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Abstract

Modal parameters of a structure are important for system identification. In order to identify modal parameters of a structure more
accurately, this paper proposes a parameter identification method combined with stabilization diagram. Stochastic subspace
identification (SSI) is a recently developed method for identifying a linear system. Combining SSI and the proposed method can
easily confirm system order. However, the proposed method has difficulty in distinguishing spurious modals. Therefore, the
proposed method must be revised to ensure that the spurious modal can be detected and the SSI can be used to improve identification
accuracy. Finally, a simulation is conducted on a fracturing pump truck, when the damping ratio increases from 10% to 40%, those

spurious modals disappear. The results indicate that this method performs precise identification.
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1 Introduction

Determining modal parameters has become important for
system identification in the past decades. Results of
experimental modal analysis (EMA) are used in practice;
an overview of the EMA method can be found in [1-3].
In some cases, performing the vibration test on large
structures is difficult or impossible because some
excitations, such as wind or traffic, cannot be measured.
In addition, using artificial excitation, such as hammer or
drop weight, is impractical or, in some cases, expensive.

Therefore, output-only stochastic system
identification methods have been developed. In these
methods, ambient forces cannot be ignored and should be
regarded as stochastic quantities with some unknown
parameters. Stochastic subspace identification (SSI) is
one of the methods for identifying system parameters.
SSI has two implementation procedures: covariance-drive
(SSl-cov) and data-drive (SSl-data) implementation [4].
Given that these methods need only the outputs of the
structure for measurement, artificial excitation is
unnecessary.

Estimating the modal parameters of the structures
according to the measured data involves three steps: data
collection, system identification, and determination of
modal parameters [5-7]. This paper focuses on data
collection. Thus, system identification should be treated
as an important problem and is defined as construction of
the system model according to the measured data. The
SSI method is used in the time domain because of its
convenience [8]. The modal parameters can be
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determined according to a free vibration analysis of the
identified system model.

In this paper, the stabilization diagram can be used to
determine the system order, which is an important step
for system identification. Other studies [9—-11] confirmed
the stabilization diagram method based on singular value
decomposition. However, the obtained results are
insufficient because the stabilization diagram method is a
comparatively new method of determining system order.
The stabilization diagram method can be used to
distinguish real modals and modals in cases with excess
noise. The stabilization diagram can delete certain system
poles that meet the condition, but cannot be treated as
real poles because they may belong to noise modals and
not to the system. Thus, these poles can be distinguished
and deleted by using the stabilization diagram.

This paper is organized as follows: Section 2 shows
how the vibration structure can be modeled according to
stochastic state-space models and modal analysis. Section
3 discusses the subspace identification method used for
system identification. The use of a stabilization diagram
to determine the system order is discussed in Section 4.
Section 5 shows the application of this method to a real
structure.

2 Stochastic state-space model for vibrating structures

For a linear dynamical system model, the following
system of ordinary differential equations can be obtained:

d2ut) . du()

MY/ N
dt? 2 dt

+C +Ku(t) =B, (), Q)
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where M represents the mass matrices, C, represents
the stiffness matrices, K represents the damping
matrices, f(t) and u(t) represent the nodal forces and
nodal displacement, respectively, B, is the selection

matrix, and t is the time. This equation can be converted

into the state-space model as follows:
% = Ax()+B, f(1), (2

u(t) 0 |
where X(t) = | quq | A, ={M_1K M—ch'

dt
and

Bc{wsz, 3

M1

where x(t) is the state of the structure. The quantities of
interest can be grouped in an output vector (t) as follows:

du(t) du(t)

t)=Cq ——~+Cy —=+C u(t
() =Ca =~ +Cv —~+Cqul)
- -1 -1 -1
_[cd —caMTKe, -CyM Csz(t)+CM B, f(t), (4)
= Cx(t)+ Df(t)
when they are the linear combination of nodal
displacements, velocities, or accelerations.

In these equations, C,, Cy, and Cq4 are the selection
matrices. The discrete-time state-space model can be
obtained after discretization in time:

X1 =AX + Bfk , (5)
Y =Cx, +Df . (6)
From the relationship above, the system matrices on

continuous-time and the discrete-time can be obtained as
At
follows: A =g and

A= eAc(At) B = jk-ou eAC((k+1)Atfr)dTBc

_ , (7
- (A-DA'B, )
where At is the discrete-time step.

When system matrices A, B, C, and D are known,
the outputs y, are measured. However, the inputs cannot
be known; thus, f, remains unknown. In the state-space

equation, the measurement noise on the measured outputs
should not be neglected.
The state-space equation can be written as follows:

Xgr7 = AX +W, (8)

Y =Cxy +Vvy, 9)
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wy =Bf, and v, = Df, +n,, (10)

where Ny« can be considered the measurement noise. The
stochastic terms wi and vk are unknown in the above
equation. However, these variables are assumed to have a
white noise nature and an expected value of zero. The
covariance matrices can then be defined as follows:

E H\\I/\Iﬂ I:WpT va H = L(;')I' 2}5( p-q) (12)

The states and the output can be separated into a
purely stochastic part as follows:
X = X0+ xS, xT,, = A+ Bf, xE,, = AXS + W, 12)
Vi = Y+ Yo Yk =Cx+ D, i =Cxi + v,
The state cannot be calculated exactly because of the

. d .
stochastic terms. However, Xy, ; can be estimated when

the output vector yx can be measured. The Kalman filter
offers a method of determining the optimal linear
estimate because of the unbiased and minimum variance
of the estimator.

3 Reference-based deterministic-stochastic subspace
identification

3.1 IDENTIFICATION OF SYSTEM MATRICES

In some vibration tests, the sensors are less adequate than
the test spots in the structures. Hence, several steps may
be needed to complete the tests. Several test spots are
selected as reference spots to unify every test step.
Sensors in the reference spots are stabilized and
sustained. In the state-space equation, the system
matrices A, B, C, D, Q, R and S are all unknown.

The outputs can be grouped into the following block
Hankel matrix:

ref ref ref ref

Yo Vi Yy - Yia
y |1'ef y ;ef y ;ef . y;ef
SR U U T 7 W 7 PO M A )
ozt \/T yl yi+1 yi+2 yi+j-1 Yf
yi+l yi+2 yi+3 yi+j
y2i-1 y2i y2i+l y2i+j-2

The inputs can also be grouped into the following
block Hankel matrix:
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E 1 o f i o fio | Fp |.(14)
i = = =P
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According to the subspace identification theorem, the
following equation can be obtained:

as.limd = lim I;X;, (15)

] ]
where & is the oblique projection of the row space of
Y, onto the joint row space of F, and Yp* in the

direction of the row space of F o

Fp
=Y lFel | (16)
Yp

where I; is the extended observability matrix:

ri-| | (17)

CAt

where X, is the sequence of reference-based Kalman

A A

filter states: X; - % %, . %, -
The theorem states that the rank of & is equal to the

system order n. The matrix I, can be calculated
according to the following singular value decomposition:

S V1T T
WiSW, -[u UZJ{O o} T =UiS o (18)
2

where rank(F’irEf )=nU, eR™™ S cR™y, e RN

The state sequence of the Kalman filter can be
obtained as follows:
0, =U,5/2.0.,=0,@1:1(-1),)
g —A+pref v +pref (19)
Xi=0"R™ X1 =0 R

The stochastic state-space model equations can be
calculated as follows:

(éﬂ}(éj(x‘){y} (20)
il i
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The output sequence is represented as follows:

Yili _{RZI R 0 J (21)

Ry Ry Ry

The system and output matrices of the structures have
the least squares solution:

A >2i+ &i
s

The noise sequence is given by

D

3.2 DETERMINATION OF MODAL PARAMETERS

The modal parameters of the system (eigenfrequencies,
damping ratios, and mode shapes) can be obtained from
the identified system description (A, C ). An eigenvalue
decomposition of A obtains the diagonal matrix A of

discrete-time system poles /Ii and corresponding right

eigenvectors W, :

A=Y’AY/_1,A9Vi = A% (24)

The continuous-time system poles ’ICi can be
calculated by the discrete-time system poles /1i as
follows:

_Ina)
cl At

(25)

The undamped eigenequencies fi and damping ratios

fi can be calculated from the continuous-time system

poles ’1ci by
; R
f, = % and & =-100 |2| . (26)
I

The experimental mode shape qil can be calculated as

follows:
@zC‘F,(DI:CTi. 27)

4 Stabilization diagram

As the true system order is often unknown, a practical
method is to calculate the model orders n. The true
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system poles can be detected by comparing the modal
parameters for different model orders. Thus, weakly
excited system poles can be detected. This procedure is
called stabilization diagram and is one of the novel
methods for distinguishing system modals. The basic
concept of the stabilization diagram is shown in Figure 1.

Mode shapei+l
a)n,i fﬂ:'

P

wy,j_l gnjﬂ
@, 11 — @,,;| < Frequency tolerance error
| Frequency stable point |
[us =il < & = Enl>

Damping ratio tolerance error Damping ratio tolerance error

FIGURE 1 Theory of the stabilization diagram

Certain matrices, such as frequency, damping, and
mode shape matrices, should be established to obtain
accurate results. According to the frequency and damping
matrices, every model order frequency and damping can
be confirmed because they are both the average of each
matrix.
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Every point should then be judged according to
whether they are stable or not based on the following:

(1) The deviation between frequency and average

frequency.

(2) The deviation between damping and average

damping.

In practice, when the assumed deviation of the
damping ratio is under 10%, numerous mode shapes have
similar frequencies. Thus, many false mode shapes are
eliminated when the deviation of the damping ratio
increases.

5 Sample analyses

One of the applications of the SSI modal analysis method
is the fracturing pump truck, which has become
increasingly important with the development of shale gas.
Shale gas has a crucial role in fracturing work. Thus,
learning the vibration characteristics of fracturing pump
trucks and determining abnormal vibrations is important.

5.1 EXPERIMENT SETUP

An experiment on truck vibration characteristics is
carried out to simulate fracturing pump truck vibration
characteristics under the support boundary condition, as
shown in Figure 2. This experiment consists of 14
reference channels, which can collect all acceleration
data.

Fracturing Pump truck |
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FIGURE 2 Experiment system: fracturing pump truck
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5.2 SIMULATION OUTPUT

Simulations are performed to illustrate the function of the
stabilization diagram. In these simulations, fk is white

noise, and v, is a white noise vector. The only

assumption of SSI is the infinite amount of measurement
data. The stabilization diagram for this simulation is
shown in Figure 3. Certain mathematical poles can be
removed based on the following criteria: difference in
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two consecutive eigenfrequencies df; < 1%; difference in
two consecutive damping ratios d¢; <5%; and the highest
modal transfer norms N, =3. The modal transfer norm

N, is the contribution of each mode to the total positive

power spectral density. Given that the system and
measurement noise terms are white noises, the
contribution of the spurious modes is low enough that the
modes are equal to an infinite number of samples.
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FIGURE 3 Stabilization diagram obtained by applying SSI. Stabilization criteria: 2% for frequencies, 10% for damping ratios, 2% for mode
shape correlations, and df; < 1%, d&; <5%, Ny, =3

Spurious modes are removed as shown in Figure 4.
The simulation shows that the stabilization criteria are
similar to those of the first simulation, except for the
damping ratio deviation. In this simulation, the mode
shape shows the operational deflection shapes. The
spurious modes that pass the stabilization criteria can be
easily detected based on the nature of their mode shapes.
The SSI method can distinguish the system mode shape
accurately, as shown in Table 1. When the damping ratio
is 10%, spurious modals occur and the frequency of these
modals and mode shapes are similar, except for the
obvious difference in the damping ratio. When the
damping ratio is 40%, these spurious modals can be
eliminated.

TABLE 1 Dynamic parameters of the fracturing pump truck frame

Frequency/Hz Measurement
Number Damping Damping Damping
criteria:10% criteria:40% ratio/%

1 2.186 2.186 0.24
2 4.369 0.46
3 4.378 4.378 0.14
4 6.449 0.34
5 6.515 0.27
6 6.539 6.539 0.18
7 8.711 8.711 0.61
8 8.840 0.92
9 10.492 1.15
10 13.037 13.037 0.21
11 15.505

12 15.535 15.535 0.73
13 15.552
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FIGURE 4 Stabilization diagram obtained by applying SSI. Stabilization criteria: 2% for frequencies, 40% for damping ratios, 2% for mode shape

correlations, and dfi < 1%, d§i <5%, N, =3

5 Conclusions

This paper presents a modal parameter identification
method that combines SSI and stabilization diagram. The
proposed method is used to evaluate a fracturing pump
truck system, and it obtains ideal results. A simulation of
the fracturing pump truck shows that the damping ratio
can affect the accuracy of the results. In the stabilization
diagram, most points can meet the demand for frequency
and stability of mode shapes. Therefore, this method can
effectively identify system parameters.

References

[1] Ewins D 2000 Modal Testing, seconded Baldock: Research Studies
Press Chapter 8

[2] Heylen W, Lammens S 1997 Modal Analysis Theory and Testing
Leuven: Research Studies Press Chapter 6

[3] Maia N, Silva J 1997 Theoretical and Experimental Modal Analysis
Taunton: Research Studies Press

[4] Peeters B, de Roeck G 1999 Mechanical Systems and Signal
Processing 13 (6) 855-78

[5] Cauberghe B 2004 Applied frequency-domain system identification
in the field of experimental and operational modal analysis Ph.D.
Thesis of Vrije Universiteit Brussel Belgium

[6] Peeters B 2000 System identification and damage detection in civil
engineering Ph.D. Thesis of Leuven Katholieke Universiteit Leuven
Belgium

[7] Bathe K-J 1996 Finite Element Procedures seconded Englewood
Cliffs NJ: Prentice-Hall

[8] Pintelon R, Schoukens J 2001 System Identification New York:
IEEE Press

340

Acknowledgment

This work was supported by the "National Science and
Technology Major Project in 12th-5-year China: The
Development and Application of 3000HP Combination
Fracturing Unit, Project Number: (2011zx05048-01)"and
"Postgraduate  Innovation  Engineering of  China
University of Petroleum".

[9] Brincker R, Zhang L 2000 Modal identification from ambient
responses using frequency domain decomposition Proceedings of
IMAC 22(18) 625-30

[10] van Overschee P 1996 Subspace Identification for Linear Systems:
Theory-Implementation- Applications Dordrecht: Kluwer Academic
Publishers

[11] Peeters B 2007 System identification and damage detection in

civil engineering PhD Thesis of of Leuven Katholieke Universiteit
Leuven Belgium

[12] Belgium 2000 www.bwk.kuleuven.ac.be/bwm / 16 March 2014

[13] Hermans L, van der Auweraer H 1999 Mechanical Systems and
Signal Processing 13(2) 193-216

[14] Teughels A, de Roeck G 2004 Journal of Sound and Vibration 278
(3) 589 - 610

[15] Kramer C, de Roeck G 1999 Z24 bridge damage detection tests
Proceedings of the IMAC XVII Conference 43(17) 1023 - 9

[16] Dooms D, Degrande G 2006 Engineering Structures 28 (4) 532-42

[17] Brewer J W 1978 IEEE Transactions on Circuits and Systems 25
772-81

[18] Juang J-N 1994 Applied System Identification Upper Saddle River,
NJ : Prentice-Hall

Nature Phenomena and Innovative Engineering



COMPUTER MODELLING & NEW TECHNOLOGIES 2014 18(6) 335-341 Xiao Wen-sheng, Liu Zhong-yan, Liu Jian, Wu Han-chuan

Wensheng Xiao, born in August, 1966, Qingdao County, Shandong Province, P.R. China

Current position, grades: Professor of School of Machinery and Electronic Engineering, China University of Petroleum, China
University studies: Ms.Sc. in Machinery and Electronic Engineering from China University of Petroleum in China, Dr.Sc. from
HUAZHONG UNIVERSITY of SCIENCE and TECHNOLOGY in China

Scientific interests: Vibration analysis of oil equipment, Ocean oil equipment research

Publications: more than 40 papers published in various journals

Experience: teaching experience of 23 years, has completed fourteen scientific research projects

Zhongyan Liu, born in January, 1987, Qingdao County, Shandong Province, P.R. China

Current position, grades: PH.D of School of Machinery and Electronic Engineering, China University of Petroleum, China.

Vgl University studies: Ms.Sc. in Machinery and Electronic Engineering from China University of Petroleum in China, Dr.Sc. from
China University of Petroleum in China

Scientific interests: Vibration analysis of oil equipment, Ocean oil equipment research

Publications: more than 10 papers published in various journals.

Experience: has completed six scientific research projects

Jian Liu, born in June, 1971, Qingdao County, Shandong Province, P.R. China

Current position, grades: Associate Profess of School of Machinery and Electronic Engineering, China University of Petroleum,
China.

University studies: Ms.Sc. in Machinery and Electronic Engineering from China University of Petroleum in China, Dr.Sc. from
ZHENJIANG University in China

Scientific interests: Vibration analysis of oil equipment, Ocean oil equipment research

Publications: more than 25 papers published in various journals.

Experience: has completed eleven scientific research projects.

Hanchuan Wu, born in March, 1959, Jingzhou County, Hubei Province, P.R. China

Current position, grades: Chief Designer of SJ Petroleum Machinery Co., China

University studies: Ms.Sc. in Machinery and Electronic Engineering from China University of Petroleum in China
Scientific interests: R&D of oil equipment, Ocean oil equipment research

Publications: more than 8 papers published in various journals

Experience: He has completed twelve scientific research projects.

341

Nature Phenomena and Innovative Engineering



