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Nomenclature
F,. = {formdragdue to pressure
F,, = lift due to pressure
F;, = dragdue to friction

L/D = lift-to-dragratio

Introduction

EMBRANE structures are found in many engineering prac-
tices. A recent and interesting application is a membrane
wing-based micro air vehicle (MAV).!> MAVs with a maximum
dimension of 15 cm and operating at speeds around 10 m/s provide
inexpensiveand expendable platforms for surveillanceand data col-
lectionin situationswhere larger vehiclesare not practical. However,
due to their small dimensions and low flight speeds, MAVs are sen-
sitive to environmental disturbances. Our experiences indicate that
an aeroelastic wing can better adapt to atmospheric disturbance,
provide a smoother viewing platform, and make the vehicle easier
to fly.2
Qualitative descriptions of the membrane behaviors are complex
due to their inherently large deformation and nonlinear material
properties >* Earlier studies of the interaction between fluid flows
and membrane structures typically utilized potential flow solvers
and simplified, linear structural solvers. For example, Jackson and
Christie® adopted three-dimensional potential flow solvers to ana-
lyze the aeroelasticbehavior of marine sails. Recently, viscous flow
simulations and coupled fluid-structurecomputationsfor membrane
have become practical. For example, Smith and Shyy® and Shyy
and Smith’ presented a computational approach modeling the in-
teraction between a two-dimensional flexible membrane wing and
viscous flows. This work presents a three-dimensionalmodel for the
interaction between a membrane wing and its surrounding viscous
flow. A more complete descriptionis given in Ref. 8.
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Coupled Fluid-Structure Algorithm

There are three key elements in a fluid and structure interaction
system, namely, the fluid solver, the structural solver, and an inter-
face technique. In this work, the fluid solver adopted for the three-
dimensional,incompressible Navier—-Stokes equationsis a pressure-
based method, utilizing a multiblock structured grid.” The structural
solver is a nonlinear dynamic membrane model, based on the finite
element formulation, utilizing an unstructured grid. Specifically, we
have adopted the hyperelastic Mooney—Rivlin model (see Ref. 10)
for the membrane dynamics. We use the Green-Lagrange strain
tensor (see Ref. 4) for the description of large strains. The dynamic
response of such a model is described by a system of second-order,
time-dependentequations. To facilitate the coupled fluid and struc-
ture computation, this solveris further augmented with an algebraic
moving grid technique!! that automatically regenerates the grid as
needed. In the coupled fluid and structure system, the structural
solver transfers boundary locations to the fluid solver, and the exter-
nal load is transferred from the fluid solver to the structural solver.
Because the fluid and structural solvers do not share the same grid
on the interface, we need to perform interpolation to exchange in-
formation between these solvers. Among the exiting interpolation
algorithms, the thin plate spline (TPS) by Duchon!? is adopted be-
cause the spline is invariant with rotation and translation and hence
suitable for the interpolationof moving or flexible surfaces. Another
desirable characteristic of TPS is that the interpolated spline has a
continuous first-order derivative.

To avoid creating phase lag errors, we synchronize the fluid and
structural solvers through a subiteration process between the fluid
and structural solvers at each time step. A detailed description of
the coupling and subiteration strategies can be found in Ref. 8.

Results and Discussion

A representative MAV designed in our parallel vehicle develop-
ment efforts’ is shown in Fig. 1. Each half-wing consists of three bat-
tens, using graphite, to meet the bending consideration. The mem-
brane material is latex. Based on the freestream velocity of 10 m/s,
the rootchord Reynoldsnumberis 9 x 10*. In this work, we consider

Fig. 1 A 15-cm MAV with flexible wing.?
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Table1 Effect of grid refinement on computed aerodynamic performance®

Grid(NX x NY x NZ) Grid on the wing surface Fpy Fpy Fry L/D
Coarse, 83 x 42 x 52 41 x 31 3.12E-2 2.55E-1 4.85E-3 7.06
Intermediate, 123 x 62 x 72 61 x 41 3.08E-2 2.54E—-1 4.61E-3 7.16
Fine, 183 x 122 x 102 101 x 61 3.10E-2 2.52E—-1 4.40E-3 7.10
“x, y, and z correspond to streamwise, vertical, and spanwise direction, respectively.
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Fig. 2 Three-batten arrangement for membrane wings. : :
9.5 M :
only the membrane wing without accounting for the fuselage and 9
propellers. A schematic of the adopted geometry is shown in Fig. 2. 8
Only one half-wing is considered, with the symmetry condition ap- § 85
plied at the center. In the design, the membrane wing consists of <
both membrane and carbon fiber. The membrane cannot sustain any é 8
bending moment and exclusively serves as the lift surface. The bat- z
. . . <]
tens sustain the bending moment and support the membrane. In this o 75
work, for simplicity, we treat the batten as membrane with a larger 5’
density. The density ratio is assigned to be 3. 7
6.5
Grid Refinement and Rigid Wing Performance
Before presenting the membrane wing solutions, we first high- 85
light the rigid wing results with grid refinement. By incrementally
increasing the grid density on the wing surface and the near wall b)

region, we have created three grid systems, ranging from 1.8 x 10°
nodesat the coarseleveland2.3 x 10° nodes at the fine level. Table 1
shows that, compared to the fine-grid solution, the coarse-grid so-
lution is in good agreement in total lift, total drag, and lift-to-drag
ratio. However, as expected, the shear force is sensitive to the grid
density, and the coarse-meshresult overestimates the shear force by
almost 10% compared with the fine-grid solution. We have also con-
ducted computationson an intermediate grid (Table 1), which gives
an improved prediction compared to the coarse-grid solution. Given
the available computing resource, we utilize the coarse grid to illus-
trate the key issues in the fluid and a flexible structure interaction
system.

Membrane Wing Performance

Figure 3a shows the time-averaged vertical displacements of the
trailingedge at « = 6 deg. The displacementsare normalized by the
maximal camber of the wing. The deflection is about 15% of the
maximal camber. Owing to the trailing edge deflection the effective
angle of attack of the membrane wing is less than that of the rigid
wing. The spanwise angles of attack between rigid and membrane
wings under the same flow condition and with identical initial ge-
ometric configurations are shown in Fig. 3. Figure 3b shows that
the rigid wing has an incidence of 6 deg at the root and that mono-
tonically increases to 9.5 deg at the tip. Except for the rigid portion
of the wing, the membrane wing adapts to the flow environment

Fig. 3 Time-averaged trailing-edgedisplacment and angle of attack of
the flexible wing.

to form different angles of attack in comparison to the rigid wing.
Specifically, the effectiveangle of attack toward the membrane wing
tip is less than that of the rigid wing by about 0.8 deg.

Conclusions

We have developed a nonlinear dynamic membrane model for
the coupled fluid and structure interaction. The coupling between
the fluid solver and structural solver is accomplished via a subitera-
tion process. The effect of dynamic shape change of the membrane
wing on the aerodynamiccharacteristicsis summarized. The present
approachis being employed to investigate the aerodynamic charac-
teristics as well as to facilitate shape design optimization of MAV
wings.
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I. Introduction

ENSING damage in structures through vibration data is hin-

dered by lack of sensitivity of measurable quantities, such as
natural frequency and mode shapes, and identifiable quantities, such
as mass and stiffness parameters, to damage. Sensitivity enhancing
control (SEC) exploits the relationship between feedback control
gains and system behavior to enhance changes in vibration charac-
teristics when damage occurs. The ultimate goal of SEC is to aid in
damage detection and localization in smart structures through this
enhanced sensitivity. Ray and Tian! investigate full-state feedback
control laws for sensitivity enhancement of the change in natural
frequency caused by stiffness damage through simulation of a can-
tilevered beam in bending. Ray et al.? investigate the ability to en-
hance the sensitivity of frequency shifts as a result of fatigue cracks
in a plate. These papers provide evidence that SEC enhances sen-
sitivity to stiffness damage significantly. However, in both studies
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feedback control laws were designed based on analytic models of
the structure, which in practice, might not be available or might con-
tain error, and both studies incorporate full-state feedback. Ideally,
a healthy model would be identified entirely from input and output
data from the structure under investigation. This model would then
be used to develop a sensitivity-enhancingcontroller for diagnosing
the presence or absence of future structural damage from available
measurements.

The problem of implementing SEC for a system without an an-
alytic model was approached by Solbeck et al.’> That study shows
thata primary issue in damage identification using the SEC method-
ology is that of identifying a healthy model from the input and out-
put data in physical coordinates, such that damage-induced mass,
stiffness, and damping changes ultimately can be identified. The
present study addresses this problem. A robust implementation of
observer-Kalman filter identification (OKID)* is used to identify an
initial minimum-order model for the healthy system. This model is
then transformed using common basis-normalized structural iden-
tification (CBSI)’ into a form from which the mass, damping, and
stiffness matrices can be identified, provided that there are as many
measurements as degrees of freedom.

Given an identified or analytic model, identifying damage from
measured modal frequencies and mode shapes takes the form of
either a forward or inverse problem. The forward problem uses
an identified or analytic model to predict the effect of hypothe-
sized damage cases (e.g., location and/or damage magnitude) on
modal frequencies, which are then compared with measured modal
frequencies to determine the most likely damage case. The in-
verse problemuses optimizationto update structural stiffness, mass,
and/or damping matrices based on measured modal properties to
minimize the difference between measured and model-predicted
modal properties. For either method success depends heavily on
the number of measured modal frequencies and/or mode shapes.
To improve damage identification algorithms, methods have been
developed for modifying the structure to enhance the information
set that is used with forward or inverse approaches. Nalitolelaet al.®
used the conceptof adding known physicalmasses or stiffnessesto a
system to provide additional modal frequencies for model updating
from modal frequenciesalone. Cha and Gu’ used the same concept,
along with a model updating formulation that enforces known con-
nectivity between structural elements. Lew and Juang® introduced
the concept of using feedback controllers to mimic the addition of
masses and stiffnesses to a system.

In this Note a structural matrix assignment (SMA) method is
developed in which a controller directly changes, or “assigns,” the
effective stiffness and damping matrices of a feedback controlled
structure. By shifting the effective (closed-loop) stiffness matrix
to a smaller value, changes in stiffness caused by damage become
more easily identifiable. SMA avoids reliance on measured modal
frequencies and mode shapes for identifying damage. Instead, the
elements of a closed-loop stiffness matrix are identified directly.
The OKID and CBSI methods are used for identification, whereas
concepts from Refs. 1 and 2 are used to targeta closed-loopstiffness
matrix to be assigned. The SMA method is developed in Sec. I1.C
and applied to a three-degree-of-freecdom system subject to stiffness
damage in Sec. III.

II. Theory

A. Structural Dynamics

The second-order, linear equation of motion for a dynamic struc-
ture with m degrees of freedom, r inputs, and ¢ outputs is given
by

Mz +Dz+ Kz = Bu (1)
y=Hiz+Hz+Hz 2

M, D, and K, are the m x m mass, damping, and stiffness matrices;
H, H,,and H, are the ¢ x m displacement, velocity,and accelera-
tion outputinfluence matrices; 3 is the m x r inputinfluence matrix;
and z, u, and y are the m x 1 position vector, the r x 1 input force
vector, and the ¢ x 1 output vector.



