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Abstract

Recent development of a smart structures module and its successful integration with a multidisciplinary design
optimization software ASTROS* and an Aeroservoelasticity (ASE) module is presented. Application examples
have been worked out to demonstrate the integrated software capability. These include the neural net based active
flutter suppression of a modeled F-16 wing using piezoelectric(PZT) actuators, the gust-load alleviation of a
modeled F-18 aircraft using control surfaces, and trim drag reduction of TOMAHAWK with/without battle damage

using PZT actuators.

Introduction

Requirements on future military aircraft structures are
consistantly increasing with advancing technological
progress. In recent years, considerable interest has
directed toward application of smart (adaptive)
structures to control the static and dynamic aeroelastic
responses for rotary and fixed wing aircraft (Refs 1, 2).
A number of different concepts have been proposed to
actively suppress the aeroelastic instability or alleviate
the vibration. Manser et al. conducted an experiment to
nvestigate the concept for fin buffet vibration damping
utilizing the distributed piezoelectric patch actuators
(Ref. 3). Suleman et al. also conducted an experimental
research to demonstarte the feasibility of using adaptive
materials technology to suppress wing flutter and to
alleviate buffeting (Ref. 4). Northrop Grumman Co.
built a smart wing to mvetigate the benefits of smart
materials and structures adaptive wing technology. (Ref.
5,6,7)

For aeroelastic control, the selection of smart actuators
requires a systematic parametric study of the best
possible piezoelectric (PZT) and/or Shape Memory
Alloy (SMA) combinations. Further, the total effort
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should amount to find their optimized size and location
on a wing surface along with their integration with the
wing structure. Such an effort would require tedious
parametric study, which can only be conducted
effectively through a multidisciplinary design and
optimization (MDQ) methodology. In this study, we
adopt an MDO software system ASTROS*, previously
developed by AFRL (Ref 8) and further integrated and
maintained by ZONA Technology (ZONA) (Refs 9-
11). ASTROS stands for Automated Structural
Optimization System, which is a proven engineering
design/analysis software including vast scope aerospace
disciplines that impact a structural design. We will
further claborate on ASTROS* in the following section.

On the other hand, to formulate and make the smart-
structure algorithm compatible with ASTROS* is not
altogether a trivial task. The present paper present our
recent development of a smart structure module and its
integration with ASTROS* and the Aeroservoelasticity
(ASE) module. To validate the developed software, we
apply the smart structure module in conjunction with
ASTROS* and ASE module for active flutter
suppression of a modeled F-16 wing using PZT
actuators. For demonstration of the capability of the
ASE module, an example case was worked out showing
the gust-load alleviation of a modeled F-18 aircraft
using control surfaces. And TOMAHAWK cruise
missile wing is designed to minimize the trim drag
utilizing PZT actuators using smart structures and trim
modules.

Paper presented at the RTO AVT Symposium on “Active Control Technology for
Enhanced Performance Operational Capabilities of Military Aircraft, Land Vehicles and Sea Vehicles”,
held in Braunschweig, Germany, 8-11 May 2000, and published in RTO MP-051.
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ASTROS*, ASE and Trim Modules

ASTROS  (Automated  STRuctural  Optimization
System) is a finite element based procedure tailored for
the preliminary design of aerospace structures (Ref 8).
As such, it includes flexibility and generality in multiple
discipline integration. For aircraft, spacecraft or missile
design, the unique attributes of ASTROS lie in its
savings in design effort and time, improvement in flight
performance and reduction in structural weight. In
principle, ASTROS was aimed at the effective
multidisciplinary interactions between aerodynamics,
aeroelastics, structures and other modules.

For structural analysis, ASTROS has both statics and
normal modes capabilities, and is based on the
NASTRAN style input format for its finite element
methodology.  For optimization, ASTROS adopts
Vanderplatts method of feasible directions (Ref 12).
Other analysis modules in ASTROS include the
sensitivity analysis, aeroelastic analysis, control
response and aerodynamic modules.

Under contracts with AFRL, ZONA has further
developed ASTROS* through the integration of a
unified steady/unsteady, wing-body aerodynamic
module for all Mach numbers (the ZAERO module) and
an acroservoelastic module (ASE module) into the
system (Refs 9-11). Thus, ASTROS* is named after the
integration of ASTROS with the ZAERO module and
ASTROS*/ASE is named after the integration of
ASTROS* with the ASE module. Recently, a Smart
Structures (SS) module and a Trim module have been
developed for ASTROS* (see Fig. 1).

The ASE module facilitates the inclusion of multi-input,
multi-output (MIMO) control system effects on the
dynamic stability and response in multidisciplinary
analysis in design/optimization (see Fig. 2). The ASE
module is based on state-space formulations. The
structure is represented by a set of baseline normal
modes serving as generalized coordinates.  The
unsteady aerodynamic forces are represented by
minimum-state rational approxi-mations (Ref 13) of the
ZAERO module generated transcendental frequency
domain generalized force coefficient matrices. The
control system is represented by a state-space
realization of a user-defined series of polynomial
transfer functions. A gust filter is defined such that a
white-noise mnput produces an approximation of either
Dryden’s or von Karman’s power spectral density of
atmospheric continuous gusts. The stability analysis
and constraints are based on root-loci curves, Nyquist
curves and transfer-function singular values in the
frequency domain. The gust response analysis and
sensitivitics arc based on the stochastic Lyapunov
formulation. There are several options for the reduction
of the order of the state-space equations. These options

allow a combination of modal truncation, static
residualization and dynamic residualization. The ASE
module is applicable to open loop as well as closed loop
systems.

The ASTROS* trim module performs the static
aeroelastic analysis of flexible aircraft and determines
the trim solution of a given maneuver conditions.
Several special features are built in this module:

e As a default, the ASTROS*/Trim module uses the
ZAERO aerodynamic module to generate the
aerodynamic control forces of the trim variables. In
addition, it can also adopt the aerodynamic forces
from other aerodynamic methods such as the
Navier-Stokes CFD codes.

¢ In addition to the conventional trim variables such
as angle of attack, side slip angle, control surface
deflections, etc., the deformations due to smart
actuators (computed by the smart structures
module) can also be defined as trim variable in
which the ASTROS* trim module determines the
required power to achieve the trim solution.

¢ The ASTROS*/Trim module is capable of solving
the determined trim system as well as the over-
determined trim system. The solution of the over-
determined trim system is obtained by using an
optimization technique which minimizes a user-
defined objective function such as induced drag,
component loads, etc.

Formulation of Smart Structures/ASE Modules
Smart Structures Module

Currently, the piezoelectric (PZT) materials are
frequently used for dynamic control because of their
rapid response to control a disturbance. The induced
strain of PZT actuators is generated by applying control
voltage. The Shape Memory Alloy (SMA) actuators,
which work via a temperature-induced microstructural
phase change in the material, exhibiting relatively large
actuation force and high strain output compare to PZT
materials. However, due to their slow response time,
they are best suited for low frequency or static
applications, such as shape control (Ref 1). Clearly, the
SMA actuators would be a superior material for the
static aeroelastic control because of its larger strain
capability to achieve the desired camber and twist
distribution for minimum drag reduction. On the other
hand, the rapid response requirement of flutter control
suggests that the PZT actuators could be the best
candidate. The selection of the smart actuators requires
a systematic parametric study of the best possible
PZT/SMA combinations. Such a parametric study is



tedious and can only be conducted effectively by using
the ASTROS*/Smart Structures module.

In order to use PZT actuators, it is assumed that wing
has the segmented PZT actuators set which are attached
at the top and bottom of the wing surface. It is also
assumed that the opposite electric field is applied to the
actuators set so as to create a pure bending moment for
the aeroelastic control. When a voltage creates an
electric field in the piezoelectric material, it will strain
in three directions (Ref 14)

Lo (1)

ginduced = dl/

tp

The constant measuring the strains per unit electric field
are denoted as dj; and measures the strain in the 7
direction due to a unit electric field applied in the ;
direction. Vp; is the applied control voltage and #p is
thickness of piezoelectric materials. These induced
strains are analogous to "thermal loads" that produce
stress in the restrained structures.

Eppyp =0y AT 2)

where ¢;is the thermal expansion coefficient and AT is
the temperature change. The close similarity between
the PZT induced strain and the thermal load induced
strain suggests that the formulation of thermal load
computation in the finite element method can be
adopted to compute the PZT induced strain. In fact, the
ASTROS* smart structures module for PZT actuators is
developed by modifying an existing thermal loads
module in the ASTROS*, where the thermal expansion
coefficient «;; and the temperature change AT is
replaced by dlj and Vp/tp. Similarly, the induced smart
actuator strain/stress of SMA can also be converted into
the actuation forces in ASTROS* with smart structures
module (Ref 15).

In order to include the effects of the induced strain due
to PZT actuation, a smart structures module is
developed by modifying the existing thermal loads
module in  ASTROS*. The thermal-PZT/SMA
equivalence model enables the modifications of the
thermal stress module to accommodate the smart
structures module in ASTROS*. The control surface
(CS)/ PZT/SMA equivalence model principle ensures
the interchangeability between the CS force input and
the PZT/SMA force input to the ASE modules in
ASTROS*. Aerodynamic forces due to control surface
modes can be expressed as

[F.]1=[4IC][o. ] ©)

where [4IC] is the aerodynamic forces coefficient
matrix, [@.] is the control surface mode defined at

aerodynamic grid. Similarly, aerodynamic forces due to
PZT/SMA modes are expressed as

[F,] = [AIC][SPLINE][¢, ] 4)

where [¢,] is the PZT/SMA mode defined at structural
finite element grid. It is noted that the variables, [4IC],
[SPLINE], [¢], and [@,] are all existing data entities in
ASTROS*. Therefore, [F,] and [F,] are
interchangeable inputs to ASE module, whereas ASE
module requires no modification for PZT/SMA control
application.

Aeroservoelasticity (ASE) Module

The equations of motion for aeroservoelastic analysis
can be written as

[, kg3 +[C Jab + (K K + (M J8

:qd([Aa]{q}nL (4.6 + 14, kv, + [AG]W—?]
/ (5)

where {g} are the generalized modal coordinates, g, is
the dynamic pressure. The matrices [4, ], [4.]. [4;]
and [AG] are the generalized acrodynamic matrices due

to flexible modes, control surfaces mode, PZT mode
and gust, respectively.

The acrodynamic forces arc approximated as the
transfer functions of the Laplace variable by a least
square procedure in order to define the aeroservoelastic
equations of motion in a linear time invariant state-
space form. In the ASE module, we adopt the minimum
state method (Ref 13) that approximates the unsteady
aerodynamic forces in the following form.

[Aap ] = [Aq Ac APAG] (6)
=[R1+[PIs“[P,Js* HD](Is{R] '[E]s'
where P = [PqPCPPPGJi, s'=ik=iwb/V =sb/V ands
is the Laplace variable, £ is the reduced frequency, b is
the semi-chord and V is the airspeed. The subscripts g,

¢, p and G indicate elastic, control surface, PZT and
gust modes, respectively.

The control surfaces/PZT actuator transfer functions can
be expressed in a state space form as follows.

{xc } = [AL ]{xc } + {BL }6mmmand
{fu,=1C Hx.} (N
The gust state space model is included for random gust

response calculations. The vertical gust is modeled by a
second order Dryden model;
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where Gy

is the root-mean square value of the gust

velocity, L is the characteristic gust length and 7 is the
airspeed. When the low pass filter is included, the state
space cquation of the gust 1s expressed as follows

(b =4 1 b+ {8, jw

{‘VG}:[Cg]{xg} (9)

By including the gust dynamics system and the actuator
system, the following state space aeroservoelastic model
is obtained.
e =AU} + (Bl + (B, 3w
{r}=[ClHx (10)
where {x}= [_ 5 JT ,

vector.

{¥} is the output

Active Control System Design

In ASE module, currently two different control
algorithms are available to design an active control
system for aeroelatic control.

Optimal Output Feedback Control Scheme

For a given design airspeed, the linear quadratic
regulator (LQR) theory can be used to design the
controller for the aeroservoelastic control. The LQR
theory determines the optimal control gains to minimize
the performance index that is expressed as follows

= 17101} + ) (R 1w lar (11)
where [Q] and [R] are weighting matrices. The
corresponding optimal control is given by

tut =K1} (12)

where [Kg] is an output feedback gain matrix. By
applying optimality conditions to this problem, the
control gain matrix [K;] can be obtained by solving
three coupled nonlinear algebraic matrix equations (Ref

16).

Another purpose of the active control system is to
prevent performance degradation due to external
disturbances such as gust. Thus, the root-mean square

(RMS) values of gust response for the different modes
are calculated. The square of the RMS of the system
outputs is computed as follows,

o} =[[CIXICT 1, (13)

where [X] is the state covariance matrix of the closed-
loop system. The state covariance matrix is the solution
of a Lyapunov equation in the form

[ANXFIXIAT +(BJOBY =0y

where [4,]is the closed loop system matrix and @ is
the intensity of the white noise.

Neural Network Controller

In order to apply the neural net based control scheme,
the continuous time model is first discretized using
zero-order hold method with sampling frequency, f.
The discrete time state space model can be written in the
following form

{xhen =4 Hx, + 1B Rut, +{w},
h =ICHx + v 1=12,0m,

where {x},, {u}, and {y}, represent the state, input

(15)

and output vectors, respectively, and the matrices [4,],
[B;] and [C;] are the system, input and measurement
matrices for the air speed of V;, respectively. ny is the
number of air speed set. The disturbance {w}, and
sensor noise {v}, are both assumed to be stationary zero
mean Gaussian white.

As a first step, a set of Linear Quadratic Gaussian

(LQG) controller are designed at each specific air speed
condition as follows

{uy, =K, 1z},
X =[4, 1853, +0B, Hu +TH, T} —[C 1)
(16)
denotes the estimated state and [K;], [H,] are
the gain matrtix, Karman filter gain matrix, respectively.
The control input can be determined subject to minimize
the performance index which is expressed as follows;

where {x}

J = ELY [{x}i [O1{x}, + {fu}i [RT{u}, ] a7
k=|

where [(Q] is positive semi-definite and [R] is positive

definite matrices, respectively.

In ASE module, the input-output relations of the LQG
controller are used to train the neural network system.
The neural network that used for controller is a Multi-



Layer-Perceptron(MLP) trained with back-propagation.
This type of neural network is a universal approximator,
and able to learn any function to any degree of accuracy
(Ref 18). Feedback from the sensor output is digitized
and fed into the inputs of the neural network and passed
through a digital tapped-delay-line for past time steps.
A similar process is used for feeding the current and
past controls into the network inputs. In order to
account the air speed variant characteristics, air speed 7,
is also included as an additional input to the network.

In Fig. 3, a neural net based control system is depicted.
The output from the network is compared to the output
of the corresponding LQG controller when the mode
selector is at the train mode, and any difference between
them is backpropagated through the network to modify
its learning parameters. The problem of finding a
suitable set of neural net control parameters, that
approximates the LQG controller, is solved using error
back-propagation algorithm. The discrete time model of
neural network as shown in Fig. 4 can be described by
the following nonlinear difference equation

tyy (k) = flu(k =1), y(k), y(k = 1),V ] (18)

The parameters of feedforward networks are trained so
as to minimize the following cost function

E:

i M5

i
< z;{[uLQG ()t (j)]T[(uLQG () —upny (D]}

=l j=

(19)

where u00() and unn() are the input vectors of LQG
controller and neural network controller at sampling
instant j, respectively.  The Levenberg-Marquardt
algorithm is used to minimize the defined cost function
and obtain the next control input. After a neural
network has been trained for varying the air speed, the
mode selector is toggled to the control mode as shown
in Fig. 3. Although the initial training time for a
network may be long, it can be performed during off
hours without much involvement of the designer.

Application Examples

Case I: Flutter Suppression System Design for a
Modeled F-16 Smart Wing Using PZT Actuators

A modeled F-16 smart wing is used as an example
model to design control system for flutter suppression.
Fig. 5 (a) and (b) show the finite element and
aerodynamic models of F-16 modeled wing (Ref 19).
The FEM model contains 86 grid points. Total 62
membrane (CQDMEM/CTRMEM) element are used for
modeling wing skin, 361 shear (CSHEAR) element for
ribs and spars, and 111 rod (CROD) element for
sparcaps and shear webs. The ZAERO module in
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ASTROS* is used to compute unsteady aerodynamic
forces at Mach 0.9.

Total seven PZT actuator sets are used for the
aeroservoelastic control (see Fig. 6). Fig. 7 indicates the
typical control mode shapes due to PZT actuations.
Aerodynamic forces due to seven PZT modes are
calculated and transformed into time domain in
ASTROS*. After vibration analysis, a modal reduction
is performed using the first seven elastic modes (see
Fig. 8). The resulting state space model is 45" -order :
These are seven displacement modes, seven rate modes,
ten aerodynamic states due to minimum state
approximation, and three actuator states for each PZT
actuator due to minimum state approximation.

An open loop flutter analysis is conducted using
ASTROS*. Fig. 9 shows the open loop flutter analysis
results. The open loop flutter of this model occurs
around 1043 ft/sec, at Mach 0.9 and flutter frequency is
19.9 Hz. As shown in the figure, second mode of the
open-loop system becomes unstable. With this system
model an active control system is designed for flutter
suppression. The design airspeed is set to be V=1,166
ft/'sec, Mach=0.9. Figs. 10 and 11 show the open loop
and the closed loop eigenvalues of the system when
LQG is used to design an active control system for
flutter suppression at the design airspeed of 14000
in/sec. The design result shows that the closed loop
system is stable up to 16000 m/sec.

A set of LQG controller are designed at each specific
airspeed and the obtained data arc used to train the
neural network system. Fig. 12 shows the comparison of
the trained neural net control input with the target
control input. Figure indicates that the neural network’s
control input and the target control input match up very
well.

Fig. 13 contains the control system design results.
Figure show the responses of the closed loop system
(Fig. a and b) and the control input (Fig ¢ and d) which
are the control voltage applied to the actuators. For the
copmparison, LQG results are also plotted in the figure.
The results show that the system designed by neural
network gives a better settling time and requires a less
control input compared with those obtained by using
LQG controller.

Case II: Gust Response Reduction System Design for
a Modeled F-18 Aircraft

Fig. 14 shows the finite element model of a modeled F-
18 aircraft (Ref 20) that is used to design gust response
reduction system. This model has four control surfaces;
inboard/outnoard leading edge flaps, trailing edge flap
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and aileron. The transfer function of each actuator is
defined as

o 8.635F£6

<

8oy S0 +274.045> +778915 +8.635E6

(20)

The unsteady aerodynamic forces are calculated using
ASTROS* at Mach 0.9, sea level. These forces are
tranformed into time domain using minimum state
method. The resulting state space acroservo-elastic
equation is 65™ order. These are twenty vibration mode,
ten aerodynamic states for rational function
approximation, three states for each actuator, and three
states for Dryden gust model including low pass filter.

Fig. 15 shows the open loop flutter analysis results. The
open loop system results in flutter at an airspeed of 636
ft/sec. And the flutter is driven by the torsion mode as
shown in Fig. 15 (b). The active control system for gust
response reduction is designed at the design airspeed of
500 ft/sec, which is 78% of the open loop flutter speed.
Fig. 16 shows the open loop and closed loop
eigenvalues of the system at the design airspeed, 500
ft/sec. As shown in the figure, all the closed loop mode
is shifted to the left, rendering a more subtle system.

Fig. 17 shows the RMS values of the second mode due
to a gust over a range of airspeed. For comparison, the
RMS values of both open loop and closed loop systems
are shown in the figure. It is seen that, the RMS values
of the closed loop system are substantially reduced
throughout the airspeeds of interest.

Case IIT: Trim Capability of PZT Actuators for
TOMAHAWK

PZT actuators are used to reduce the induced drag of
the TOMAHAWK with/without battle damage. Fig. 18
shows aerodynamic model and a structural finite
element model of the TOMAHAWK cruise missile.
The wing consists of aluminum spars, ribs and
composite skins whose thickness distributions arc
designed by ASTROS* optimization with strength
constraints and minimum weight as objective function.
PZT actuators are placed on the composite skins shown
i Fig. 19. The flight condition is assumed tobe a one g
cruise at M = 0.7, sea level. Tor expediency ZAERO
acrodynamic module (ZONAG6, Ref 21) 1s employed to
compute the aerodynamic control forces of all trim
variables including the angle of attack, the horizontal
tails and the 24 PZT actuators (total 26 trim variables).
The ASTROS*/Trim module uses an optimization
scheme to solve the 26 trim variables while minimizing
an objective function; namely the induced drag. For
comparison, the trim solution and the induced drag of
the baseline configuration (involving only two trim

variables; the angle of attack and the horizontal tail
deflections) are also computed by the ASTROS*/Trim
module.

The comparison between smart wing solution and
baseline solution is shown in Table 1. Table shows a
40% induced drag reduction of the smart wing over the
baseline wing. Since the induced drag is usually 1/3 of
the total drag for the subsonic flight vehicle, the 40%
induced drag reduction would amount to a 13% total
drag reduction. This implies that if the baseline wing is
replaced by the smart wing, the TOMAHAWK cruise
missile would have a 10% increase in range.

The smart wing carries more lift than the baseline wing.
Fig. 20 shows an exaggerated view of camber and twist
distribution of the smart wing due to the PZT actuators.
Since the total body lift plus the wing lift of these two
configurations are the same at the one g cruise
condition, the body of the smart wing configuration
carries less lift than that of the baseline wing
configuration. Because usually the body is not an
efficient lift generator (in terms of induced drag), the
less body lift of the smart wing configuration implies
less induced drag. It is well-known that an elliptical
spanwise lift distribution produces minimum induced
drag. In Fig. 21, the desired elliptical distribution is
also shown by the dash line. By comparing the
spanwise lift distributions of the smart wing and the
baseline wing with the desired elliptical distribution, it
is seen that the smart wing yields closer elliptical-type
of lift distribution than the baseline wing, rendering a
considerable amount of induced drag reduction.

Fig. 22 shows an aerodynamic model of an impaired
TOMAHAWK configuration due to battle damage
where 4/5 of the outboard left wing is assumed to be
destroyed by the anti-aircraft artillery. This gives an
asymmctric configuration that requires a trim solution
involving the pitch-yaw-roll coupling for one g cruise.
In order to investigate the trim capability of the PZT
actuators, the 24 PZT actuators, the 4 tails, as well as
the angle of attack and side slip angle are included as
the trim variables.

The ASTROS*/Trim solution is shown in Table 2 and
the resulting camber and twist distribution of the right
hand side wing is presented in Fig. 23. If only the two
horizontal and two vertical tails are used to trim the
damaged configuration, the ASTROS* trim module
shows that a trim solution exists only if the deflection
angle of the right hand side tail exceeds 47° and left
hand side tail exceeds 40°. This is probably beyond the
physical deflection limit of the horizontal tail. This
trim solution shows that with the 24 PZT actuators, the
required deflection angles of the horizontal tails are less
than 15°. The camber and twist distributions of the
right hand side wing suggests that the 24 PZT actuators



tend to suppress the unwanted rolling moment by
providing a pitch down wing tip twist. The loss of lift
due to the pitch down twist is compensated by
increasing the angle of attack up to 7.58°.

Conclusion

Our recent development in a smart structure and trim
modules and its integration with ASTROS* is
presented. Successful integration is achicved as a result
of the uncovered thermal versus PZT analogy and the
control-surface versus PZT equivalence principle. The
smart structure module is also integrated with the ASE
module of ASTROS*/ASE, through a state-space
acroservo-clastic equation formulation.

For demonstration of the integrated software capability,
application examples have been worked out. These
include the neural net based active flutter suppression of
modeled F-16 wing using PZT actuators, the gust-load
alleviation of a modeled F-18 wing using active control,
and the trim drag reduction of TOMAHAWK using
PZT actuators.

- The PZT actuators enable to stabilize all unstable
modes in a closed-loop system, whereas wing flutter
occurs for an open-loop system. And the system
designed by neural network gives a better settling time
and requires a less control input compared with those
obtained by using LQG controller.

- For gust-load alleviation, the RMS response values of

the elastic modes were found to be substantially
reduced in a closed-loop system as opposed to the
open-loop system.

- Using smart actuators covered on the wing skin of the
unimpared TOMAHAWK, 40% of induced drag
reduction is achieved over the baseline wing.
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SENSITIVITY ANALYSIS
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(a) Finite Element Model

Figure 5. Finite element and aerodynamic models of a
modeled F-16 wing

Figure 6. F-16 modeled wing with 7 Sets of PZT
actuators

(a) Actuator No. 1

Figure 7. Control mode shapes due to PZT actuation
(PZT actuator No. 1 and 7)
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Figure 8. Natural frequencies and mode shapes of a F-

16 modeled wing
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(a) Structural Model

NUMBER OF NODAL POINTS ; 1628
TOTAL ELEMENTS ; 2718
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CONM2 43

CBAR 99

CQUAD4 1375
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RBE2 128

RBAR 16

RBE3 24
(b)Aerodynamic Model
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Figure 14. Modeled F-18 finite element and
aerodynamic models

(a) Damping versus airspeed (M=0.9, sea level)
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Figure 16. Open Loop and Closed Loop Eigenvalues of
the Aeroservoelastic System at Airspeed of 500 ft/sec,
Mach =0.9 Sea Level
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Figure 17. Root-mean square values of the response
due to a gust versus airspeed
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(b) Flutter mode (4.7 Hz)

(b) Finite element model

Figure 15. Open loop flutter analysis results:
(a) damping, (b) flutter mode

Figure 18. Acrodynamic and finite element models of
the TOMAHAWK cruise missile



Table 1. Induced-drag improvement by
ASTROS*/trim: Smart vs. Baseline

Smart Baseline

Wing Wing
Angle of Attack 1.69° 3.66 °
Horizontal Tail -0.343° -0.747°

Induced Drag Coeff.  0.01566 0.02610

Figure 22. Aerodynamic model of a damaged
TOMAHAWK cruise missile.

Figure 23. Exaggerated camber and twist distribution of
right hand side wing for trim

T Table 2. The ASTROS*/Trim Solution of an impaired
TOMAHAWK (Smart vs. Baseline)

Figure 20. Exaggerated camber and twist distribution of

’ Trim Variables Smart Baseline
smart wing wing wing
Angle of Attack 7.58° 6.14°
1 | | | Side Slip Angle -0.401° -0.31°
s  Optimum wing | Right Horizontal Tail ~ -13.08° -47.17°
o Baseline wing ] Left Horizontal Tail -15.00°  -44.08°
08 b — — Desired @khpmél dmtr‘tbun:m R Top Vertical Tail -13.60° 6.34°

Bottom Vertical Tail -14.99° 1.20°

0 0.2 0.4 0.6 0.8
2ylb
Figure 21. Spanwise lift distribution of the baseline and
smart wings



