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Abstract. A novel intelligent identification method for determining connection stiffness values of
the aircraft engine vibration model is proposed. Firstly, a dynamic finite element model of an
aero-engine is established. The stiffness values of supports and mountings are taken as the
connection parameters to be optimized, and then the natural frequencies of the whole machine are
obtained under different connection stiffness values by finite element simulations. The regression
function, which is from the stiffness to the natural frequency, is constructed in the support vector
machines method. Then, the genetic algorithm is applied to a multi-objective optimization. Based
on the real natural frequencies (which can be obtained by a modal test), a fitness function of
multi-objective optimization of genetic algorithm is established. Using the real number coding
method, the connection stiffness values of the whole machine are finally identified. An
aero-engine rotor tester with casing is taken as an example to verify the method. According to the
results of a modal test, the stiffness values of the supports and mountings are identified, and the
results show the method effectiveness.

Keywords: aero-engine, whole engine vibration, model updating, connection stiffness, intelligent
identification.

1. Introduction

Aero-engine high-fidelity modeling has always been an important issue in the development of
aircraft engine [1]. In recent years, component model updating technologies have been very
mature. But the connection parameters between the components still cannot get some efficient and
accurate correction methods [2]. In fact, the connection parameters updating is very difficult, and
it is the key factor to build and update the whole engine dynamic model.

Many scholars have studied model updating technologies, and there are various updating
methods [3-7]. Many scholars have modified the international standard test GARTEURI19 to
verify the effectiveness of their methods [8-14]. The traditional method of model correction is
divided into the matrix method and parameter method. The main drawback of the matrix method
is that the modified matrix cannot have the original matrix of the band and sparse, and its physical
meaning is unknown. The parameter method is the most widely used method based on the
sensitivity of the modal feature, which is mainly affected by the accuracy of the measured modal
characteristics [15, 16]. In 1951, Box and Wilson proposed an approximation model, called as the
response surface model. The basic idea was to build a response surface model with polynomials
for constructing a relatively simple explicit relationship between the input and output, in order to
replace a large number of complex implicit calculations [17], but the response surface method is
affected greatly by the design tests and approximate difference model.

The model modification technique has been applied to the aero-engine. Many scholars have
proposed many modal correction methods, and almost all the methods have a good
correspondence with the experimental results. Zang Chaoping applied the first-order optimization
method to modify the finite element (FE) model of a casing and compared the result of FE
simulation and the modal test [18]. Zhao Bin applied the semi-in-kind simulation method to update
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an aero-engine rotor test model [19]. Bian Jie modified an aero engine casing model with the
method which combined the first-order optimization method and optimization algorithm [20].
However, most of them are based on the component model updating technique. In the complex
system with high coupling and mutual boundary between components, the identification of
connection parameters is often more complicated, and the updating technique is more practical in
engineering [21].

In this study, an intelligent identification method for aircraft engine connection parameters is
proposed. Based on the whole machine modal test, the comprehensive multi-parameter
identification of the support and mounting stiffness values is conducted. First of all, a large number
of natural frequencies under different stiffness combinations is computed. Then, using the
regression model of SVM, the mapping function relationship between the multi-stiffness
parameters and the natural frequencies of each order are established respectively. Finally, the
genetic algorithm is used to construct the fitness function based on the measured natural
frequencies of the whole machine, and the optimal connection stiffness parameters are obtained.
In this study, the method effectiveness is verified by an aero-engine rotor tester with casing.

2. Intelligent identification method for connection stiffness parameters of aero-engine
vibration model

2.1. Method introduction

The overall calculation flow diagram of the intelligent identification method presented in this
study is shown in Fig. 1 mainly divided into the following steps:

1) The initial dynamic model is established. The structure of the whole machine is analyzed to
estimate the range of the connection stiffness values.

The Stiffness To determine To get Support To get the
original | _|Sensitivity o stiffness to be ) samples Vector regression
dynamic || Analysis e OP{‘"_"_Z?d and®based on FE[”| Machines [ | function

model their range calculation
>
Y
Modal Test modall Simulation| [The whole| [Optimum ]
experime-_’ result and l‘el}:ﬁgih a tester stiffness e Genetic
harmonic - ; mami . algorithm
nt 1armoty harmonic dynamic value =
response response model

The confirmed whole machine dynamics model

Fig. 1. The overall framework and flow chart of the method

2) The sensitivity analysis of the connection stiffness values on the natural frequencies of the
whole machine is conducted.

3) According to the results of sensitivity analysis, the high sensitivity stiffness parameters are
selected to be identified.

4) The finite element models are calculated to obtain the corresponding modal frequencies
under different stiffness combinations, and form sample sets which are formed by stiffness values
combinations and corresponding modal frequencies.

5) For a sample set, the support function vector regression is used to obtain the explicit function
relationship between the stiffness values and the modal frequencies of the whole machine.

6) The genetic algorithm is used to identify the stiffness values. The reciprocal of the sum of
the absolute values of the differences between the calculated frequencies and the modal
frequencies (obtained by the modal test) is set to the fitness function.

7) Finally, the obtained stiffness values are substituted into the whole machine dynamic model
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for the finite element calculation, and the results are compared with the mode test ones to verify
the intelligent identification method.

2.2. Regression function obtained based on SVM

The support vector regression is used to train the sample data to get the prediction model of
the stiffness values to the natural frequencies. The model can be extended and perfected by the
supplement of the sample.

For a given training sample {(X;,y;),i = 1,2,...,n}, X; as the input vector, and y; is the
corresponding output vector. A non-linear mapping (¢) is used to map the input vector to a
high-dimensional feature space by SVM. And the linear regression is conducted, the regression
function is:

f(x) =we¢p(x) +b. @)

Among them, w and b are weight vectors and thresholds, respectively. w e ¢p(x) is the inner
product of w and ¢ (x), and satisfies the structural risk minimization principle.
The extremum of the objective function is obtained:

(1 N g
m1n§||w||2+CZ(fi+fi),

- f(x;) ls_e + &, )
f&x)—y; <e+é&, (i=12,...,n),
fi: él* = 0

Among them, C is the penalty factor to achieve a compromise between the empirical risk and
the confidence range. ¢ is an insensitive function to ensure the sparseness of the dual variables,
while ensuring the existence of the global minimum solution and the optimization of the reliable
generalization bound. &; and &/ are relaxation variables solved for w, b.

Using the Lagrangian function, Eq. (2) can be transformed into the dual form of solving the
Lagrangian operator a;, a;. Similar to the classification problem, the kernel function K (x;, X;) is
used to replace the inner product, and the mapping from a low dimensional space to a high
dimensional space is realized, thus the nonlinear problem in a low dimensional space is
transformed into the linear problem in a high dimensional space. After introducing the kernel
function, the optimization objective function becomes as follows:

maxzyl(% a; )—SZ((X +a; )—— Zj:1(0&—af)(aj—aj*)K(xi,xJ'),
" e 3)

n
s.t. ) (g —af) =0, a;a; €[0,C].
=1

i

The corresponding predictive function becomes:

n

flaa' 0= ) (@ = a) Kxx) +b. @

i=1

The regression model of SVM can be constructed directly using the Eq. (4).
The support vector regression method based on the structural risk minimization both takes into
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account the fitness of the training samples, and takes into account the complexity of the training
samples, and has a good predictive ability. With a reasonable range of values, the SVM model can
approximate the nonlinear function accurately without using much training samples.

2.3. Intelligent recognition based on genetic algorithm

Genetic algorithm was firstly used in the system identification by Goldberg. Since the 1990s,
the genetic algorithm application has become more and more extensive. The genetic algorithm
application in the system identification is based on the prior knowledge of the specific system,
and the genetic algorithm is used as the global optimization method to identify the system
parameters by solving the optimization problem.

The basic principle of connection parameters identification for a structural system is to optimize
them to the objective function, and the objective function is set to the reciprocal of the difference
between predictive values and measured values of the modal frequencies of the structural system,
and finally the connection parameters are identified. The connection stiffness values identification
method based on the genetic algorithm is shown in Fig. 2, the specific steps are:

1) Coding: The selected optimization parameters are: kq, k..., k,,, using the real number
encoding method. The key factor of real number coding is to determine the ranges of each
parameter. The appropriate scope will greatly reduce the search space of genetic algorithm, and
improve the recognition accuracy and computational efficiency.

2) Fitness function design: target frequency is f,; , the predicted frequency is
feri» 1 = 1,2, ..., n. The fitness function of the genetic algorithm is defined as:

1
Fitness = —————. 3)
Z;l'fcri - fCTi'

3) Selection: Using the proportion selection algorithm, i.e. the choice of gambling selection,
while using the optimal preservation strategy. Individuals with the highest fitness in the current
population do not participate in the crossover and mutation operations, but replace the individuals
with the lowest fitness due to the genetic manipulation such as crossover and mutation. Let us
suppose that the population size is M, and the fitness of individual i is F;, then the probability p;¢
of the individual i is selected as follows:

F;

Dis = - (6)
s 1i\/i1 Fi

4) Crossover: Arithmetic crossover method, assuming that the arithmetic crossover is
conducted between the two individuals X£, X5, and, after the cross operation, two new individuals
are generated:

{Xj“ aXh+ (1 — )X}, ™

Xt = aXi + (1 — a)XE.
Among them, «a is the parameter, if @ is a constant, using the uniform cross, if  is a variable,

the non-uniform cross is used. Here choose & = 0.1, and the uniform cross is used.
5) Variation: Using uniform variation, assume that a gene in the chromosome x* is the

variation point, the value range is [UX,,, UK., ]. After the uniform variation operation of this
chromosome at this point, the new gene is:

xlg = UrI;zin +7rX (Urlﬁlax - Urlﬁu'n)' (8)
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In Eq. (8), r is a random obeying [0, 1] evenly distributed.
6) Other parameters: the population is set to 100, the crossover rate is 0.9, and the mutation
rate is 0.1.

Start

The optimized parameters are real-number-coded and randomly generated to

v initialize the population

The total ¢
natural
frequency
.f;n (=1.2.
....n) from ¢ T
the whole
modal test

According to the value of optimization parameters, substituted into the
B regression function calculation formula

Generatea new population

f

Select the crossover mutation

IThe fitness of each gene cluster was calculated

Stop criteria?

Yes

Fig. 2. Genetic algorithm modal recognition process
3. Validation of aero-engine rotor tester with case
3.1. Machine mode test
3.1.1. Rotor tester

The research object is an aero-engine rotor tester, which is designed and manufactured by the
Shenyang Aero-engine Research Institute. The tester is similar to a real aero-engine by its shape,
but the size is reduced to the original one-third. The internal structure is simplified. The shaft is a
solid rigid shaft. The test machine is driven by a motor, which constitutes a typical single-rotor
aero-engine system model. The true picture of the tester is shown in Fig. 3(a), and its sectional
view is shown in Fig. 3(b).

The aero-engine rotor tester is rigidly mounted and fixed on a test platform. The front mounting
is located on the left and right sides of the compressor casing, and is fixed to the bracket with bolt
structure. The rear mounting section is located on the left side of the turbine stator casing, and the
rear section of the tester is suspended by a hinge. The installation section is not symmetrical,
resulting in horizontal and vertical dynamic characteristics are not symmetrical, in order to get
complete modal results, the modal test should be conducted at horizontal and vertical directions
respectively.

Rear mounting

Rotor tester

-

1-compressor rotor 2-roller bearing 3-compressor

\ /’.C_‘:-.* X< stator 4-squirrel cage elastic support 5-shaft 6-
N " turbo rotor 7-ball bearing 8-turbo stator
a) Actual aero-engine rotor tester b) Rotor tester profile
Fig. 3. Aero-engine rotor tester
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3.2. Program

In this study, 13 measuring points are selected for a test, the B&K4508 ICP acceleration
sensors are arranged in turn, where 6 measuring points are located at the rotor, and 7 measuring
points are located at the stator (the position of the measuring points is shown in Fig. 4). The sine
excitation method is used in the test, and the measuring point 1 is the excitation point. The
sinusoidal excitation force is measured by an impedance head mounted between the exciter ram
and the structure. The modal tests were carried out in the horizontal and vertical directions
respectively, and the modal parameters in each direction are obtained.

Front mount Rear mount
ks(ksy) ka(kyy)

Front support ~ Rear support
kix(kyy) kau(kzy)

Excitation
point

<[
\DD e

LI
12

O

|| ]
10 11

w

A-Compressor disk B-Turbo disk
~ a) Scheme of excitation and measure points position

Exciting pint g ‘ | B

1)

b) Measurement point 6
=

" 4

¢) Measurement point 7-13
Fig. 4. Scheme of tester modal experiment in horizontal direction

3.2.1. Test results

The modal parameters of first three orders in the horizontal direction (listed in Table 1) can be
obtained using the vibration modal identification software; modal shapes are shown in Fig. 5. In
Fig. 5, the modal stator shape is presented on the upper half, and the lower half shows the modal
rotor shape. In the horizontal direction, the first-order natural frequency is 38.20 Hz, the modal
shape is the rotor and stator coupling vibration, wherein there are the rotor pitches and stator
pitches. The second-order natural frequency is 46.57 Hz, and the modal shape exhibits the rotor
translational rigid vibration behavior, the stator vibration is little. The third-order modal shape is
rotor bending, the frequency is 113.42 Hz.

According to the experimental results, the first three modal parameters in the vertical direction
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are obtained, as shown in Table 2, and the modal shapes are shown in Fig. 6. The first-order natural
frequency is 28.84 Hz, the modal shape is rotor pitching, the turbine displacement is larger, and
the node position is close to the compressor. The second order is also the rotor rigid vibration, the
compressor displacement is larger, and the node position is close to the turbine, the frequency is
42.88 Hz. The third-order modal shape is the rotor bending, frequency is 114.96 Hz. In the first
three modes in the vertical direction, the stator has little vibration.

Table 1. Experimental modal results in horizontal direction

Order Ist 2nd 3rd
Natural frequency /Hz | 38.2 46.57 | 113.42
Damping ratio 0.0113 | 0.0167 | 0.0134
Table 2. Experimental modal results in vertical direction
Order Ist 2nd 3rd
Natural frequency /Hz | 28.8 42.88 | 114.96
Damping ratio 0.0114 | 0.0205 | 0.0123

a) Ist order (38.20 Hz) b) 2nd order (46.57 Hz) ¢) 3rd order (113.42 Hz)
Fig. 5. First 3 orders modal shapes of rotor tester in horizontal direction

a) Ist order (28.80 Hz) b) 2nd order (46.57 Hz) ¢) 3rd order (114.96 Hz)
Fig. 6. First 3 orders modal shapes of rotor tester in vertical direction

The stator-casing thickness of the rotor tester is 4 mm, which implies that the stator stiffness
is high. The phenomenon of coupling vibration of the stator and rotor in the horizontal direction
is not caused by their structures alone. The stator vibration in the horizontal direction is due to the
mounting method. The rear tester mounting is a hanging hinge that lifts the tester tail, implying
that the rear tester side is not constrained in the horizontal direction. Hence, the rigid modal shape
of the first order stator and rotor coupling is due to the mounting method of the tester.

3.3. Identification of whole tester stiffness
3.3.1. Whole tester stiffness analysis

1) Finite element modeling.

The structure of the rotor tester is complex. There are observation holes, excitation holes, bolts,
keyways and other small size structures on the casing, these structures have a little effect on
dynamic characteristics. However, these structures will increase the scale of the finite element
model when meshing the geometrical model, which increases the computation steps. Hence, the
structure is simplified for the modeling process, and some small-size structures are neglected.
Tester rotor material is 30CrMnSi, the casing material is 1Cr18Ni9Ti. The material parameters

1 432 JOURNAL OF VIBROENGINEERING. MAY 2018, VOLUME 20, ISSUE 3



2864. INTELLIGENT IDENTIFICATION METHOD FOR WHOLE AERO-ENGINE CONNECTION STIFFNESS.
MEUIAO QU, GUO CHEN, KATYONG ZHANG

are shown in Table 3.

Fig. 4(a) shows the position of mountings and supports. k; ., ky, are the horizontal and vertical
stiffness of the rotor front supports, respectively. k,y, k3, are the horizontal and vertical stiffness
of the rotor rear supports. k3, k3, is the horizontal and vertical stiffness of the front mounting.
ksx, k4y is the horizontal and vertical stiffness of the rear mounting. SOLID186 is selected to
mesh the rotor and stator structures, and Conbin14 is selected to simulate the bearings. The finite
element model is shown in Fig. 7. There are 179763 units and 57204 nodes.

Table 3. Material parameters of tester model
Elastic modulus / (Pa) | Density / (kg/m?®) | Poisson’s ratio
2.11x10!! 7800 0.3

Fig. 7. Finite element model of whole rotor tester

2) Structural analysis and stiffness range estimation.

The tester has a total of four stiffness parameters. k;, k-, is the rotor supports stiffness, and k5,
k, is the mountings stiffness. The rotor is supported by an elastic squirrel cage support structure
in series with the bearing structure. The rigidity of squirrel cage support structure is weak and
plays a major role in series stiffness. The bearing in a front support (support 1) is a cylindrical
roller bearing, the bearing designation is N206EM. The rear element in rear support (support 2) is
a deep groove ball bearing, the bearing designation is 6206. According to the experience,
simulation and modal test results, the range of k1, k1, kay, k2, is from 1x 10° N/m to 2x10°N/m.
The front mounting is fixed at the bracket with a ball-winch structure. Its horizontal and vertical
stiffness is strong; the range of k3, and kj,, is from 5x10° N/m to 5x107 N/m. The rear mounting
is hinged vertically in one side. The stiffness of rear mounting in the horizontal direction is weak.
The range of kux is considered from 1x10% N/m to 5x10°N/m. The stiffness in the vertical direction
is stronger than the one in the horizontal direction, and the range of k,,, is 5x 10° N/m-5x107 N/m.

3) Analysis of influence of stiffness on natural frequencies.

kix, k1y, kax, K2y are setto 1x10°N/m, k3, and k3, are equal to 1x10"N/m, ky, is 5x10°N/m,
ks is 510" N/m. By changing one of the stiffness values alone and calculating the first three
natural frequencies, the influence of the changed stiffness on the first three natural frequencies can
be obtained. As the horizontal and vertical stiffness is not symmetrical, the first three natural
frequencies in the horizontal and vertical directions are calculated respectively. The results are
shown in Fig. 8 and Fig. 9.

It can be seen from Fig. 8 that the first two natural frequencies in the horizontal direction are
strongly affected by k., k,, and k4, and are not sensitive to the change of k3,. When ks, is
greater than 1x107 N/m, the natural frequency of each order is not changed any more. The
third-order natural frequency in the horizontal direction is not affected by the change of stiffness.
Therefore, the horizontal direction selection k4., k,, and k,, are the preferred optimization
parameters.

It can be seen from Fig. 9 that the natural frequencies of the first two orders in the vertical
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direction are greatly affected by k,, and k;,,, and are affected a little by k3,, and k4,,. Among
them, the impact by ks, is smaller. When ks, is greater than 1x107 N/m, the natural frequency of
each order is not changed any more. And the third-order natural frequency in the vertical direction
is not affected by the change of stiffness. In summary, ky,,, k;,, and k,,, are selected to be the
optimum stiffness in the vertical direction.
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4) Sample calculation.

It is found that the horizontal stiffness parameters only affect the natural frequencies in the
horizontal direction, while the vertical stiffness values only affect the natural frequencies in the
vertical direction. So, the horizontal direction and the vertical direction are optimized separately.

As previously described, for the horizontal direction, k3, = 1x107 N/m, the range k., k,, is
from 1x10° N/m to 2x10°N/m, k,,, is from 1x10°N/m to 5x10°N/m. In the ANSYS software, the
first three natural frequencies (fy1, fu2, fu3) shall be calculated in the horizontal direction under
different k., ko, k4, values combinations. A set of samples is constructed consisting of k4, Kk,
kax and fy1, fuz, fus respectively. Similarly, for the vertical direction, k3, = 1x107 N/m, the
range of kyy, ky, is from 1x10° N/m to 2x10° N/m, the range of ky,, is from 5x10° N/m to
5%107 N/m.

fu1 is an example to illustrate the sample construction method: every calculation, a
four-dimensional vector, that is, a sample point, which constitutes by kq,, k,y, k4, and fy4, can
be obtained. A set of sample points for all combinations of values within the range can be used as
a training sample for SVR modeling.

In model training and testing, the total samples are randomly divided into a half as training
samples, and the others are as the test samples. In calculation, because the number of the
parameters in a range is endless, for a parameter, some values in its corresponding range are
selected for a calculation. In calculation, 75 sample points are obtained for each order natural
frequency in one direction. The sample data are collated to form sets of samples, which combine
the stiffness value combination and its corresponding modal frequency.

3.3.2. Intelligent identification of whole test connection stiffness

1) Regression function of stiffness values to natural frequencies based on SVR.

Based on the SVR technique, the mapping of the natural frequency to stiffness values is
obtained. The mapping reflects the functional relationship between the input (connection stiffness)
and the output (natural frequency) of the finite element model.

The first two orders of natural frequency data are used to carry out the support vector
regression prediction test, Fig. 8 shows the results. Among them, samples 1-4 characterize the
relationship between kq, and fy, k1, and fy,, k5, and fy4, and k,, and fy,, respectively. The
support vector parameters of samples are identified by the genetic algorithm, as shown in Table 4,
and the test results are shown in Fig. 10.

Table 4. Support vector parameters and mean square error

Sample number y C eps | Mean square error / %
1 1.0138 | 343.999 | 0.1 0.71
2 0.7666 | 345.664 | 0.1 0.82
3 0.0715 | 292.521 | 0.1 0.85
4 0.0033 | 24.4758 | 0.1 0.89

It can be seen from Fig. 11 that there is a good agreement between the predicted natural
frequencies and the actual natural frequencies. The results show that the model has good
generalization ability, and it can be used to replace the whole tester finite element calculation. It
can be used to predict the natural frequency of the tester.

Respectively, the support vector regression analysis is carried out in the horizontal direction
and vertical direction, respectively, so we can get:

{f(fm) = fi(kyx Kox Kax), )
f(fyz) =/ (klx: Ko k4-x)'
{f(fm) = 91(k1y: k2y' k4y)' (10)
f(fv2) = g2 (kly' k2y' k4y)-
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Egs. (9) and (10) are the support vector regression models of the connection stiffness to the
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natural frequencies in the horizontal and vertical directions, respectively.
2) Stiffness identification based on genetic algorithm.

Based on the natural frequency prediction model, the experimental results are regarded as the
target to identify the stiffness values in the horizontal and vertical directions, respectively. In
calculation, the number of population and evolutionary algebra are both set to 100. Fig. 11 shows
the convergence curves of the fitness values with genetic algebra in the horizontal and vertical

directions, respectively. The recognition results are shown in Table 5 and Table 6.
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Table 5. Horizontal stiffness parameters identification results

ki / 105N/m

kyy / 105 N/m

kay / 105 N/m

Kyy / 105 N/m

1.1008

1.1208

10

4.1031

Table 6. Vertical stiffness parameters identification results

k1, / 10°N/m

kyy, / 10° N/m

ks / 10° N/m

Ky, / 10° N/m

0.9408

0.464

10

6.0814
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3.4. Results verification

1) Horizontal results validation.

The results in Table 5 are substituted into the finite element model to calculate the first three
modes in the horizontal direction, and the modal shapes are shown in Fig. 12. The first-order
vibration modal shape is the rigid vibration mode, rotor and stator coupling vibration, wherein
there are rotor pitches, stator pitches, and the frequency is 38.23 Hz. The second-order vibration
modal shape exhibits the rigid vibration behavior. The performance is the rotor translational
motion, the frequency is 46.34 Hz. The third-order vibration mode of the tester is the rotor bending
at a frequency of 112.96 Hz. The calculated results agree well with the experimental results.

womaL sorzon AN vomt souTzon AN

—
0 070588 .141136 211703 282271 0 080836 .161672 242509 .323345
035284 .105852 .176419 246987 .317555 .040418 .12125¢ .202001 .282027 .363763

a) First order (38.23 Hz) b) Second order (46.34 Hz)
[ - AN

049568 e 148705 - «247841 -

¢) Third order (
Fig. 12. Simulation first 3 orders modal shapes in horizontal direction

The first three natural frequencies in the horizontal direction are compared with the
experimental results, shown in Table 7. The error calculation is based on the test results.

Table 7. Comparisons between first 3 orders natural frequencies of simulation and those of
experiment in horizontal direction

Ist order | 2nd order | 3rd order
Experimental results / Hz 38.2 46.57 113.42
Simulation results / Hz 38.23 46.34 112.96
Relative error / % -0.07 -0.49 -0.41

Further, the horizontal harmonic response of the simulation model is calculated. The
simulation acceleration frequency response of each measuring points are compared with the
experimental ones. The harmonic response comparisons between simulation and experiment of
the measuring points 1, 3, 4, 5, 7 and 10 are shown in Fig. 13.

From Fig. 12, Fig. 13 and Table 7, the following conclusions can be drawn:

ISSN PRINT 1392-8716, ISSN ONLINE 2538-8460, KAUNAS, LITHUANIA 1437



1) The first three order modal shapes obtained from the simulation and the experiment are
similar in the horizontal direction. The first-order modal shapes both are the rotor and stator rigid
coupling vibration, the second-order modal shapes both exhibit the rotor translational motion, the

third-order

2) The first three-order natural frequencies of simulation are in a good agreement with the
experimental results. The maximal relative error between the simulation and test of the first three-
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ones both are rotor bending.

order natural frequencies is only —0.49 %.

3) The simulation acceleration-frequency response functions strongly coincide with the
experimental ones at the points 1, 3,4, 5, 7 and 10.
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Fig. 13. Comparisons between frequency response functions of experiment and those of
simulation in horizontal direction

2) Vertical results validation.

The results in Table 6 are substituted into the finite element model to calculate the first three
modes in the vertical direction, and the modal shapes are shown in Fig. 14. In the first three order
modal shapes, the stators have little vibration. The natural frequency of the first order in the
vertical direction is 28.65 Hz, and the modal shape exhibits the rotor pitch behavior. The turbine
displacement is larger than the compressor displacement, and the node position is close to the
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compressor. The second-order natural frequency is 42.69 Hz, the modal shape is the rotor pitch,
the compressor displacement is larger than the turbine displacement, and the node is near the
turbine. The third-order natural frequency is 114.96 Hz, the modal shape is rotor bending.

The first three natural frequencies in the vertical direction are compared with the experimental
results, as shown in Table 8. The error calculation is based on the test results.

Further, the vertical harmonic response of the simulation model is calculated. The simulation
acceleration frequency response of each measuring points are compared with the experimental
ones. The harmonic response comparisons between simulation and experiment of the measuring
points 1, 3, 4,5, 7 and 10 are shown in Fig. 15.

vomt sowTzon AN vomt sowTzon AN

115E-03 077373 154631 PECE) e .002782 08825 .173718 259187 .342655
038744 116002 13326 270518 347775 -045516 -130984 -216453 .301921 .387389

a) 1st order (28.84 Hz) b) 2nd order (42.88 Hz)
s AN

Fig. 14. Simulation first 3 orders modal shapes in vertical direction

Table 8. Comparisons between first 3 orders natural frequencies of simulation
and those of experiment in vertical direction

Ist order | 2nd order | 3rd order
Experimental results / Hz 28.84 42.88 114.96
Simulation results / Hz 28.65 42.69 112.27
Relative error / % —0.66 -0.44 -2.34

From Fig. 14, Fig. 15 and Table 8§, the following conclusions can be drawn:

1) The first three-order modal shapes obtained from the simulation and the experiment are
similar in the vertical direction. The first-order modal shapes both demonstrate the rotor and stator
rigid coupling vibration, the second-order modal shapes both exhibit the rotor translational
motion, the third-order ones both are rotor bending.

2) The first three-order natural frequencies of simulation are in a good agreement with the
experimental results. The maximal relative error between the simulation and test of the first three
order natural frequencies is only —2.34 %.
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3) The simulation acceleration-frequency response functions strongly coincide with the
experimental ones at the points 1, 3,4, 5, 7 and 10.

In summary, the modified model can effectively simulate the real characteristics of the tester.
Both the horizontal and vertical stiffness parameters obtained by the intelligent method can be
used to characterize the connection stiffness of the tester. The recognition method is correct, and
the recognition results are reliable. In this method, the genetic algorithm can be replaced by other
algorithms.

0.12 0.12
~ y S
Z \ Experiment 2 , Experiment
K 0.10 | ] ~ - - Simulation S0 0.10 i - - - Simulation
3 3 )
= 008} S 008t
R £
g 0.06 | g‘ 0.06 |-
< <
=]
5 0.04 | S 0.04 -
= =
] 5
2L 002} S 002F
[5] T Q
(53 9
] ~ S Z 000 . . i .
<< 0.00 = L e L -
0 2% 40 60 80 100 120 140 0 20 40 60 80 100 120 140
Frequency/Hz Frequency/Hz
a) Test point 1 (rotor) b) Test point 3 (rotor)
0.12 0.12
~ ~ S
Z Experiment 4 Al l?:xpcrm.wnl N
\E/C 010+ ___ e 5o - - - - Simulation ‘Il
B "\ %/ | :
1
=} L =] L
2 008 i 2 0.08 n
_ P a=] [
S 006} (o0 £ 0.06 I
= R I g .
s n ! e
8 ooalf 1 Sour
=} =
IS s
2L o002} L 002
(53 [0
g - 5
A L 0.00 .
E 0'000 20 40 60 80 100 120 140 . 0 20 40 60 80 100120 140
Frequency/Hz Frequency/Hz
¢) Test point 4 (rotor) d) Test point 5 (rotor)
0.006 0.006
~
2 0.005 | Experiment Z 0.005 Experiment
3 . [ < - - - Simulation :’M 0.005 - - - - Simulation
° B 2
S 00041 ki 2 0.004 |
2 hi B
p= i =4
g*ono,- i £ 0.003
5 | <
= f g
S 0.002 + | 2 0.002 -
g 1
5] g
B 0001 F 2 0001 F
[ Q
o Q
S Q
< 0.000 . . . . . << 0.000
20 40 60 80 100 120 140 0 20 40 60 8 100 120 140
Frequency/Hz Frequency/Hz
e) Test point 7 (casing) f) Test point 10 (casing)

Fig. 15. Comparisons between frequency response functions of experiment
and those of simulation in vertical direction

4. Conclusions

An intelligent identification method for connection stiffness of an aircraft engine vibration
model is proposed, and a rotor tester with casing is verified by the method. The steps of the method
are illustrated, and the connection stiffness values of the tester in the horizontal and vertical
directions are identified. The simulation mode and the frequency response function of the first
three orders in the horizontal and vertical direction are compared with the experimental ones. The
modal shapes are in a good agreement with the test results. The maximum error of the first three
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natural frequencies is only —2.34 %, and the frequency response function of each measuring point
corresponds well. The results show that the intelligent identification method proposed in this study
is correct and effective, what provides a new idea for the whole engine model correction. The
method can also identify the stiffness of some coupling parts such as the coupling and the
mounting edges of the casing, thus greatly improving the efficiency and precision of the whole
model. In addition, it is also possible to provide a reference value for design stiffness at the known
critical speed.
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