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Abstract

For time-domain flutter analysis, the frequency-dependent self-excited forces acting on the structure can be approximated in the Laplace
domain by Rational Functions. The existing Rational Function ApprokimgRFA) approach involves apgximation of the experimentally
obtained flutter derivatives. This motivated the formulation of a system identification technique (Experimental Extraction of Rational Function
Coefficients or E2RFC) to directly extract the Rational Function Coefficients from wind tunnel testing. The current formulation requires
testing of the section model at lesser number of velocities compared to the flutter-derivative approach which may lead to a significant
reduction in time and resources associated with indirect extraction of Rational Functions from flutter derivatives. The methodology and
algorithm of the E2RFC method, results of numerical simulation to test the method with two bridge deck sections, and experimentally

obtained Rational Function Coefficients for one bridge deck section have been presented.
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1. Introduction

identification method based amifying least squares (ULS)
theory to extract flutter deratives of a two-DOF model.

Aeroelasticity refers to the phenomenon wherein aero- Chenet al. [7] used geeral least-squares theory and Gan
dynamic forces and structural motions interact signif- Chowdhury and Sarkard] used the lerative Least Squares
icantly. Flutter is an aeroelastic self-excited oscillation (ILS) method for identifying eighteen flutter derivatives of

of a structural systa. Scanlan and Tomkol] devel-

three-DOF brilge sections. Time-domain flutter analysis,

oped a frequency-domain flutter analysis technique usingthat uses drequencyindependenstae-space equation to

experimentally obtained flutter derivatives. The resulting
equations of motion involveeduced frequency-dependent
flutter derivatives whose sdion requires an iterative pro-

cedure for the determination of critical flutter wind speed.

Scanlan P] and Sarkar et al. B] were swicessful in
identifying eight flutter derivatives simultaneously from
noisy displacement time higtes by the modified Ibrahim
time domain (MITD) method. Brownjohn and Jakobsen
[4] used the covasnce block Hankel matrix (CBHM)

represent the equations of motion, has been gaining popu-
larity in recent tines because: (1) flutter analysis does not
require iterative calulations while solving the complex
eigenvalue problem to determine the frequencies, damping
ratios, and mode shapes at different velocities, (2) struc-
tural and aerodynamic nonlinearities can be incorporated
in the analysis, (3) this fonulation can be used to design
efficient vibration control systems for suppression of flut-
ter. In time-domai modeling, the frequency dependent

method for parameter extraction of a two degree-of-freedom gerodynamic self-excited forces acting on the structure

(DOF) system. Gu et al.5] and Zhu et al. §] used an
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can be approximated in the Laplace domain by Rational
Functions. The time-domain flutter analysis through Ratio-
nal Function Approximation (RFA) of the flutter deriva-
tives was done in the aeronautical field by Rogé} §nd
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Karpel [10]. The RFA approach is a frequency-independent Function Coefficient extraction has been described. Finally,
formulation of unsteady aerodynamic forces in the Laplace experimentally obtained Rational Function Coefficients are
domain that involves approximation of the experimen- presented for a streamlined bridge deck section (B3) that is
tally obtained flutter derivates through a ‘multilevel lin-  different from B1.

ear and nonlinear optimization’ procedure. Rog@r fpr-
mulated the least-squares RHArmulation (LS-RFA) and
Karpel [10] devebped the minimum state RFA formula-
tion (MS-RFA). Both approaches entail the experimental
extradion of flutter derivatives for a section model which
represents the span-wise section of the prototype structure
under investigation. Flutter derivative extraction involves
wind tunnel experiments on the section model at several
wind speeds. Only after finding the flutter derivatives can
RFA be used forapproximating the unsteady self-excited
forces; thus it is an indirecapproach. RFA formulation
has been applied to bridge aerodynamics by several re-
searchers such as XidJ], Xiang et al. [L2], who developed

the CVR or Coupled Vibration Record method, and others
such as Fujino et al.1f], Wilde et al. [L4], Boonyapinyo

et al. [L9), Wilde et al. [L6], Chen et al. 17,18], and Chen

2. Current system identification method
2.1. Equations of motion

In the current formulation, a section model is assumed
to have two degreesf freedom: the vertical deflectioh

of the local center bgravity (c.g.), and the rotationx
about that c.g. Alsom and |, are the mass and the mass
moment of inertia per unit length of the sectional model,
respectively.cp, ¢, are the daming andkp, k, are the
stiffness coefficients of # heawng and pitching modes,
respectively. The equations of motion for the section model
in a smooth flow subjected to aeroelastic liftae) and
moment(Mae) can be written as:

et al. [L9). Since RFA is an indirect approach, it motivated mh + chh + knh = —Lae (1)
the development of a more direct approach for extractingthe | 4 1+ ¢ ¢ + kya = Mae. )
Raional Function Coefficients from wind-tunnel measure-

proximating the frequency-dependentflutter derivatives. The
current system identification technique named Experimental Lae=
Extraction of Rational Function Coefficients or the E2RFC h

method is a new approach that uses displacement and sur- +K? Hia + K HIE} 3
face pressure time histories of a section model subjected .
to free-vibration tests to identify the unsteady aerodynamic M, = 0.5pU?B? [K A — h + KA — Ba
forces and then extract the Rational Function Coefficients. U 2 U

The proposed approach eliminates the need of testing the + K2A§a +K AZE} (4)
model through a wide range of wind speeds to identify the B

flutter derivatives that is required for extracting the Rational where p is the air density,U is the mean cross wind
Function Coefficients using the RFA. This method requires velogty, B is the width of the section modeK =

testing of the model at fewewind speeds (say two to five) B /U is the non-dimensional reduced frequenay, is

that leads to a Significant reduction in time and resourcesthe circular frequency of ogation. The non-dimensional
that are associated with the ettion of flutter derivatives  gerodynamic coefficientst* and A* (i = 1,...,4) are

h Ba
0.50UB | KHi 5 + KH3 -

and use of that data to get RFA. Recording dynamic sur- the flutter derivatives andw(ay evolve as functions of the
face pressures on wind tunnel models has become a routingeduced viocity U/f B (where f = w/2r is the frequency
job with the introduction of transducers that are capable of of osillation). These coefficients can be identified using
high sampling ratesX200 Hz per channel). The accuracy frequency-domain methods mentioned earlier.
of these transducers has improved significantly with digi-  Frequency-dependent aeroelastic forces are often trans-
tal sensors. Furthethe faced-vibration method for iden-  formed into time-dependentiftes so that they can be ap-
tifying flutter derivatives akeady requires measurement of plied in the explicit ime-domain approach. The most com-
aeroelastic forces either directly or indirectly using surface mon form of the approximating function for the aeroelastic
pressures. Therefore, the proposed method does not necesorce coefficients, used in aeronautics, is a Rational Function
saily increase the complexity of the experimental methods of the non-dimensional Laplace varialgénon-dimensional
commonly applied to section model tests. Laplace variablep = sB/U = iK, where non-dimensional
The current paper focuses on the new system identi-time, s = Ut/B). For the two degree-of-freedom (DOF)
fication methoddeveloped for direct extraction of Ratio- sectional model, the equations of motion considering aeroe-
nal Function Coefficients. Numieal simulation results are  lastic forces only, can be written in the Laplace domain (
presented to validate the effectiveness of the method us-denotes the Laplace operator) with zero initial conditions as:
ing a streamlined deck sectiqB1) and a redtively bluff 5 2
deck section (a deep truss) of the Akashi Kaikyo bridge (Mp“(U/B)*+CpU/B) + K)L(q)
in Japan (B2). Thexperimental set-up used for Rational =V ;QL(q) =V;Qq (5)
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