motor base and the transmission path
analysis at the middle raft.

4.1. Analysis of Transmission Path at the
Motor Base

The motor base was simplified, and the motor base body
unit was simplified into a shell unit, setting the same thickness
and keeping the same mass. To clearly calibrate the transfer
path, the simplified motor base was grouped and labeled, the
vertical 5 panels were divided into A-E groups, and the vertical
was divided into 1-4 groups, The model and schematic before
and after simplification are shown in Fig. 10.

Based on the vibration response calculation results of the
motor-raft-shell system model, the nodal internal forces and
displacements of the motor seat shell unit group at a peak fre-
quency of 58 Hz were extracted, and the structural acoustic
intensity vector diagrams of each group are calculated through
MATLAB programming, and the structural acoustic intensity
contributions in the vertical direction (Groups A-E) and the
longitudinal direction (Groups 1-4) are derived. =~ From the
structural sound intensity vector plot in Fig. 11, it can be seen
that the structural sound intensity vector is more intensive in

(a) (b) (©)

(©)

Figure 11. Vertical sound intensity vector diagram of each panel structure.
(a)A Face. (b)B Face. (c)C Face. (d)D Face. (¢)E Face.

Table 3. A-E plate structure sound intensity and contribution (X-direction).

Face A B C D E
Structural intensity /W | 0.1546 | 3.9023 | 74.7948 | 3.7342 | 0.2306
Contribution 0.001867|0.04712{0.903139 |0.04509 | 0.002784

the C-surface, which proves that the vibration energy is trans-
mitted in the C-surface, and the C-surface has the highest per-
centage of structural sound intensity contribution from the data
in Table 3.Therefore, the electromagnetic force at the main
peak frequency of 55 Hz is transmitted to the armature frame
via the stator core, and then it is transmitted in the pendant
panels mainly through the C-surface of the center to the base.

Observing the structural sound intensity vector diagram de-
picted in Fig. 12.1t is evident that the structural sound intensity
vectors are most pronounced on the 2 and 3 sides. This ob-
servation substantiates that vibration energy is predominantly
transmitted in the longitudinal direction within these regions.
Analysis of the data presented in Table 4 reveals that the struc-
tural sound intensity contributions from the 2 and 3 sides are
comparable. Consequently, following the transmission of the
electromagnetic force at the primary peak frequency of 55 Hz
to the armature frame via the stator core, longitudinal propaga-
tion prevails primarily through the central 2 and 3 panels facing
the base. In the motor chassis, the major pathway for vibration
energy transmission is through the middle panel comprising
the vertical C panel and longitudinal 2 and 3 panels down to
the base.

4.2. Analysis of Transmission Path at the
Raft Frame

In accordance with the structural sound intensity calculation
process for the raft structure vibration transmission path anal-
ysis, to clearly analyze the transmission path, it was necessary
to carry out a reasonable regional plate division, first of all,
based on the composition of the raft structure was divided into
the upper panel, the lower panel and the middle panel group,
as shown in Fig. 13.The internal force, displacement, and co-
ordinates of the nodes within each group of the raft frame
were extracted at the peak frequency of 58 Hz, and the struc-
tural sound intensity vector diagrams of the upper, middle, and

Table 4. 1-4 Sound intensity and contribution of plate structure.

Face 1 2 3 4
Structural intensity /W | 0.1826 5.5191 5.4377 0.2403
Contribution 0.01603 | 0.48502 | 0.47784 | 0.02111
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(©) d)

Figure 12. Vertical sound intensity vector diagram of each panel structure.
(a)1 Face. (b)2 Face. (c)3 Face. (d)4 Face.

\ Upper panel Lower panel /

Middle panel

Figure 13. Schematic diagram of panel division of raft structure.

lower panels were plotted respectively, as shown in Fig. 14.

The excitation force from the motor propagates through the
upper vibration isolator to the upper panel of the raft frame,
subsequently transferring to the lower panel through the mid-
dle panel, and finally reaching the shell. Analysis of the sound
intensity vector diagrams of each panel structure presented in
Fig. 14 reveals that the energy distribution is symmetric due
to the model’s symmetry. Notably, the diagonal energy is con-
centrated, while the middle energy is relatively sparse on the
lower support plate, illustrating an uneven distribution of en-
ergy that elucidates the transfer of vibration energy from a
structural perspective. This uneven distribution explains the
transverse shaking state and larger deformations observed in
the raft structure at peak frequencies.

5.DESIGN OF STIFFNESS MATCHING
SCHEME FOR ISOLATOR

To address the problem of stiffness matching in the double-
layer vibration isolator system of the motor-shell model, this
section first clarifies the vibration energy transfer paths in the
motor seat and raft frame based on the transfer path analysis.
Based on this, different stiffness groups are designed, and dif-
ferent stiffnesses are assigned according to the size of the trans-
fer contribution, and the vibration response agent model of the
motor-shell under multiple groups of stiffness is established
based on the RBF neural network, and finally, the optimal
matching stiffness is selected based on the particle swarm op-

Table 5. Stiffness range for each group of vibration isolators

Sigf/rrf)s s Group 1 | Group 2 | Group 3 | Group 4 | Group 5 | Group 6

v Max 18800 | 37600 | 75200 | 18800 | 37600 | 75200
Min 4700 9400 18800 | 4700 9400 18800

X Max 102200 | 204400 | 408800 | 102200 | 204400 | 408800

Min 25550 | 51100 | 102200 | 25550 | 51100 | 102200

7 Max 8310 16260 | 32520 | 8310 16260 | 32520
Min 2077.5 | 4155 8310 | 2077.5 | 4155 8310

timization algorithm. The technical route is shown in Fig. 15:

5.1. Division of Isolator Groups

The vibration isolator was simulated by a three-way spring,
there are 9 pairs of upper- and lower-layer vibration isolators,
and the middle pair was a separate group. according to this,
the vibration isolators were divided into 3 groups from middle
to both sides, and the upper and lower layers were divided into
6 groups. The specific grouping is shown in Fig. 16:

From the transmission path analysis, it can be seen that the
vibration energy was mainly transmitted through the interme-
diate structure of the motor, relatively small stiffness can im-
prove the vibration isolation efficiency®? and thus the interme-
diate group 1 and group 4 were given a lower stiffness, and the
two sides of the stiffness is increased in turn, and each group
was given a different stiffness is given a stiffness, the range is
shown in Table 5. The vibration isolator was simulated by
three-way spring, there were 9 pairs of upper- and lower-layer
vibration isolators, and the middle pair was a separate group.
according to this, the vibration isolators were divided into 3
groups from middle to both sides, and the upper and lower lay-
ers were divided into 6 groups. The specific grouping is shown
in Fig. 16. From the transmission path analysis, it can be seen
that the vibration energy is mainly transmitted through the in-
termediate structure of the motor, relatively small stiffness can
improve the vibration isolation efficiency?? and thus the inter-
mediate group 1 and group 4 were given a lower stiffness, and
the two sides of the stiffness was increased in turn, and each
group was given a different stiffness is given a stiffness, the
range is shown in Table 5.

5.2. Establishment af an Electric Motor-
Shell Agent Model

Taking the vertical, longitudinal, and lateral stiffness of the
isolator as parameter inputs, the motor base plate vibration ac-
celeration level and the lower end of the lower isolator vibra-
tion acceleration level as parameter output. A surrogate model
for the superconducting motor raft shell system based on RBF
neural network>*2* was established.

The establishment of the agent model needs to calculate the
input and output of the model, and the selection of input pa-
rameters relies on the appropriate experimental design method,
the experimental design method to set the parameters, the in-
puts, and to calculate the results, the outputs. Appropriate ex-
perimental design can save a lot of time. Frequently used ex-
perimental design methods include uniform experimental de-
sign method, central composite design, orthogonal design test,
and so on. The uniform design test can be used without con-
sidering the neat comparability of the data without considering
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Table 6. U12(12 10 ) Uniform Design Table.

11234 |5|6|7|8]9]10
1[1]2|3[4|5|6|8|9]10/|12
212 (4|16|8|10(12]3 5|7 |11
313 (6912|2511 1|4]10
4148 (12(3 |7 |11|6|10]1]9
S|5(1002|7|12{4|1]6(11]8
6|6 (125 |11|4|10]|9 8|7
7171181293 [4[11|5]6
8|8 |3 (1161|912 215
919 (5|1 |10|6|2|7|3(12]4
10(10 7|41 (11]8 (212|193
11197 |5[3]|1(10]8|6]2
12(12(11)10]9 |8 |7 (5|43 |1

the order of magnitude of the parameters, so it has a wide range
of applicability.

Based on the range of design variables to select the sample
points, and the uniform experimental design method to design
the experiment, based on the number of design variables, and
the range of values, the experimental design was carried out by
using the U12(121°) uniform design table, which is shown in
Table 6, and the table of the use of Uy2(12!°) is shown in Ta-
ble 7 From the use table of U12(1219), it can be seen that the
deviation of uniformity of the sample points for conducting 6-
factor test was 0.2236, and the sample distribution of columns
1,2,6,7,8, and 9 in the design table of U;5(12'%) were se-
lected in the test, and all the factors were selected to be the
number of 12 levels. Using the uniform test design method
to select different parameters of the working conditions, se-
lect 6 groups of vibration isolators in the vertical, longitudinal
and transverse stiffness as the design variables, of which W;
is the vibration acceleration level of motor base plate, W5 is
the vibration acceleration level of lower isolator. Setting the
optimization of the design variables as shown in Table 8 — Ta-
ble 10: Based on the MATLAB used to establish the super-
conducting motor-raft-shell system vibration response agent
model, comparing the total level of vibration acceleration of
the motor bottom plate and the lower vibration isolator end of
the RBF neural network training iteration of the minimum er-
ror of 4.16 x 1072% and 8.08 x 10727 prediction curves are
shown in Fig. 17:
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Figure 17. Prediction curve of RBF neural network. (a) Motor bottom plate.
(b) The lower isolator.

5.3. Design of Stiffness Matching Scheme
of Vibration Isolator Based on Multi-
Objective Particle Swarm Optimization
Algorithm

Multi-objective particle swarm algorithm (MOPSO) is
an evolutionary computational algorithm for solving multi-
objective optimization problems,> the basic idea of which is
to transform multiple objective functions into a single compre-
hensive objective function and solve it using a particle swarm
algorithm?®27 and is mostly used as an effective method to re-
duce the vibration amplitude of the objective.?®To find an opti-
mal solution, trade-offs and trade-offs between multiple objec-
tive functions are required, and Pareto fronts are an effective
way to solve such problems. The Particle Swarm Optimiza-
tion algorithm is a classical swarm intelligence optimization
algorithm that achieves global optimization by updating the
velocity and position of particles. In an M-dimensional search
space, a group of N particles are initialized with random move-
ments. After k£ + 1 iterations, the velocity and position update

56

International Journal of Acoustics and Vibration, Vol. 30, No. 1, 2025



Z. Jia, et al.: MULTI-STIFNESS MATCHING METHOD OF RAFT ISOLATOR FOR AVOIDING RESONANCE OF SUPERCONDUCTING MOTOR...

Table 7. U12(1219) Use Table.

Number of factors Column number Uniformity deviation
2 15 0.116
3 169 0.184
4 1679 0.223
5 134810 0.227
6 126789 0.267
7 12678910 0.277
Table 8. Experimental design scheme for training samples of vertical stiffness of isolators.
Operating conditions Group 1 Group 2 Group 3 Group 4 Group 5 Group 6 Wi/ dB Wa/ dB
1 25550 65036 241563 74327 162591 353054 119.31 106.35
2 32518 92909 408800 39486 106845 269436 119.16 106.54
3 39486 120782 213691 95232 51100 185818 119.71 99.86
4 46455 148655 380927 60391 176527 102200 119.22 107.80
5 53423 176527 185818 25550 120782 380927 119.09 100.50
6 60391 204400 353054 81295 65036 297309 119.07 105.85
7 67359 51100 157945 46455 190464 213691 119.76 106.99
8 74327 78973 325182 102200 134718 130073 119.40 107.29
9 81295 106845 130073 67359 78973 408800 119.52 105.89
10 88264 134718 297309 32518 204400 325182 118.90 106.65
11 95232 162591 102200 88264 148654 241564 119.37 106.76
12 102200 190464 269436 53423 92909 157945 119.34 107.07
Table 9. Experimental design scheme for lateral stiffness training samples of isolators.
Operating conditions Group 1 Group 2 Group 3 Group 4 Group 5 Group 6 W1/ dB Wal dB
1 4700 11964 44436 13673 29909 64945 119.31 106.35
2 5982 17091 75200 7264 19654 49564 119.16 106.54
3 7264 22218 39309 17518 9400 34182 119.71 99.86
4 8545 27345 70073 11109 32473 18800 119.22 107.80
5 9827 32473 34182 4700 22218 70073 119.09 100.50
6 11109 37600 64945 14954 11964 54691 119.07 105.85
7 12391 9400 29055 8545 35036 39309 119.76 106.99
8 13673 14527 59818 18800 24782 23927 119.40 107.29
9 14955 19654 23927 12391 14527 75200 119.52 105.89
10 16236 24782 54691 5982 37600 59818 118.90 106.65
11 17518 29909 18800 16236 27345 44436 119.37 106.76
12 18800 35036 49564 9827 17091 29054 119.34 107.07
Table 10. Experimental design scheme for training samples of longitudinal stiffness of isolators.
Operating conditions Group 1 Group 2 Group 3 Group 4 Group 5 Group 6 W1/ dB Wa/ dB
1 2077 5255 19314 6044 12959 28118 119.31 106.35
2 2644 7456 32520 3211 8557 21515 119.16 106.54
3 3211 9657 17114 7743 4155 14913 119.71 99.86
4 3777 11858 30319 4910 14059 8310 119.22 107.80
5 4344 14059 14913 2077 9657 30319 119.09 100.50
6 4910 16260 28118 6610 5255 23716 119.07 105.85
7 5477 4155 12712 3777 15159 17114 119.76 106.99
8 6044 6356 25917 8310 10758 10511 119.40 107.29
9 6610 8557 10511 5477 6355 32520 119.52 105.89
10 7177 10758 23716 2644 16260 25917 118.90 106.65
11 7743 12959 8310 7177 11858 19314 119.37 106.76
12 8310 15159 21515 4344 7456 12712 119.34 107.07
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formulas for particle i = 1,2, ., N are as follows:
of T = wof + cyrand, (PR, — 2F)

+ corands (glljest - If)’ 12)
ot = ok ok (13)

In the formulas, vf *1 represents the velocity of particle i at the

k + 1-th iteration; xf“ represents the position of particle ¢ at
the k + 1-th iteration; Pf _,; represents the historical best po-
sition of particle i up to the k-th iteration; gi _, represents the
historical best position of all particles up to the k-th iteration;
w 1is the inertia weight, which adjusts the global optimization
and local optimization abilities of the particles; c; and co are
the learning factors that control the optimization speed of the
particles; rand; and rands are uniformly distributed random
numbers within a certain interval, which prevent particles from
getting trapped in local optima.

The particles in the MOPSO algorithm represent the candi-
date solutions, and each particle contains a position vector and
a velocity vector, and the position and velocity of each particle
are updated through continuous iterations, and in each itera-
tion, the optimal candidate solution is selected by comparing
the position vector and velocity vector of each particle. To find
an optimal solution, trade-offs and trade-offs between multiple
objective functions are required, and Pareto fronts are an ef-
fective way to solve such problems. Therefore, in this section,
the MOPSO algorithm is invoked based on the MATLAB pro-
gramming, and the artificial neural network module is used to
complete the data fitting and update the Pareto frontiers, and
finally the global pareto frontiers of the two objective func-
tions are obtained. The optimization objective function is as
follows:

Find min W1 :

14
min Wy (14

In this formula: W7 is the vibration acceleration level of motor
base plate, W is the vibration acceleration level of lower iso-
lator. The needle will be trained RBF neural network predic-
tion model as the fitness function, using a multi-objective parti-
cle swarm algorithm to solve the multi-objective optimization
mathematical model. The parameters of the multi-objective
particle swarm algorithm are set as follows: the population size
is 200, the maximum number of iterations of the algorithm is
500, the values of the learning factors and are 2, and the inertia
weight w is 0.9. The pareto front obtained by the algorithm
solution is shown in Fig. 18. Based on the design criterion of
minimizing the vibration transmitted to the shell, the optimal
stiffness matching scheme is selected as shown in Tab. 11, and
the layout of the vibration isolator stiffness presents the char-
acteristics of low stiffness in the middle and high stiffness on
both sides, and the stiffness of the lower vibration isolator is
higher than that of the upper vibration isolator. According to
the six optimal stiffness matching schemes selected, the stiff-
ness of the vibration isolation system is designed, and the vi-
bration response of the superconducting motor-raft-shell sys-
tem model is calculated under the optimal stiffness, and the
synthetic curves of vibration acceleration levels of the motor
bottom plate and the lower end of the lower vibration isolator
are extracted and compared with the initial results as shown
in Fig. 19. Synthesize the vibration acceleration levels within
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96.6 b
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Motor base plate acceleration level/dB

Figure 18. Multi-objective particle swarm algorithm - Pareto frontiers.

Table 11. Selection of optimal stiffness matching scheme.

Group Group 1 Group 2 Group 3
Direction| X Y Z X Y Z X Y Z
?It\l]l;tmnre;; 25550 | 4700 |2078[204400(37600|16260{408800| 75200 (32520

Group Group 4 Group 5 Group 6
Direction| X Y z X Y Z X Y Z
Stiffness
(N/mm) 10220018800(8310(162591|29909|12959|408800(162591{32520

the 5 Hz - 315 Hz frequency range, and organize the table as
shown in Table 12: As depicted in Table 12, the optimiza-
tion process results in a reduction of 8.6 dB in the vibration
levels at the lower end of the vibration isolator, while the vi-
bration levels of the motor base plate remain unchanged. The
relative errors between the algorithm’s optimized values and
the simulation-based optimized values are found to be 1.42 %
and 1.19 % respectively, falling within the acceptable range in
engineering. This optimization scheme effectively diminishes
the vibration propagated to the motor shell from the motor ex-
citation force by adopting a rational matching strategy for the
vibration isolator, with the vibration levels at the motor bottom
plate remaining essentially unaffected. By implementing an
appropriate vibration isolator stiffness matching scheme while
ensuring the stability of the motor base plate vibration levels,
the transmission of vibration to the motor shell from the motor
excitation is significantly reduced

6. CONCLUSIONS

In this study, a matching scheme for multi-stiffness isolators
of the superconducting motor isolation vibration system is es-
tablished based on the RBF neural network surrogate model
and multi-objective particle swarm optimization algorithm to
address the issue of increased shell vibration due to resonance.
Additionally, a numerical simulation model of the supercon-

Table 12. Comparison of optimization results.

Composition acceleration Acceleration synthesis
value of motor base plate|at the lower end of the isolator

/dB /dB
Initial value 120.27 106.64
Optimal value 116.95 96.87
Simulation value 118.63 98.04
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Figure 19. Comparison of vibration acceleration level curves of different

positions before and after optimization.

ducting motor-raft-shell system is developed using the finite
element method. The accuracy of the simulation model is val-
idated through stator experiments, and the propagation path-
ways and energy distribution density of electromagnetic forces
on the superconducting motor structure and raft are analyzed
using the structural intensity analysis. The key findings of this
investigation are summarized as follows:

1. A modeling approach for simplifying the stator assem-
bly of superconducting motors was proposed, and its val-
idation is conducted through modal testing. The error
between simulation and experimental results did not ex-
ceed 8 %, meeting the requirements for simulation calcu-
lations.

2. The vibration peaks of the superconducting motor-raft-
shell system model under the 140 rpm operating condition
are mainly distributed at the excitation frequency of elec-
tromagnetic forces, their harmonics, and the motor modal
frequencies. The highest amplitude occurs at 58 Hz due
to system resonance. Therefore, when designing the stiff-
ness of motor support isolation vibration, it is necessary
to avoid the coincidence of motor installation frequency
with the excitation frequency and its harmonics.

3. The analysis of the transmission path reveals that the
electromagnetic excitation force propagates from the sta-

tor system to the intermediate chassis and subsequently
to the motor base plate. Within the raft structure, the
non-uniform distribution of vibration energy on the up-
per panel due to its middle hollowing design leads to in-
creased raft vibration displacement. Vibration energy is
predominantly transmitted through the central transverse
and longitudinal panels, with a more uniform energy dis-
tribution observed at the lower panel support .

4. The optimal stiffness matching scheme for the vibration
isolation system is developed based on the RBF neural
network and the multi-objective particle swarm optimiza-
tion algorithm. The stiffness distribution pattern of the
isolators in the isolation vibration system exhibits a char-
acteristic of ’soft in the middle, hard on both sides,” with
the stiffness of the lower isolator greater than that of the
upper isolator. The design scheme is validated through
numerical simulations, with a vibration error of less than
2 % achieved. Under the optimal stiffness matching
scheme, the vibration transmitted from the motor to the
shell is reduced by 8.6 dB. This effectively mitigated
the vibration transmitted from the electromagnetic force
to the hull while maintaining the motor’s vibration un-
changed.
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