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Abstract: In this paper, a finite element model updating (FEMU) method is proposed based on
the response surface model (RSM) and genetic algorithm (GA) to establish a high-precision finite
element (FE) model of space station scientific experiment racks. First, the fine solid and mixed
FE models are established, respectively, and a comparison of the modal test results is conducted.
Then, an orthogonal experimental design is used to analyze the significance of the parameters, and
the variables to be modified are determined. The design parameters are sampled via the Latin
hyperbolic method and are substituted into the FE model to obtain the modal parameters of the
scientific experiment rack. The mapping relationship between the design and modal parameters is
fitted by constructing the Kriging function, and the RSM is established. The design parameters of the
scientific experiment rack are optimized via GA, and the initial FE model is updated, which has the
advantage of improving the computing efficiency. Finally, the updated FE model of the experiment
rack is verified by frequency sweep and random vibration tests. The experimental results show that
the proposed approach has high precision and computing efficiency, and compared with the test
results, the modal frequency errors of the updated model are within 5%, and the vibration response
errors under random excitation of the updated model are within 7%.

Keywords: framed structure; mixed FEM; dynamic characteristics; partition modification; kriging
model; genetic algorithm

1. Introduction

The framed structure with a combined form made of beams and skin has been widely
used in engineering equipment, and its dynamic characteristics are significant performance
indicators, especially in aerospace fields, including in scientific experiment racks on space
stations. The scientific experiment rack has lots of requirements in terms of its dynamic
characteristics, including a lightweight design, anti-vibration and shock-resistance capa-
bilities during the launch phase, long-term use stability, and low vibration in orbit [1-4].
To realize the effective dynamics analysis and reasonable vibration control of the framed
structures, a high-accuracy finite element (FE) model is urgently needed. At present, the
most effective and reliable method is to build and update the FE model based on the
manufactured structure to obtain a high-accuracy dynamic simulation model. In this paper,
by taking the space station scientific experiment rack as a typical framed structure, the
research on the FE modeling approach and updating method of a high-accuracy FE model
is proposed, which can provide the basis for the vibration response forecasting of framed
structures under complex load and excitation conditions.

Lots of work has been carried out on the FE modeling of complicated framed structures,
mainly involving the processing approach used on beam and plate combinations and
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connection types. Aiming at studying the bolted joints in framed structures combined
with beams and plates, the Sandia National Laboratory and the University of Illinois
Laboratory simulated the nonlinear dynamic behaviors of framed structures considering
the nonlinear stiffness and damping characteristics of bolted joints both experimentally and
numerically [5,6]. Zang et al. [7] took a three-layer framed structure with bolted joints as
the object and established three types of models, a solid FE model, a plate-beam FE model,
and a 3-DOFs lumped mass model. The modal calculation results of the three FE models
were compared with the experimental results. Then, the influence of uncertain factors, such
as the bolted connection complexity, machining and assembly errors, and inaccuracy of
the material parameters on the FE modeling were also discussed, and reasonable updating
parameters were determined. Chang et al. [8] utilized a hybrid model combined with solid
and truss elements to study the long-term effects of bridge creep. Sliseris et al. [9] proposed
a multi-scale FEM for beams and frames with complex topological structures, in which the
beam elements were used for coarse scales, and the continuous elements were used for fine
scales. Compared with the full-scale continuum model, the multi-scale FEM can obtain the
displacement, shear deformation, and local stress—strain gradients of the framed structures.

In FEMU approach research, the direct correction method and parameter modification
method are commonly used. The direct correction method directly modifies the mass matrix
and the stiffness matrix of the FE model. In [10], a new FEMU problem was formulated
as an optimal matrix approximation problem with a significant physical meaning. The
results of the numerical examples of structural dynamics show that the proposed optimal
matrix method works well. Friswell et al. [11] extended the direct matrix correction
method to simultaneously modify the stiffness matrix and damping matrix, which were
verified by a cantilever beam. Compared with the direct correction method, the physical
meaning of the parameter modification method is more clear. For example, Fox et al. [12]
presented the first-order sensitivity expressions of linear structures by differentiating
the characteristic equation to modify the model. Friswell et al. [13] demonstrated the
effectiveness of parameterizing the modes at the element level and used the beam offset
geometric and element modal parameters to modify the mechanical joints and boundary
conditions. In [14], a fuzzy updating method was proposed to consider the uncertainty
of the measured modal parameters, and it was verified by updating the FE model of a
practical bridge with the measured modal parameters. In [15], a two-stage Bayesian FEMU
procedure was presented for the prior estimation of measured modal parameters. It was
shown that the proposed methodology could identify the FE model parameters with a high
level of accuracy.

Recently, the sensitivity analysis method (SAM) and RSM based on the finite element
were developed. The FEMU method based on the sensitivity method needs to perform
a step-by-step iterative calculation, and the FE model with modified parameters is recal-
culated after each iteration, which usually requires a large number of calculations [16].
Mottershead et al. [17] gave a detailed sensitivity-based FEMU tutorial, applying sensitivity
results to evaluate the effects of the parameters that needed to be corrected on the output.
Cao et al. [18] proposed a nonlinear sensitivity-based FEMU method considering the local
nonlinearity of the structure. Taking a cantilever beam with multiple nonlinear supports as
a research object, the effect of the initial parameters on the performance of the proposed
method was analyzed. The results showed that the proposed method could effectively
update the nonlinear FE model, even in the presence of interfered measurement data and
different initial parameters in the FE model. Izham et al. [19] used framed structures
with bolted joints as the research object; the obtained modal parameters were the natural
frequency, mode shape, and damping ratio through finite element analysis (FEA) and
experimental modal analysis (EMA), and they determined selected parameters using a
sensitivity analysis to update the framed FE model, thereby reducing the natural frequency
difference between the FEA and EMA. The RSM refers to fitting the complex implicit
relationship between the structural feature quantities and the parameters via building an
explicit response surface function and establishing a surrogate model to replace the FE



Aerospace 2023, 10, 79

3 0f20

model to optimize the iteration process. The RSM calculation efficiency was significantly
improved. Umar [20] proposed a model-updating method by combining the improved
particle swarm optimization (PSO) and RSM to update the bridge model with thirteen
variables, and an accurate FEM was obtained. Based on the response surface updating
model and element modal strain energy (EMSE) damage index, the effectiveness of the
proposed damage identification method for four simply supported steel beams through
tests was verified by Niu et al. [21]. The results show that the proposed method has great
potential for damage identification in real framed structures.

In this paper, an experiment rack simulator is manufactured, and an investigation
of high-precision FE modeling, the FEMU method, and experimental verification are
systematically performed. First, the fine solid FEM and mixed FEM of an experiment rack
simulator are established, respectively. A modal correlation analysis between the calculation
results and experiment results is conducted. Then, the significance analysis method is
applied to select sensitive the design variables of an experiment rack simulator, and four
selected design variables are sampled via the Latin hypercube method, which are inputted
to calculate the modal parameters. Based on the above calculation results, the Kriging
function method is used to establish the response surface model. The design parameters
are optimized by GA to modify the established FE model. Finally, the updated model is
verified by multi-condition tests, such as frequency sweep and random vibration tests.

2. FEMs and Modal Analysis of Experiment Rack Simulator
2.1. Structure Description

A space station scientific experiment rack simulator is depicted in Figure 1, which
is a typical framed structure. It mainly comprises the beams, side beams, vertical beams,
L-beams, I-beams, backplanes, drawer boards, connectors, and screws. The beam structure
and connector are connected together by screws, the backplanes are fixed to L-beams and
I-beams by screws, and the drawer boards are fixed to vertical and L-shaped beams by
screws. The backplanes and side planes are the main load-bearing components.

I-Beam

|~ Connector7
[~ Side beam

™~ Connector2

Cross beam

Connector 8

Connector3

_~ Drawer board

Connectors

Figure 1. Composition of the experiment rack simulator.

2.2. Two Types of FE Models

The experiment rack simulator is modeled with many different element types, includ-
ing the beam elements, shell elements, and solid elements, based on the commercial finite
element analysis (FEA) software ANSYS. The elements of FE simulation are ordered from
macroscopic to microscopic: the beam element, plate element, and solid element. In actual
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engineering, if we start working at a large scale, a beam element or plate element can be
chosen as the macro element so that the analysis time is short and the efficiency is high,
but the local accurate stress distribution cannot be obtained. If we start working at a small
scale, a solid element can be chosen as a micro-unit so that the accuracy of the analysis
result is high, but the modeling analysis takes a long time [22]. Mixed elements modeling
techniques can avoid the drawbacks mentioned above; that is, the key parts are modeled
with micro-elements, the other parts are built with macro-elements, and the multiple point
constraint (MPC) method is used to realize the connection between the macro-elements and
micro-elements. In this section, the solid FE model and mixed FE model of the experiment
rack simulator are established, respectively, and the two FE models are further modified.

Since the experiment rack simulator model contains more than 200 screws, it is not
easily used for FE modeling when complex dynamic characteristics such as friction, contact,
and the tightening of the screw connections are considered. Hence, the screws are simplified
to be beam elements. A beam element has a circular section, and the radius and length
are the same as they are in an actual screw. Since the connection between the connector
and beam is an interference fit, the contact between the connector and beam is set as non-
separating contact, with tangential displacement being allowed and normal displacement
not being allowed.

For the solid FE model depicted in Figure 2a, the experiment rack simulator is modeled
with solid186 elements, except for the screws. The material attributes of all of the beam
structures are 6063 Aluminum, and those of the backplanes, drawer boards, and connectors
are Q235 steel. For the mixed FE model of the experiment rack simulator depicted in
Figure 2b, the solid186 element is used to model the connectors, the shell181 element is
used to model the backplanes and drawer boards, and the plate thickness is set to 4 mm
constantly. The rest of them are modeled using beam188 elements, and the beam section
shape is controlled by real constants, including rectangular beams, square beams, L-beams,
and I-beams. The MPC method connects the different elements, and the constraints between
the beam endpoints and solid joint surface nodes are built. The element types, material
attributes, and the number of elements and nodes of the two experiment rack simulator FE
models are listed in Table 1. The number of nodes and elements contained in the solid FE
model of the experiment rack simulator is 2.3 times that of the mixed FE model. Therefore,
the mixed FE model of the experimental rack simulator has a higher calculation efficiency.

el

Figure 2. Two FE models of the experiment rack simulator. (a) Solid FE model. (b) Mixed FE model.
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Table 1. Specific settings of two FE models of the experimental rack simulator.
FE Model Component Unit Type Material Number of Elements =~ Number of Nodes
Backplane Shell181 Q235
Mixed Drawer board Shell181 Q235
FE 1xe el Beam Beam188 6063 27,594 57,961
mode Bolt Beam188 Structural steel
Others Solid186 Q235
Backplane Solid186 Q235
Fi Iid Drawer board Solid186 Q235
Flge S0 dl | Beam Solid186 6063 65,883 135,294
mode Bolt Solid186 Structural steel
Others Solid186 Q235

2.3. Calculated Modal Results

The free modal analysis was carried out on the experiment rack simulator. Ignoring
the first six rigid body modes, the first six ones calculated the modal frequencies, and the
mode shapes of the experiment rack simulator were obtained, as depicted in Figure 3. It
can be observed that the first six mode shapes of the experiment rack simulator solid FE
model are consistent with those of the mixed FE model, but the natural frequencies of the
experiment rack simulator mixed FE model are higher than those of the solid FE model,
and the higher the order is, the greater the frequency difference is.

Model Mode2 Mode3
! ; ! ] !
4597Hz 46.35Hz 68.6Hz 73.66Hz 99.32Hz 105.46Hz
Mode4 Mode5 Mode6

ANEEEE

103.37Hz 108.03Hz 125.51Hz 137.64Hz 147.16Hz 169.99Hz
Figure 3. Calculated modal shapes of the experiment rack simulator.

2.4. Measured Modal Results

A test system for the free modal analysis of the experiment rack simulator was built,
as shown in Figure 4, including a mobile workstation, an LMS data acquisition front-end
controller, a vibration exciter, triaxial accelerometers, and an elastic rope. The free boundary
condition of the experiment rack simulator was simulated by means of elastic rope hoisting.
Two vibration exciters were placed horizontally to excite the X-direction and Y-direction
vibrations of the experiment rack simulator. The acceleration sensors were pasted onto the
measuring points of the experiment rack simulator using glue (the yellow tapes are shown
in Figure 4). Considering that the experiment rack simulator mainly consists of beam and
plate structures, it was good enough to arrange a certain number of sensors evenly on
each beam and plate to obtain the required mode shapes. The vibration environment of
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the experiment rack was mainly sinusoidal excitation at 4-200 Hz, and only the first six
mode shapes were analyzed. The measured first six mode shapes and frequencies of the
experiment rack simulator are shown in Figure 5.

Workstation and LMS Test.Lab

| LMS data acquisition front end |

Figure 4. Free modal test site of experiment rack simulator.

2.5. Correlation Analysis

A frequency correlation analysis of the corresponding order was carried out on the
experimental and calculated results. The frequency correlation represents the relative
deviation between the test modal frequency (wgma) and the calculated frequency (wrga),
and it is expressed as follows:

€% — (WEMA — WFEA) 1)
WEMA

The ideal value of ¢ is zero. The greater the difference is between € and 0, the worse
the correlation is between the test modal frequency and calculated frequency. The first six
order frequency correlation results of the experiment rack simulator were calculated, and
they are listed in Table 2. It can be seen that the maximum error of the first six order natural
frequency between the test frequencies and calculated frequencies of the finite solid FE
model is 12.50%, and that between the test frequencies and calculated frequencies of the
mixed FE model is 14.47%. In engineering, the established FE model can be considered to
be accurate when the frequency error is within 5% [23]. Therefore, it is necessary to update
the FE model of the experiment rack simulator.

Table 2. Frequency correlation analysis results.

Modal Frequency
Modal Order
Test (Hz) Fine Solid FEM (Hz) Error (%) Mixed FEM (Hz) Error (%)
1 42.90 45.98 7.16 46.35 8.03
2 69.82 68.60 1.75 73.66 5.50
3 96.42 99.32 3.00 105.03 8.92
4 119.26 125.51 5.24 135.64 13.73
5 153.47 172.77 12.50 175.67 14.47
6 186.89 194.03 3.82 200.17 7.10




Aerospace 2023, 10, 79

7 of 20

(a) f1=42.90 Hz (b) £2=69.82 Hz
i

(c) £:=96.42 Hz (d) :=119.26 Hz

(e) fs=153.47 Hz () f=186.89 Hz

Figure 5. Free modal test results of the experiment rack simulator.

3. RSM and FEMU
3.1. Fundamental of RSM

Currently, the commonly used response surface models include the quadratic poly-
nomial, BP neural network, Gaussian radial basis function, Kriging model, and support
vector machine. Based on polynomial interpolation, the Kriging model gives the maximum
value of the unknown point through the variance change in the sample points, with high
fitting accuracy [24]. The Kriging model assumes that the objective function and the design
variables satisfy the following relationship.

Y = PT(X)B + S(X) 2)
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where P(X) is the polynomial base function, g is the corresponding undetermined coeffi-
cient, S(X) is the fitting deviation function with a mean of 0 and a variance of ¢, and its
covariance can be expressed as follows.

cov(S(u),S(v)) = o?R(u,v) ©)]

where R(u, v) is the correlation function, but when the Gaussian correlation function is
used, it can be expressed as follows.

R(u,v) = f[exp(—Aid%) (4)
i=1

where A; represents the attenuation of the correlation between the sampling points with
the increase in the distance d; between the two points. The estimated values of the undeter-
mined coefficient § and variance 02 can be obtained from the sample point matrix X(P;(x;)),
the response value array Y(y;(X)), and the correlation matrix R(R(x;, x;)).

p=(XTR1X)"'xTR 1y )
o= (= XpR(Y - %) ©)

Using the maximum likelihood estimation method, the likelihood function takes the
maximum value, and the corresponding A; is obtained.

L(A;) = —{Nlnaz +1n[det(R)]} @)

For an unknown point x;, an estimate of y(x;) can be given as follows.

PN

y(x;)) = PT(x;)B+r" ()R (Y — XPB) 8)

where 7(x;) represents its correlation array with sample points.

The key steps in the response surface analysis are data sampling and data fitting. The
Latin sampling method ensures the orthogonality and uniformity of the sampling points.
Combining the established RSM with GA, the correction of the FE model can be completed.
The FEMU procedure is shown in Figure 6.

3.2. Significance Analysis

In the parameter modification method, appropriate modification parameters need to
be selected, and a significance analysis can guide the selection of the correction parameters
by eliminating the parameters that are insensitive to the response and retaining the highly
significant parameters, which can greatly reduce the dimension of the response surface
model and save on the computational costs [25]. To facilitate the finite element calculation,
the complex contact between the connector and the aluminum profile is simplified into
non-separated contact, which is the main reason for the difference between the simulation
and the experiment. Therefore, a partition correction of the experiment rack simulator is
performed, and the experiment rack simulator is divided into three modified areas based
on the framed structure characteristics, where modified area 3 is the beam connection area,
modified area 1 is the beam non-connection area, and modified area 2 is the non-beam
structure area, as shown in Figure 7. The elastic modulus and density of the materials in
the three regions are initially selected as the design parameters that needed to be corrected.
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Actual
structure -—| Construct Kriging model I
| Initial FEM | | Test model | .
Meet accuracy B
l ‘ requirements
| Free mode analysis | | Free mode test | Y
L ]
: | Build objective function |
| Model matching/Correlation analysis |
Genetic algorithm
| Significance analysis I optimization
! :
l Modified parameter selection | | Get modified parameters I

I

—>| Latin Hypercube Sampling |

APDL language

Jpdating mode
validation

Frequency Random
sweep test | vibration test

Frequency/Vibration
I —~S =
corrected Modal analysis modes

End

Modified area 1

Modified area?2

Modified area3

Figure 7. Modified area division and modified parameters of experiment rack simulator.

Modified parameters E; and D,

Modified parameters E, and D,

Modified parameters E3 and D;

The orthogonal experimental design method is adopted, and there are three levels,
80%, 100%, and 120%, of the initial value of each modification parameter. The specific values
of the modification parameters on each level are shown in Table 3. For the convenience of
expressing the parameters that needed to be corrected, it is expressed as x; (i=1,2, ..., 5).
According to the parameters and the number of levels, the orthogonal design test is carried
out using the first five columns of the L18(3”) orthogonal table, and the parameters that
needed to be corrected are selected according to the orthogonal table. The material of the
experiment rack simulator is parameterized by APDL language, and the first six natural
frequencies of 18 tests are obtained. The six order frequencies are the corresponding natural
frequencies after modal matching: the first, second, fourth, fifth, seventh, and ninth order
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frequencies of the finite element analysis. The orthogonal table and simulation results are
shown in Tables 4 and 5.

Table 3. Values for each level of the parameters that needed to be corrected.

Parameter Type Level 1 Level 2 Level 3 Expression
E; 5.68 x 1010 7.1 x 1010 8.52 x 1010 Xq
Elastic modulus (Pa) Ep 1.68 x 1011 2.1 x 101 2.52 x 101 X
E3 5.68 x 1010 7.1 x 1010 8.52 x 1010 X3
. Dy 2216 2770 3324 Xy
Density (kg/m?) D, 6280 7850 9420 Xs
Table 4. The 7-factor, 3-level orthogonal table.
Factor
Test Number
1 2 3 4 5 6 7
1 1 1 1 1 1 1 1
2 1 2 2 2 2 2 2
3 1 3 3 3 3 3 3
4 2 1 1 2 2 3 3
5 2 2 2 3 3 1 1
6 2 3 3 1 1 2 2
7 3 1 2 1 3 2 3
8 3 2 3 2 1 3 1
9 3 3 1 3 2 1 2
10 1 1 3 3 2 2 1
11 1 2 1 1 3 3 2
12 1 3 2 2 1 1 3
13 2 1 2 3 1 3 2
14 2 2 3 1 2 1 3
15 2 3 1 2 3 2 1
16 3 1 3 2 3 1 2
17 3 2 1 3 1 2 3
18 3 3 2 1 2 3 1
Data 1-3 in the table refer to the level number of parameters.
Table 5. The first six natural frequencies after finite element simulation matching.
Order
Test Number
1st Order (Hz) 2nd Order (Hz) 3rd Order (Hz) 4th Order (Hz)  5th Order (Hz)  6th Order (Hz)
1 48.59 74.18 108.44 137.97 178.98 204.38
2 45.56 70.19 102.09 131.06 169.95 199.07
3 43.10 66.92 96.89 125.46 162.36 193.54
4 46.00 69.55 102.36 129.38 167.72 185.40
5 4418 67.33 98.70 125.67 163.20 185.35
6 56.05 85.94 125.66 161.56 209.49 243.31
7 46.83 70.48 105.21 127.75 169.34 175.77
8 56.64 85.42 125.58 159.93 208.27 232.17
9 48.68 74.06 107.86 142.55 179.60 210.00
10 4491 68.57 99.34 126.00 166.29 189.44
11 41.78 64.53 94.50 120.19 154.92 179.99
12 50.42 78.06 112.23 148.44 189.49 226.97
13 50.74 76.38 111.55 143.02 185.28 209.34
14 50.44 76.97 113.62 141.73 186.71 207.67
15 44.10 67.79 99.01 128.58 163.52 191.62
16 47.29 71.04 105.80 128.35 171.34 178.49
17 52.18 78.66 114.58 151.38 190.83 221.34
18 52.30 79.72 117.56 149.96 193.32 218.22
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According to the calculated frequencies in Table 5, the range analysis and variance
analysis of five parameters were performed, and the significance analysis results are shown
in Table 6, where 1 indicates that the parameter has a significant effect on the modal
frequency of corresponding order, and 0 indicates that the parameter has no significant
effect on the modal frequency of the corresponding order. Therefore, it can be concluded
that factors X, X3, and X5 have highly significant effects, while X, and X, have non-
significant effects. Therefore, the elastic modulus of the non-connected beams, connected
beams, non-beam structures, and the density of the non-beam structures were selected as
the parameters that needed to be corrected.

Table 6. Significance analysis of parameters that needed to be corrected.

Parameter 1st Order 2nd Order  3rd Order 4th Order 5th Order 6th Order

X1 1 1 1 1 1 1
Xz 0 0 0 1 0 1
X3 1 1 1 0 1 1
Xy 0 0 0 0 0 0
X5 1 1 1 1 1 1

3.3. Establishment of RSM

According to the significance analysis results, the elastic modulus of the non-connected
beams, connected beams, non-beam structures, and the density of non-beam structures
were selected as the parameters that needed to be corrected. According to the actual elastic
modulus and density values of 6063 and Q235, respectively, it was determined that the
elastic modulus of the non-connected beams ranges from 50 GPa to 78 GPa, the elastic
modulus of the non-beam structure ranges from 168 GPa to 230 GPa, the elastic modulus
range of connected beams is from 55 GPa to 95 GPa, and the non-beam structure density
ranges from 7000 kg/m? to 8600 kg/m?3. Within the above range, 150 sampling points were
sampled via the Latin hypercube method, as shown in Figure 8.

The 150 sets of material parameters obtained by the Latin hypercube method were
imported into ANSYS, and the first six orders of natural frequency corresponding to
different material parameters of the solid FE model and the mixed FE model were calculated,
respectively, as shown in Table Al(a,b).

The material parameters obtained by the Latin hypercube method and the correspond-
ing six orders of natural frequencies were imported into the MATLAB software, and the
RSM between the objective functions and design variables was constructed according
to the Gaussian correlation function and the Kriging model. To verify the established
RSM'’s accuracy, the design variables within the same range of the values were sampled via
the Latin hypercube method, again, to obtain three verification groups, and the objective
function values obtained via FEM and RSM are listed in Table A2(a,b). It can be seen that
relative errors of the objective function values between the RSM and two FE models are
both within 0.5%, and the established RSM can be considered to have sufficient accuracy.

3.4. FEMU

Taking the square sum of the relative error of the first six order frequencies obtained
by the constructed Kriging surrogate model and those obtained by the experiment as
the objective function, GA was used to optimize the solution. The objective function is
given below.

Min fit(x) = Min

(ER<fkrigirfri> + (1 - MAC(‘Pkrigi - ‘Pri)) (9)
i=1

where x is the parameter that had to be corrected; 1 is the modal order; fyio; and @yyig; are
the natural frequency and mode shape of the i-th order calculated by the Kriging model,



Aerospace 2023, 10, 79 12 of 20

respectively; f,; and ¢,; are the natural frequency and mode shape of the i-th order obtained
in the experiment.
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Figure 8. Sample points of parameters that had to be corrected. (a) Elastic modulus of beam.
(b) Elastic modulus of connected beam. (c) Elastic modulus of Q235. (d) Density of Q235.

In engineering tests, if the modal shape is used as the correction target, a narrowing
modal shape error may cause the correction result to be inconsistent with the real structure,
increase the number of calculations in the optimization solution, and reduce the solution’s
efficiency, and hence, in the process of model correction of the actual structure, only the
modal frequency was used as a correction objective function, and the mode shape was used
as the evaluation index [26]. The objective function of modal frequency is constructed below.

fkrigi - fri
fri

In the optimization process, the setting variable ranges were 50-78 GPa, 55-95 GPa,
168-230 GPa, and 7000 kg/m3-8600 kg/m?>. The optimal solution was obtained via GA,
the initial population was set to 100, the crossover operator was set to 08, the mutation
operator was set to 0.005, and the maximum number of iterations was set to 300. Figure 9
shows the change curve of the objective function values with the iterative optimization.
It can be seen from Figure 9a that for the solid FE model, when the 10th iteration was
performed, the fitness value converged, and the corresponding elastic modulus of the non-
connected beams is 55.04 GPa, the elastic modulus of the connected beams is 71.55 GPa, the
elastic modulus of the non-beam structures is 172.40 GPa, and the density of the non-beam
structures is 7822 kg/m?3; the objective function value is the smallest one. It can be seen
from Figure 9b that for the mixed FE model, when the 251st iteration was performed,

2

(10)

Minfit(x) = 1\/[11’lf1 (ER(fkrigir fri) = 1\/[11’1i1
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the fitness value converged, and the corresponding elastic modulus of the non-connected
beams is 53.18 GPa, the elastic modulus of the connected beams is 79.04 GPa, the elastic
modulus of the non-beam structures is 169.27 GPa, and density of the non-beam structures
is 8140 kg/m?; the objective function value is the smallest one.

600 1200 , , , - ,
300+ 1000}
o 400+ 2800 | ¥
: £
S > e
% 300 %600 e,
g g .
Z i hH
~ 200} 400 | Yy
) w;\-"'_':-, .
100f 200 N .
% 5 10 15 20 25 30 35 40 45 50 %0 S0 100 150 200 250
Generation Generation
(a) Solid FE model (b) Mixed FE model
Figure 9. The change curve of objective function value with the number of iterations.
The corrected parameter values before and after the optimization are shown in
Figure 10. It can be observed that after the FEMU of the solid FE model and mixed
FE model of the experiment rack simulator, the modification parameters E; and E3 were
significantly reduced, and the modification parameter E; was slightly increased. This is
because the rigidity of the Aluminum profile part fixed on the connection block by bolts is
greater than that of the Aluminum profile part without bolts between the layers, which is
consistent with the actual situation.
q 250 b 5

I Solid FE Model

[ IMixed FE Model

8]
(=3
S

[ Initial parameter value

I Solid FE Model
[ IMixed FE Model |

@
<]

(=3
=]

Corrected parameter values (GPa)

2

Error (%)

=20 1

251

-30 *
E

E 3 ‘1 EZ F‘S

-

E

Figure 10. Parameter changes before and after correction. (a) Parameter values before and after
correction. (b) Parameter change rate before and after correction.

The optimized material parameters were recalculated, and the calculated first six order
frequencies are shown in Figure 11. It can be seen that the first six order frequency errors of
each order are within 5%, indicating that the FEMU model of the experiment rack simulator
is in good agreement with the experimental model.
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Figure 11. The frequency errors between updated model and experimental results. (a) The frequency
of updated model and experimental results. (b) The frequency error of two updated models.

4. Experimental Validation for FEMU
4.1. Sweep Frequency Test

The accuracy of the two updated FE models was first verified by the sweep frequency
test. The experiment rack simulator was excited along the X direction, the excitation
amplitude was 0.1 g, and the sine sweep frequency range was 4-200 Hz. The vibration
response of three measuring points, Al, A2, and A3, were arranged. The test system and
measuring points’ layout are shown in Figure 12. The simulation results of two FE models
and experimental results under the sweep frequency condition are shown in Figure 13 and
Table 7. It can be observed that the test and calculated vibration responses are in good
agreement. The error of the first order resonance frequency value is within 5%, and the
response error corresponding to the first order resonance frequency is within 5%. Therefore,
the FEMU models can be used to predict the vibration response of actual structures.

A

(a) (b)

Figure 12. Test site of the experiment rack simulator. (a) Test rig. (b) Measured points’ layout.

Table 7. Simulation and experimental vibration response under sweep frequency.

Test Solid FE Model Error Mixed Model Error
Measuring Points o plitude Frequency ~ Amplitude  Frequency ~ Amplitude  Frequency Amplitude  Frequency  Amplitude Frequency
(g (Hz) (g (Hz) (%) (%) (g (Hz) (%) (%)
Al 0.37 88.85 0.38 87 3.60 2.08 0.36 85 1.60 4.33
A2 0.66 88.11 0.64 87 4.20 1.26 0.70 85 5.29 3.53
A3 4.59 88.37 4.45 87 3.00 1.55 4.56 85 0.65 3.81
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Figure 13. Frequency sweep curves for two FE models of experiment rack simulator and measured results.

4.2. Random Vibration Test

The accuracy of the two updated FE models was further verified by a random vibration
test. The specific settings were as follows: the random vibration range was 10-2000 Hz,
the excitation direction was the X direction, and the vibration response of two measuring
points, Al and A4, were arranged. The input acceleration power spectral density (PSD) is
shown in Figure 14. The simulation results of the two FE models and experimental results
under random excitation are shown in Figures 15 and 16 and Table 8. It can be observed
that the test and calculated random vibration responses of point Al and point A4 are in
good agreement, and the root mean square (RMS) error of the vibration response is within
7%. Therefore, the FEMU models can also be used to predict the random vibration response
of the actual structures. Both the random vibration and sweep frequency test results verify
the accuracy of the proposed updated FE models.

x107

Amplitude (g°/Hz)
.L—h N~ t’l

e
n

0 500 1000 1500 2000
Frequency (Hz)

Figure 14. Random vibration load spectrum of experiment rack simulator.



Aerospace 2023, 10, 79

16 of 20

1 ‘ ; . 16 ; ‘ ;
a b
14
0.8+ .
12f :
g =
= 0.6 F 1 Sor |
& o
5 S 8r ]
2 2
.04 : =
£ g 61 1
< <
4F ]
02+ :
s
0 ) A A l ! 0 1 I v 1 l
0 500 1000 1500 2000 0 500 1000 1500 2000
Frequency (Hz) Frequency (Hz)
Figure 15. Measured random vibration response of experiment rack simulator. (a) Point Al.
(b) Point A4.
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Figure 16. Calculated random vibration response of two FE models of experiment rack simulator.
(a) Point A1 for solid FE model. (b) Point A1 for mixed FE model. (c) Point A4 for solid FE model.
(d) Point A4 for mixed FE model.

Table 8. Random vibration test and simulation results of the experimental rack.

Measuring Point Measured RMS (g) RMS of Solid FE Model (g) Error (%) RMS of Mixed FE Model (g) Error (%)
Al 4.24 4.09 3.50 4.50 6.26
A4 12.62 13.32 5.56 13.03 3.23
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5. Conclusions

In this paper, the solid FE model and the mixed FE model of the experiment rack
simulator were established, and the FEMU of the experiment rack simulator was conducted
by a combination of RSM and GA. The main conclusions are as follows:

(1) First, according to the structural form and connection characteristics of the experi-
ment rack, the solid FE model and the mixed FE model of the experiment rack simulator
were established. The number of elements and nodes in the solid FE model was 2.3 times
higher than that of the mixed FE model. The maximum frequency error of the mixed FE
model was smaller than that of the solid FE model, which indicates that the mixed FE
model is more accurate and efficient.

(2) Then, partition modification was adopted to determine the main modification
areas, and the experiment rack simulator was divided into three modification areas. A
further significance analysis of the modification parameters of three modification areas
was performed, and four sensitive design variables were selected. The Latin hypercube
sampling method was utilized to sample the design variables points and the Kriging
response surface model between the parameters that needed to be corrected, and the
modal parameters of the experiment rack simulator were established and optimized by
GA, thereby improving the calculation efficiency and accuracy of FEMU models.

(3) Finally, frequency sweep and random vibration tests were carried out on an experi-
mental rack simulator. The results show that the vibration response error of the experiment
rack simulator under sweep frequency excitation was within 5%, and the RMS errors of
vibration response of the experiment rack simulator under random excitation were within
7%. The proposed FEMU method of experimental rack simulator is precise and efficient,
and it can thus help us to predict the vibration behavior of a real structure.

Author Contributions: Conceptualization, methodology: Q.H.; software, validation, formal analysis,
investigation, writing—original draft preparation: Q.Z.; project administration, supervision: J.L.;
formal analysis, investigation: C.Y. All authors have read and agreed to the published version of
the manuscript.

Funding: This research was funded by the National Natural Science Foundation of China, grant
number 12072069.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.

Acknowledgments: The authors would like to acknowledge Zhaodong Fang and Fukun Li for their
assistance with the experiments.

Conflicts of Interest: The authors declare no conflict of interest.
Nomenclature

WEEA The calculated frequency via FEM.
wgmMa  The test modal frequency.

frrigi The natural frequency of the i-th order calculated by the Kriging model.
Phrigi The mode shape of the i-th order calculated by the Kriging model.

fri The natural frequency of the i-th order obtained by the experiment.

Pri The mode shape of the i-th order obtained by the experiment.

P(X) The polynomial base function.

B The corresponding undetermined coefficient.

S(X) The fitting deviation function with a mean of 0 and a variance of o2.

R(u,v) The correlation function.
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Appendix A

Table A1l. (a). Design variable sampling points of solid FE model and corresponding first six natural

frequencies. (b). Design variable sampling points of mixed model and corresponding first six

natural frequencies.

(a)

Parameter X1 X2 ...... X149 X15()
E; (GPa) 72.15 7695 ... 56.29 51.30
E, (GPa) 81.14 66.06 ... 79.29 68.65
E3 (GPa) 204.05 21693 ... ... 188.10 169.11
Dy (kg/ m?) 7769.58 8525.61 ... ... 7369.89 7336.70
f; (Hz) 49.61 4744 ... 46.93 44.69
f, (Hz) 75.46 7220 ... 72.03 68.63
f3 (Hz) 110.98 10622 ... ... 105.04 99.90
fy (Hz) 139.85 13520 ... 133.18 126.68
fs (Hz) 183.30 17478 ... ... 174.63 165.80
fe (Hz) 204.86 19696 ... ... 200.84 190.96

(b)

Parameter X1 X X149 X150
E; (GPa) 72.15 7692 ... 56.30 51.30
E; (GPa) 81.15 66.06 ... 79.29 68.65
E3 (GPa) 204.05 21694 ... ... 188.10 169.12
D; (kg/m%) 7769.58 852561 ...... 7369.89 7336.70
f1 (Hz) 45.48 4251 L. 42.35 40.75
f, (Hz) 70.46 67.07 ... 67.39 64.55
f3 (Hz) 102.28 9635 ... ... 96.34 92.54
fy (Hz) 123.10 118.67 ... ... 120.20 114.28
fs (Hz) 169.50 160.61 ... ... 161.02 154.21
fe (Hz) 192.58 19004 ... ... 192.95 183.45

Table A2. (a). Relative errors of objective function values between RSM and solid FE model. (b). Rel-
ative errors of objective function values between RSM and mixed model.

(a)

X1 X5 X3
E; (GPa) 77.45 55.17 62.84
E, (GPa) 72.71 90.77 56.63
E; (GPa) 177.75 193.31 218.67
Dy (kg/m3) 8271.90 7009.00 7859.90

FEM RSM Error FEM RSM Error FEM RSM Error
f1 (X) 48.00 47.80 0.42 48.39 48.21 0.38 45.65 45.68 0.06
fr, (X) 72.48 72.19 0.39 74.46 74.18 0.38 70.09 70.13 0.06
f3 (X) 107.21 106.78 0.41 108.33 107.95 0.36 102.06 102.13 0.06
fy (X) 133.28 132.73 0.41 137.56 137.02 0.39 132.36 132.41 0.03
f5 (X) 175.23 174.52 0.41 180.92 180.19 0.40 169.26 169.37 0.06
fe (X) 189.44 188.49 0.50 209.93 208.88 0.50 198.57 198.81 0.12

(b)

X1 X7 X3
E; (GPa) 77.45 55.17 62.84
E, (GPa) 72.71 90.77 56.63
E; (GPa) 177.75 193.31 218.67
D; (kg/ m3) 8271.90 7009.00 7859.90
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Table A2. Cont.

FEM RSM Error FEM RSM Error FEM RSM Error
f1 (X) 42.13 42.21 0.18 47.81 47.77 0.09 41.41 41.46 0.12
fr (X) 65.62 65.77 0.24 73.94 73.88 0.08 65.81 65.87 0.09
f3 (X) 94.64 94.85 0.23 107.47 107.38 0.09 94.22 94.31 0.10
fy (X) 115.09 115.40 0.27 128.89 128.79 0.08 116.98 117.09 0.10
fs (X) 157.37 157.74 0.23 177.86 177.71 0.09 157.17 157.34 0.11
fe (X) 182.14 182.68 0.30 200.79 200.65 0.07 187.94 188.05 0.06
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