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Abstract.  This investigation presents an efficient method for identifying modal characteristics from the
measured displacement, velocity and acceleration signals of multiple channels on structural systems. A
Vector Backward Auto-Regressive model (VBAR) that describes the relationship between the output
information in different time steps is used to establish a backward state equation. Generally, the accuracy
of the identified dynamic characteristics can be improved by increasing the order of the Auto-Regressive
model (AR) in cases of measurement of data under noisy circumstances. However, a higher-order AR
model also induces more numerical modes, only some of which are the system modes. The proposed
VBAR model provides a clear characteristic boundary to separate the system modes from the spurious
modes. A numerical example of a lumped-mass model with three DOFs was established to verify the
applicability and effectiveness of the proposed method. Finally, an offshore platform model was
experimentally employed as an application case to confirm the proposed VBAR method can be applied to
real-world structures.

Key words: vector backward auto-regressive model (VBAR); modal identification; offshore platform
model; finite element method; experimental dynamics.

1. Introduction

Modal parameters, including natural frequencies, damping ratios and mode shapes, govern the
dynamic behavior of a structural system. Obtaining accurately the modal parameters from test data
is key in applying vibration control, and monitoring and detecting structural failures. Li and Ko
(1987) used the Auto-Regressive Moving Average (ARMA) model to estimate the system modes for
detecting and monitoring the structural failure of an offshore platfornet lal (1993) employed a
Vector Auto-Regressive (VAR) model to estimate the modal parameters of ship structures. Viero and
Roitman (1999) employed the structural parameter identification method to detect the damage of
offshore platforms. Bernitsas and Suryatama (1999) used the large admissible perturbations with
mode compensation to solve redesign problems to meet the requirements related to natural
frequencies and mode shapes of offshore structures.
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Many methods for modal identification have been developed over the last three decades. The
modal identification methods can be categorized into time-domain and frequency-domain methods
according to the processing domain. Frequency-domain methods, such as the FFT-based method
(Cooley and Turkey 1965), are popular and predominant in engineering practice today. However, the
closely spaced modes may not be easily recognized if the resolution of the frequency is not
sufficiently high.

The time-domain methods are particularly useful for many modes in a multi-channels
measurement system, or in the case of closely spaced and non-proportional modes. Ibrahim’s time-
domain method (Ibrahim and Mikulcik 1973), the complex exponential method (Ewins 1984), and
the Eigen-system Realization Algorithm (ERA) (Juang and Pappa 1985) are well-known time-
domain approaches developed from 1970s to the mid-1990s. The time series models, such as the
ARMA model and the AR model, are also useful approaches for identifying the modal parameters
of structures. The ARMA model is computationally complicated and the estimation of system
parameters may be unstable. A higher-order AR model in place of the ARMA model (Kay 1988)
can overcome this difficulty. Hungt al (1998) developed a procedure based on the state equation
of the VAR model to identify the modal parameters and frequency response function of structures in
multiple output measurement system. Kumaresan and Tufts (1982) developed a backward prediction
model to identify the natural frequencies and damping ratios of a dynamical system with a single
channel measurement. In a common AR model, the output vector in the present step is predicted by
the linear superposition of output vectors in previous steps. On the contrary, the proposed backward
AR model can predict the present output vector from a linear combination of the future output
vectors. Hollkamp and Batill (1991) developed a single-input and single-output backward ARMA
model for parameter identification. Cooper (1992) employed the backward prediction error model to
identify the natural frequencies and damping ratios, and pointed out that the backward model has
the advantage of being able to distinguish system modes from spurious modes. The authors (Hung
and Ko 2002) have investigated the basic characteristics of the modal identification method that uses
the Vector Backward Auto-Regressive (VBAR) model, and the results reveal some advantages of the
VBAR model.

In this paper, the VBAR model is applied to establish the state equation from the responses
measured with multiple sensors on structures. The modal parameters of complex modes and normal
modes of structures can be extracted from the system matrix of the identified state-space system,
providing that the VBAR model is identified from the measured data.

2. Equations of motion

The motion of a structure with DOFs under time-variant loading in configuration space can be
expressed by the second-order differential equation for viscous damping,

MZ(t) + Z2(t) + Kz(1) = Fu(t) 1)

whereu(t) DR andz(t) OR™™" are the force vector and the state vector, respediyelyand
KOR"™", represent the mass, damping and stiffness matrices, respectively; the notation (
indicates differentiation with respect to tim& OR"™' is the input influence matrix that
characterizes the positions and types of inpguis;the number of inputs.
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For a measurement system that includesnsors on a structure, the output equation that defines
the relationship between the measured resporsel] RO , and the model response is,

y(t) = c.Z(t) + c,2(t) + cuz(Y) )

where ¢g, ¢, and ¢, JR"*" , are the output influence matrices of displacement, velocity and
acceleration, respectively. The elements in matiges, andc, are Boolean parameters that specify
the measured DOFs and the types of sensors.

A state vector that consists of displacement and velocity vectors is introduced:

K = 08

3
0k ®

Egs. (1) and (2) can be transformed into the state equation of motion and the output equation,
respectively.

X(t) = Ax(t) +Bu(t) (4a)
y(t) = Cx(t) + Du(t) (4b)

where ADR™* BOR™ " COR™™ andD OR™*" are the system matrix, the input matrix,
the output matrix and the transmission matrix in the state space, respectively.

0 | 0
A= , B= 5a,b
MK —M_lZJ [M*J oab)

C=[cy -,M'K ¢, —c,M™{], D=c,M'F (5¢,d)

A discrete-time state equation of motion and output equation can be obtained through the
sampling procedure with a sampling time intedval

Xes1 = A'X +B'uy (6a)

Yi = Cx t+Duy (6b)
where A’ = €' andB' = (A'=1)A"'B . The subscrigtis the integer time index in time step
t = KkAt.

3. Vector backward auto-regressive model
For a structure wittp measured output channels aNddata points in each channel, the output

vector in time stefx can be expressed as a linear superposition of the output vectors intinest
steps:
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q
Y = Zaiyk+i+£k, k=1,...,N (7)
i=1

wherea, DR”*? ands, DR°*' are the parameter matrices and the error vector, respectively. Eq. (7)
is a g-order VBAR model that consists gichannels, and is represented by VBAR ). The
parameter matrices of the VBAR model specify the pivotal dynamical characteristics of the
structural systems. Eq. (7) can be expanded from time stephl * qpand expressed in a compact
matrix form,

Y = aW+¢ (8)
where YOR*"™9 is the output matrix that consists of output vectors from time steps 1 to

N-gq; aORPTWOR™™N 9 andg = RP*™? are the VBAR coefficient matrix, the output
data matrix and the error matrix, respectively.

Y2 Y3 oo Ynog+2

Y=y ¥z o Yaogh W= |3 g2 (9a,b)
Yg+1 Yg+2 - YN
a=/[a a .. g, E=[& & ... &_¢ (9c,d)

The VBAR coefficient matrix can be computed by the least squares method and expressed as
follows.

a=yYW (10)

whereW' is the Moore-Penrose pseudo-invers&\bf
A state vectorx, 0 R°*** | consisting oftime steps of output vectors, is defined as,

Y

yk +0-1

Both sides of Eq. (7) also can be expanded from time &tép&+q-— 1 to establish a discrete
backward state equation and output equation as follows.

X = AgXis 1+ Bgéic (12a)

Yk = CgXc+ Dgg (12b)
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where A, ORI B,ORYP C,O0R™P* andD,0OR"*" are the discrete state system matrix,
the input matrix, the output matrix and the transmission matrix, respectively. These are expressed as
follows.

a Qg1 8 |

Ay = | 0 0 , B, = 0 (13a,b)
0 I 0 0

Cy = [A'], Dy =[l-aA; B (13c,d)

The eigenvalues of the backward state equation can be determined by the characteristic
polynomial of system matriRy (Gohberg 1982),

A -a At —a, 1 h-a, = 0 (14)

If all the eigenvalues of Eq. (14) are arranged in descending order, then,
|A|=21.0, i=1to X (15a)
|A| <1.0, i=2n+1 to pq (15b)

The first 2 eigenvalues, which anme pairs of conjugate complex variables, are the system modes,
and the leftover eigenvalues are spurious modes.

A complexz-plane is defined by a real horizontal axis and an imaginary vertical axis. pgthe
eigenvalues determined from Eq. (14) are placed owr-phene, then the eigenvalues located outside
or on the unit circle are the system modes, and those inside the unit circle are the spurious modes.
The unit circle of thez-plane plays a significant role as a characteristic boundary to separate the
system modes from the spurious modes.

0.05 T v 0.05
0 0
.0.05 L . . : .0.05 . i N N
-0 20 40 60 80 100 0 CUO 20 40 60 80 100

Fig. 1(a) Forward time series, (b) Backward time series
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Fig. 1(a) and 1(b) show the time history of a measured acceleration in the forms of forward and
backward time series, respectively. The forward time series of the system response is convergent,
and the backward time series is divergent. Noise is essentially random and is non-divergent for both
forward and backward time series. The magnitudes of all eigenvalues in the common forward AR
model are less than or equal to one. However, for the BAR model, the magnitudes of the
eigenvalues of system modes are greater than or equal to one, and for non-system modes are less
than one.

3.1 Reduction of discrete state space model

The number of DOFs of a continuous structure is theoretically infinite. In practice, the sampling
rate and the bandwidth of analysis are limited. The number of system modes of a dynamical
measurement system is assumed tonbéf the measurement system haghannels, then the
number of eigenvalues of the VBAR,(q) model is the product qf andq, pg. The order of the
VBAR model, g, should be selected such thpaf greatly exceedsr2to obtain the accuracy modal
parameters in noisy measurement circumstances. The spgpiU@n spurious eigenvalues must be
removed because of the overspecified order of the VBAR model. Therefore, Eq. (12) must be
reduced.

The system matrix in Egs. (12a) and (13a) can be decomposed as,

Ay = Wry (16)

whereW is the eigenvector matrix that consistpqfeigenvectors, and is the diagonal eigenvalue
matrix of pq eigenvalues. The eigenvector and eigenvalue matrices can be partitioned according to
the system modes and spurious modes as,

T e Y S LERY (17a,b)
l.IJI"IS l.IJI"II"I 0 rn

where the subscriptss™ and “n” indicate the “system” parts with regard to the $/stem modes
and the “non-system” parts with regard to pe- 2n spurious modes, respectively. The matrices
By, W'B, andCy are also partitioned as,

By = Bas . YiB, = B (18a,b)
Bdn Bn
Cq = [Cys Canl (19)

The reduced discrete backward state space model, corresponding to the system modes, is
expressed as,

X = Aer+ 1t Brgk (203.)

Yk = Cxc+ D g (20b)



Identification of dynamic characteristics of structures using vector backward auto-regressive 8tiflel

where A, OR™ " B, OR™ " C, OR** andD, OR”*P are the reduced state system matrix,
the input matrix, the output matrix and the transmission matrix, respectively. They are,

A =W WL B =WB (21a,b)
C, = Cyet+CyiWo W, D, =Dy (21c,d)
The reduced discrete backward model can be transformed into a forward state space model as,
Xer1 = Arx + Brg, (22a)
Yo = Cix.+ Drg, (22b)
where A, B;, C; andD, are expressed as follows.
A=A B, =-A'B, (23a,b)
C:=CA' D/ =D -CA'B, (23c,d)
Eqg. (22) is the equivalent system of Eq. (6).
3.2 Extraction of the normal modes

The matrix_pair [A[, C;.0 described by Egs. (23a) and (23c) can be converted into continuous
matrix pair A, CO, as follows,

A =In(A)/At, C=C (24a,b)

The identified matrix pair0A, CO and the matrix pdif, CO  in Egs. (5a) and (5¢) have the
same dynamic characteristics in the case of noise-free system. The identified systenA matrix can
be partitioned as,

A= [ﬁ“ ﬁ% (25)
Az Az

The sub-matriceA1; andi;  generally are not null matrix and identity matrix, respectively. The
complex modes can be calculated from the matrix pafr, CO . A nonsingular transformation
matrix can be used to extract the normal modes in the same form as théAp@if] . The
transformation matrix is, (Hunet al 2002)

CTeER TR (26)
cgCA+¢gC+c,CA



306 Chen-Far Hung, Wen-Jiunn Ko and Yen-Tun Peng

Then, the transformed matrix paiA, C'0  can be expressed as follows.
A =TAT, Cc=cCcT" (27a,b)

where,

K :{ 0o | } (28)
~(M7K) (M)

The lower-left partition ofA” is the equivalent ofM 'K in the system matrix of Eq. (5a), and can
be used to extract the normal modes.

3.3 Algorithm of modal identification by VBAR model

The procedures of the proposed method can be summarized as follows.

(1) A VBAR (p, g model is established from measured data. The parameter matrices of the
VBAR model are calculated using the least square method. See Egs. (8) to (10).

(2) A discrete backward state equation is established by expandirgtithe steps of output
vectors in the VBAR model. See Egs. (11) to (13).

(3) The eigenvalues and eigenvectors of the discrete system rAgtrixe calculated by Eq. (16).
Then, the system modes are separated from spurious modes by Eq. (15).

(4) The discrete state space model is reduced to a lower order model that corresponds to the
system modes. See Egs. (20) to (21).

(5) The reduced backward state space model is transformed into an equivalent forward discrete-
time state equation of motion, and an output equation. See Egs. (22) to (23).

(6) The equivalent forward discrete-time state model is transformed into a continuous state space
model. See Eq. (24) B

(7) The complex modes can be calculated from mafirix . See Eq. (24a).

(8) The identified matrix pairCA, CO is transformed into the equivalent matrix m{irc*m
See Eqs. (26) to (27). X

(9) The normal modal parameters can be extracted from the equi(/MéJrh() . See Eq. (28).

4. Examples

A numerical example and an experimental example are considered to illustrate the feasibility of
the proposed method to identify the modal parameters of structures. The Modal Assurance Criteria
(MAC) (Allemang and Brown 1983) is used to check the correlation between the identified mode
shapegq; and the analytical mode shape It is defined as,

T 2
(MAC), = —TIML— i=1,...n (29)
(02 0.) (@i @)

The value of the MAC is between zero and one. When the two mode shapes are consistent, the



Identification of dynamic characteristics of structures using vector backward auto-regressive 8tixtiel

resultant value of MAC is close to unity. In contrast, when two mode shapes are uncorrelated, the
resultant MAC value is nearly zero.

4.1 Numerical simulation for a lumped-mass system with three DOFs

Fig. 2 shows a lumped-mass dynamic system with three DOFs. Table 1 shows the mass, damping
and stiffness matrices of this model. The damping matrix is assumed to be non-Rayleigh damping.
Modal parameters were identified in the free vibration case. The initial displacements of the three

DOFs are set to: [0, 0, 0.1]. The sampling frequency, 3 Hz, is selected to be approximately ten times
the maximum natural frequency of the system with three DOFs. The number of data points

& Ii‘ & F—z’ & F’
H HH  HH

k, m k, m, ky n,

M Vv

Fig. 2 A lumped-mass dynamic system with three DOFs

”

Table 1 Mass, damping, and stiffness matrices in the three DOFs model

Mass matrix M] Damping matrix {] Stiffness matrix K]
30 01 -01 O 6 -2 0
0 2 -0.1 0.3 -0. -2 3 -
0 0 0 -02 0.2 0 -1 1

0.05

m/sec?
o
1

0.05 L L 1 L 1 L
[¢}

m/sec

01 L L L L I )
‘0 50 100 150 200 250 300 380

Time (sec)

Fig. 3 Time history responses of 3 DOFs model
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Fig. 4 Distribution of eigenvalues for VBAR(3,10) Fig. 5 Magnitudes of eigenvalues at various damping
model levels

associated with each DOF is 1024. The acceleration, velocity, and displacement responses at
and mg were simulated to elucidate the availability in the case of combined measurements. Fig. 3
shows time histories at various positions.

The VBAR (3,10) model is initially selected to illustrate the separation of system modes from
spurious modes, and thereby to demonstrate the advantage of the proposed method in the selection
of system modes. Fig. 4 shows the distribution of the 30 eigenvalues of the model. Sgirdrads
‘X indicate the system and spurious eigenvalues, respectively. The figure shows clearly that six
system eigenvalues are outside the unit circle.

The modal identifications under noise-free conditions for a system with 1-, 3-, 5- and 8-times the
damping matrix,{, in Table 1 were examined to show the effect of the damping level on the
identified results. Fig. 5 presents the magnitudes of all 30 eigenvalues at various damping levels.
The magnitudes of the first six eigenvalues of the system at various damping levels are greater than
one, so the number of vibration modes is easily identified as three. Clearly also, the magnitudes of
the system eigenvalues in a heavily damped system exceed those of a lightly damped system.
Hence, the eigenvalues are farther from the unit circle for a more heavily damped system.
Consequently, the extraction of the system modes of a heavily damped system is easier than that of
a lightly damped system.

The effect of various noise levels on the estimation of modal parameters is checked to show the
proposed approach can be applied to a real-world structure. The noise is assumed to be a white
noise with zero mean and various variances of 3%, 6% and 10% of the maximum responses. When
the noise level increases, the order of VBAR model must be increased to yield accurate results. The
VBAR model with orders 5, 20, 40 and 60 are selected for noise levels of 0%, 3%, 6% and 10%,
respectively. Table 2 lists the identified modal parameters at various noise levels. The results
indicate that the identified modal parameters are very consistent with the exact solution at various
noise levels.

4.2 Experimental modal identification of an offshore platform model

A 1:18.4 scale model of an offshore platform shown in Fig. 6 is considered as an experimental
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Table 2 Identified eigenvalues, natural frequencies, damping ratios and MAC values at various noise levels

Natural frequencies Damping ratios

Mode Eigenvalues (H2) (%) MAC

1 -0.0093 + 0.5839i 0.0928 0.0159

Exact 2 -0.0953 + 1.2040i 0.1911 0.0789

3 -0.0871 + 1.6349i 0.2624 0.0532
0% noise 1 -0.0093 + 0.5839i 0.0928 0.0159 1.0000
VBAR 2 -0.0953 + 1.2040i 0.1911 0.0789 1.0000
(3,5 3 -0.0871 + 1.6349i 0.2624 0.0532 1.0000
3% noise 1 -0.0093 + 0.5840i 0.0929 0.0159 1.0000
VBAR 2 -0.0937 +1.2043i 0.1913 0.0776 1.0000
(3,20) 3 -0.0854 + 1.6356i 0.2623 0.0522 0.9988
6% noise 1 -0.0092 + 0.5840i 0.0928 0.0159 1.0000
VBAR 2 -0.0926 + 1.2046i 0.1910 0.0781 1.0000
(3,40) 3 -0.0833 + 1.6357i 0.2631 0.0522 0.9945
10% noise 1 -0.0091 + 0.5836i 0.0928 0.0157 1.0000
VBAR 2 -0.0939 + 1.2057i 0.1916 0.0777 0.9997
(3,60) 3 -0.0839 + 1.6363i 0.2621 0.0512 0.9945

0.675m
zZ

Fig. 6 1:18.4 scale model of a fixed platform  rjg 7 Arrangement of the orientation and position
of accelerometers on the platform
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Table 3 Material and geometrical parameters of the platform model

Material Young’s modulus (MPa) 2.07e5
roperties Density (kg/m) 7809
brop Poission’s ratio 0.3
Top plate Thickness (mm) 3
Outer diameter (mm) 19.1
) Tube 1 Thickness (mm) 0.9
Geometric o g mm) 59
arameters Uter Iametel‘ mm .
P Tube 2 Thickness (mm) 1.2
Outer diameter (mm) 12.7
Tube 3 Thickness (mm) 1.2

WR728 (2X) WR728 (2X)

2} /{ \: [/\

| \\ o FEI J\ |

ar ./ /

Accel (g)
PSD (ab)

2
a4 | 7ot Vo \\_,—c

-0 1 2 3 4 5 B 7 k] ERE o 5 W 15 20 2% 3 340 45 =0
Time (sec) Frequency (Hz)

(a) Time history (b) PSD

Fig. 8 Time history and PSD of measured acceleration from sensor 2X

case. The platform model is built of stainless steel tubes and a top-plate. Table 3 lists the geometric
and material properties of the structural members. Tubes 1, 2 and 3 are used as vertical columns,
horizontal beams and inclined braces, respectively. Fig. 7 depicts the arrangement of the orientation
and the positions of the accelerometers on the platform structure.

A PCB impulse hammer was used to impact horizontally the top plate. The free response signals
were collected by a multi-channels data acquisition system at a sampling frequency 100 Hz. The
number of data per channel is 1024. Fig. 8 shows the time history and the Power Spectrum Density
(PSD) of acceleration measured by sensor 2X. Fig. 8(b) shows three large peaks with frequencies of
10.9, 20 and 29 Hz. These peak frequencies correspond to the natural frequencies of the platform
structure. The first two modes of the structure, at 10.869 and 11.204 Hz, cannot be identified only
from the PSD diagram because of the limited frequency resolution.

A 3D-FEM modal analysis using the ANSYS package is carried out for comparison. Fig. 9
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offshore offshorc

offshore offshore

Modc 3 :19.990 117 Modc 4 :29.258 117

Fig. 9 Mode shapes calculated by FEM

Table 4 Comparison of modal parameters obtained by FEM and VBAR model

Mod Vibrat FEM VBAR(8,30)
ode ibration type
P Frequency (Hz) Frequency (Hz) Damping ratio (%) MAC
1 Bending-1 10.932 10.869 0.17 0.991
2 Bending-2 10.934 11.204 0.17 0.996
3 Torsion-1 19.990 19.784 0.49 0.973
4 Axial-1 29.258 28.986 0.38 0.995

shows the relative mode shapes of the first four modes calculated by FEM. The VBAR model of
order 30 was used in this experimental case. Table 4 shows the modal parameters obtained by FEM
analysis and modal identification. The results of modal identification are similar to those of FEM,
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Mode 3 : 19.784 117 Modc 4 : 28.986 117
Fig. 10 Relative mode shapes identified by VBAR model

and the MAC values of the first four modes are higher than 0.97. Fig. 10 shows the identified
relative mode shapes at measured DOFs. The results reveal that the identified natural frequencies
and mode shapes of the four modes agree with those obtained by FEM analysis. Additionally,
modal identification can approximately estimate the damping ratio, which cannot be estimated from
a FEM package.

The global modes of platform structure on lower frequencies were considered in this case. The
orientation, the position, the sampling rate, and the filtering bandwidth of the sensors were
arranged for these modes. Only four modes are identified from the experimental data on the
platform structure because of the restriction of the measurement bandwidth. The first four global
mode shapes of top storey are relatively larger than those of lower storeys below 1.920 m (See
Fig. 6), because the bottom of structure is constrained. However, the modes shapes of lower
storeys may be larger than those of top storey in local modes or some global modes on higher
frequencies.
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5. Conclusions

This investigation has developed a VBAR model and its associated state space system for the
identification of modal parameters from multi-channels response data. The proposed VBAR method
accurately identifies not only the natural frequencies and damping ratios, but also the mode shapes.
Under noisy measurement conditions, a higher-order VBAR model can improve the accuracy of the
identified modal parameters. The proposed method provides a clear characteristic boundary to
separate the system modes from the spurious modes. The extraction of system modes of a heavily
damped system is easier than that of a lightly damped system.

The proposed method can also be applied to forced vibration cases, if the frequency bandwidth of
the exciting force is sufficiently wide. The applications may be somewhat limited, if the exciting
forces have narrow frequency bandwidths. A further study to prevent the spurious modes from
exciting forces is under way.
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