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Abstract

Obtaining a good experimental modal data is essential in modal analysis in order to ensure accurate extraction of modal parameters. The
parameters are compared with other extraction methods to ascertain its consistency and validity. This paper demonstrates the extraction
of modal parameters using various identification algorithms in Operational Modal Analysis (OMA) on a 3D scaled model of a 3-storey
aluminium structure. Algorithms such as Frequency Domain Decomposition (FDD), Enhanced Frequency Domain Decomposition
(EFDD) and Stochastic Subspace Identification (SSI) are applied in this study to obtain modal parameters. The model test structure is
fabricated of aluminium and assembled using bolts and nuts. Accelerometers were used to collect the responses and the commercial post
processing software was used to obtain the modal parameters. The resulting natural frequencies and mode shapes using FDD method are
then compared with other OMA parametric technique such as EFDD and SSI algorithm by comparing the natural frequencies and Modal
Assurance Criterion (MAC). Comparison of these techniques will be shown to justify the validity of each technique used and hence con-
firming the accuracy of the measurement taken.
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1. Introduction

Structural Health Monitoring (SHM) and Vibration-Based
Maintenance are becoming more important due to its versatility
and without distraction in the operation of the structure or machin-
ery. It requires System Identification (SI) analysis in determining
modal parameters of a structure. The first step in SHM normally
start with the identification of structure natural frequency, mode
shape and damping value.

The amount of research related to condition monitoring has in-
creased significantly in the past decades since conditional assess-
ment of a large structures become important around the world due
to its rapid increase in development of construction industry.
Damage in structures not only defined by the defect or flaw but
also structures are not operating at it optimum operation condition.
Normally damage need to be detected at early stage for condition
monitoring using the available technology as it is always motivat-
ed by the life-safety and also the economy effect.

Many techniques have been developed in SHM to conditioning
monitoring especially in detecting damage on different structure
elements. SHM using global technique namely vibration-based
damage detection, is usually used to monitor modal properties
such as monitors the changes in natural frequencies, damping loss
factor and mode shapes. SHM techniques and models have been
established and applied in aerospace structures [1], [2] and also
civil structures such as building [3]-[5], and bridges [6]-[9].

The system’s performance will be affected over a period of time
or immediately depends on the size of the crack, the location of
the crack and also the loading conditions applied to the system.
Experimentally, there are two ways to identify the dynamic char-
acteristics of any structures namely Experimental Modal Analysis

(EMA) and Operational Modal Analysis (OMA). EMA is a classi-
cal approach that requires an input excitation and it must be meas-
ured [10]. In contrast to Operational Modal Analysis (OMA)
where output only response is measured.

In OMA technique, the output signals is measured from a struc-
ture which is directly or randomly excited in an actual ambient
condition from operating forces as an unmeasured input. This
technique provides a much needed tool for the determination of
the dynamic characteristics of large and complex structures or
mechanisms especially when input forces cannot be directly con-
trolled or measured.

This paper will discuss and analyzes dynamic characteristic of a
3D scaled building model of a 3-storey aluminium structure by
obtaining acceleration data then processed through System Identi-
fication (SI) method which in this case is Operational Modal
Analysis. Five (5) different algorithms in OMA both parametric
and non-parametric method were used to obtain the modal param-
eters of the tested structure. The algorithms used were Frequency
Domain Decomposition (FDD), Enhanced Frequency Domain
Decomposition (EFDD) and Stochastic Subspace Identification
(SSl).

2. Operational Modal Analysis Techniques

Different algorithms in OMA were used to identify the modal
parameters and were compared to indicate their relative accuracy
Ivalidity. They are Frequency Domain Decomposition (FDD),
Enhanced Frequency Domain Decomposition (EFDD) and Sto-
chastic Subspace Identification (SSI) techniques finally were done
for modal determination.
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2.1.Frequency Domain Decomposition

Frequency Domain Decomposition (FDD) which is also known as
non-parametric method is an extension of the Basic Frequency
Domain (BFD) technique [11]. In this technique, the vibrational
modes can be obtained from spectral densities calculated in which
case the modal parameters are estimated directly from the signal
processing calculations. The modes are constructed using Singular
Value Decomposition (SVD) of each Power Spectral Density
(PSD) matrix generated. In Operational Modal Analysis (OMA),
there are three identification algorithms method applied in this
study. Frequency domain Decomposition (FDD) method was cho-
sen as a reference to compare with other identification algorithms
since FDD is well known as one of the reliable and more user
friendly for operational modal analysis of structures [14].

2.2. Enhanced Frequency Domain Decomposition

In contrast to FDD, Enhanced Frequency Domain Decomposition
(EFDD) is parametric technique. It computes the auto and cross-
correlation functions in order to extract the frequency and damp-
ing of a particular mode [11]. The PSD which is identified around
a peak of resonance is converted to time domain using the Inverse
Discrete Fourier Transform (IDFT). In this case, the numbers of
zero crossing times are required in order to obtain the respective
natural frequencies. The damping ratio is then obtained using the
logarithmic decrement of the corresponding single degree of free-
dom (SDOF) of the normalized auto correlation function.

2.3.Stochastic Subspace Identification

Similar EFDD, this is another parametric method where in this
technique modal parameters are estimated by utilizing a paramet-
ric model fitted to the signal processed data. The relevant modal
parameters are identified based on the output-only covariance-
driven and data-driven SSI [12] where correlation function is used
in covariance-driven SSI method while raw time data is used in
data-driven SSI method. The standard three identification classes
for SSI method namely Unweighted Principle Components (UPC),
Principle Components (PC) and Canonical Variate Analysis (CVA)
can be employed for the modal identifications.

3. Materials and Methods

The Data Acquisition Systems (DAQ) used in this study is
Bruel&Kjaer PULSE™ Multi-Analyzer System and the structure
is made of aluminium with dimension (850mm x 250mm Xx
250mm). Post processing of the random acceleration signal data
obtained from measurement is exported into the Ambient Re-
sponse Testing and Modal Identification Software (ARTeMIS™)
and required for Fourier transform of the correlation function in
order to estimate Power Spectral Density (PSD) matrix

Fig. 1: The Bruel&Kjaer PULSE™ Multi-Analyzer System connected to a
computer with The Bruel&Kjaer PULSE™ Multi-Labshop software and
ARTeMIS™ software.

Fig. 2: 3-storey modelled structure

For this study, 14 accelerometers (4 references with 10 roving)
were used with two data sets to compensate for 24 DOF’s. The
structure was excited by randomly and continuously tapping with
relatively enough energy to excite all frequencies of interest. Pre-
liminary testing of scrubbing the structure with metal bars intro-
duced too much noise modes both for parametric and non-
parametric techniques. Bruel&Kjaer PULSE™ Multi-Labshop
Software was used to set up the hardware, create the geometry,
assign measurement points and perform the test. The raw data
which consists of geometrical values and series of measurements
are then directly exported to the ARTeMIS™ software for signal
processing calculation and modal extraction. Frequency Domain
Decomposition (FDD), Enhanced Frequency Domain Decomposi-
tion (EFDD) and Stochastic Subspace Identification (SSI) tech-
niques are performed after all data are exported.

4. Results and Discussion

The first step in considering the results obtained from this study is
by cross referencing the FDD modes obtained from the modeled
structure with the FDD modes obtained by [13]. This comparison
is made to look at the modes consistency for the similar type of
structure. It is understood that the structure’s natural frequencies
cannot be compared as the total mass and material of both struc-
tures are different. On the other hand, the mode shapes could be
compared visually in reference to each other as both of the struc-
ture are tested under the same boundary condition. This initial
checking of the visual mode shapes obtained in this study will act
as a validation to ensure that FDD result could be used as further
reference when compared with the other parametric methods.

4.1. FDD and EFDD Methods Peak Picking Identifica-
tion
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Fig. 3: FDD Singular Value Decomposition (SVD) Plot
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Fig. 4: EFDD Singular Value Decomposition (SVD) Plot

From SVD plot obtained as in Figure 3 and Figure 4, there were
multiple modes estimated for frequency range less than 200 Hz.
The resonance peaks seem to be well separated. There were 9
peaks representing 9 modes of interest were selected since this
study is focused on capturing flexural modes up to 3rd order of
bending and torsion for both horizontal (X and Y directions. The
frequencies are determined using Single Degree of Freedom
(SDOF) in a user-definable frequency band around the peak while
mode shapes are determined from singular vector weighted by
singular values in the frequency band.

All 14 projection channels were applied for the FDD and EFDD
methods. The SVD plots are not significantly affected by the
number of projection channels but only its processing time will
differ.

However, it is required to compute the SVD plot using all projec-
tion channels preliminarily to analyse how many channels could
be further remove in SSI techniques in order to obtain  better
stabilization diagram. It is also best to use all 14 channels for FDD
to make sure no important information is lost during signal proc-
essing. This is crucial as the FDD method will act as a reference
method for the other parametric algorithms.

4.2. SSI Methods Peak Picking Identification
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Fig.5: SSI-UPC stabilization diagram.
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Fig.7: SSI-PC stabilization diagram.

Projection channel applied for the SSI analysis was determined by
studying SVD plot where 8 projection channels were sufficient to
remove redundant information without introducing local modes.
SSI methods in comparison to FDD and EFDD were much more
significantly affected from the number of projection channels as it
was found that when all channels were used, it produced many
noise modes. In the presence of high noisy modes, it becomes
difficult for determining modal domain of real physical deforma-
tion.

SSI-UPC were able to detect first mode in the lower frequencies
as compared to SSI-PC as shown in Figure 5 and Figure 6. How-
ever, the mode obtained from SSI-UPC shows first mode as a
noise mode. This is reasonably accepted as correlation of the first
mode shape from SSI-UPC shows agreement with the mode shape
obtained from the FDD method.

SSI-CVA in Figure 7 displayed plenty of scattered noise modes at
higher frequency ranges. This can be reduced by using different
projection channels but not opted in this study as it might intro-
duce local modes. Setting state space dimension from 0-200 was
sufficient to detect stable modes for frequencies less than 200Hz.

4.3. Natural Frequencies

From SVD plots and SSI stability diagrams depicted in Figure 3 to
Figure 7, the resulting natural frequencies and visual mode shapes
for FDD were presented in Table 1 and the comparison of natural
frequencies for both non-parametric method (FDD algorithm) and
parametric methods (EFFD and SSI algorithms) is illustrated in
Table 2.

The results present in this section indicate that all methods applied
in this study have produced the correlated modal data. Good
experimental modal data from FDD is useful for further
application after it has been compared and validated with other
techniques. This comparison is important to ensure that the struc-
ture natural frequencies and mode shapes are actually related to
the structure physical information and not from other sources.

4.4. Visual Mode Shapes (FDD)

Table 1: Structure mode shapes using FDD
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1 8 8.381 9.216 undetected 6.184

2 14 14.06 15.51 15.47 13.31

3 29 29.12 29.13 29.19 29.17

4 66 66.02 65.97 65.83 65.88 1425Hz

5) 70.5 69.62 69.39 69.74 69.55

6 93 93.21 93.08 93.04 93.06

7 142.5 142.4 142.7 142.5 142.4 Figure 10.

8 153 152.8 152.2 149.3 152.7

9 177 176.8 176.8 176.8 176.8 [FO—— "
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Figure 11.

:FDD-SSI-CVA MAC comparison

Modal Assurance Criterion (MAC) analysis was used as a statis-
tical indicator for mode validation to indicate the correlation be-
tween mode shapes which provides additional confidence factor in
the evaluation of a modal vector from different modal parameter
estimation algorithms. MAC values plotted in Figure 8 to Figure
11 exhibit good correlation for FDD-EFDD and FDD-SSI across
all 9 modes. However, for SSI algorithms, the MAC values for
lower modes especially for the second mode was relatively low
when compared with FDD. Both UPC and PC methods showed
MAC value of around 0.75. For the SSI CVA, mode 2 exhibited
higher MAC value than other SSI algorithms but was still less
than the desired range of 0.9-1 with 0.87 correlation.

5. Conclusion

In this paper, Operational Modal Analysis (OMA) was success-
fully carried out and a 3D Scaled Model of a 3-Storey Aluminium
Structure which undergoing random excitation. All the objectives
of this study have been achieved as the modal parameters of the
structure under the designated boundary condition (clamped at the
base) were extracted. Good modal parameters were determined
from both parametric and non-parametric methods in OMA
techniques. Natural frequencies from FDD, EFDD and SSI-CVA
methods were nearly close to the FDD method. Moreover, MAC
values showed that mode shapes from EFDD and CVA methods
are well correlated with that of FDD method. In general, the
results of this study indicate a strong correlation of modal
parameters for the 3D Scaled Model of a 3-Storey Aluminium
Structure using both parametric and non-parametric methods.

It is recommended that the research be extended to investigate the
dynamic characteristics of the same structure using Finite Ele-
ment Analysis (FEA). Furthermore, finite element updating can
also be performed by using the a discrepancy result between FEA
and test (OMA) to correct errors in FE models for further struc-
tural vibration analysis with much more confidence.
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