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Abgtract

The paper presents the current state-of-the-~art
of the aerodynamic energy concept. The latest ap-
plications of the relaxed energy concept, most of
which are as yet unpublished, are also presented
in this paper. These applications include the sup-
pression of external-store flutter of three dif-
ferent configurations of the YF-17 flutter model,
using single trailing-edge (T.E.) control surface
activated by single, fixed gain, control law. Also
included are some initial results regarding the
suppression of flutter of the 1/20 scale, low speed
wind-~tunnel model, of the Boeing 2707-300 super~
sonic transport, using an activated T.E. control
surface. Additional results regarding comparative
study between activated leading-edge - T.E. and
T.E. alone control systems are also presented to-
gether with a review of previously published for-
mulations and applications.

Introduction

The ability of the aerodynamic control surfaces
to promote flutter instabilities has been known for
many decades. Classical books in the field of
Aeroelasticity 1) include considerable material to
this effect under such headings as "bending-aileron
flutter" or "torsion-aileron flutter". These con-
trol surface induced flutter instabilities are
traditionally overcome by reducing the deflections
of the control surfaces by mass balancing of the
control surfaces. It seems therefore reasonable to
‘assume that this ability of the aerodynamic control
surfaces to promote flutter could be reversed by
appropriate control of their deflection, so as to
combat the main lifting surface flutter instability,
such as the wing bending-torsion flutter. Indeed,
to put it differently, the origin of flutter lies
in the nature of the oscillatory aerodynamic forces
which permit the transfer of energy from the air-
stream to the wing. This flaw of energy could be
controlled, in principle, by modifying the aero-
dynamic forces through appropriate deflections of
the control surfaces. The implementation of this
approach requires, therefore, a rapidly responding
control system which is actuated by the motion of
the main surface and which leads to an appropriate
deflection of the control surface.

The introduction of such activated control
surfaces is not limited to problems of flutter
suppression. Their potential applications span
over a wide class of problems related to the im-
provement of performance of aircraft. The recent
technological advances made in the field of con-
trol systems and the increased reliability of con-
trol system components, brought about by the space
program, have paved the way for the incorporation
of increasingly sophisticated control systems in
aircraft. In his ATAA Von Karman Lecture(z—,

I.E. Garruck states: "A major current trend which
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will play a dominant role in research, development,
and practice during the years ahead is the union
of modern control technology and aeroelasticity;
for example, in control configured vehicles (CCV)...
Although aerocelasticians and control specialists
have in the past usually gone their separate ways
and both fields have become quite sophisticated,

in the last few years there have been attempts at
real cooperation and adaptation to each other's
methods so that important information has been pub-
lished." Among the numerous proposed applications
in CCV are: relaxed aerodynamic stability, gust
and maneuver load allevation (with fatigue damage
reduction through modal suppression), yide quality
control, flutter suppression, taxi load alleviation
and automatic control of variable geometry. As
could be expected some of the proposed applications
have recently come to fruition: An active control
system has been installed on the B-52 aircraft(3,4)
to control the response of the rigid body mode and
one elastic mode (first aft body bending) to gust
inputs. Flutter suppression by active controls

has been demonstrated in flight on the B-52
airplane (the mild flutter instability was induced
by an added ballast tank). Other applications re-
lating to the control of the rigid body modes have
been incorporated in several military development
areas, including the YF-16 aircraft. Applications
relating to the suppression of external store flut-
ter are currently under way for the F4 airplane.
(6:7) 1n addition, a number of feasibility studies
have been made to assess the merits (in terms of
weight saving and of performance increase) of ap-
plications of active control technology to air-
craft{8-13) Some of these studies were supplemen~
ted by comprehensive wind-tunnel validation pro-
grams. s

As can be seen, the use of active controls spans
a wide class of problems. However, one of the
major difficulties which characterizes the intro-
duction of active control systems into elastic
structures lies in the tendency of the activated
systems to be very sensitive to system changes
caused by the different flight conditions (such as
flight speed, flight altitude, flight duration and
type of mission). This sensitivity implies that a
control system which is optimized at one flight
condition may either show consierable degradation,
or even give rise to adverse effects at other
flight conditions.
Th (16)
e aerodynamic energy concept was formulated
in an attempt to define active control systems
which do not exhibit such sensitivities to changing
flight conditions. There is no intention to pre-
sent herein a review of the extensive literature
in the field of active control of aeroelastic res-
ponse, nor is there any intention to review the
different approaches and methods available for syn-
thesis. Attempt will only be made in the present
paper to review the developments of the aerodynamic



energy approach, together with its applications,
to problems of flutter suppression and gust alle-~
viation (with emphasis on flutter suppression pro-
blems). Whenver possible, comparisons will be
made between results obtained by the aerodynamic
energy method and those obtained by other methods
such as classical or modern control theory.

The Aerodynamic Energy Approach

Basic Concept

The aerodynamic energy concept was developed
primarily for problems of flutter suppression
using active controls. It hinges on the idea that
since flutter instabilities originate from the
nature of the aerodynamic forces, the roots of
their suppression should clearly lie in the ability
to modify these forces. The above idea can be im—
plemented provided the following problem can suc-
cessfully be treated: Given a fluttering system and
given a control surface which can be activated,
what should be the relationship between the oscil-
lation of the system and the deflection of the con-
trol surface (normally referred to as "control
law") that will ensure the necessary changes in the
aerodynamic forces. This problem has been treated
in refs. 16, 17. Major points relating to analysis
and results are presented in the following section

The Energy Analysis
Let the n equations

{F} = - w? [B + mob*s(Ap + 1 A 1{qH(Elq} (1)

represent the equations of motion of n structural
modes with r activated controls, where at flutter

{F} =0

and where w represents the frequency of oscil-
lation; [B], the mass matrix; [A_.] and [A_], the
real and imaginary parts of the aerodynamic matrix,
respectively; [E], the stiffness matrix; p, the
density of the fluid; s, reference length; b, a
reference semichord length; and {q}, the response
vector. The matrices in equation (1) can be par-
titioned into square matrices (n x n) relating to
the structural modes (subscripted by s) and rec-
tangular matrices (n x r) relating to control sur-
face couplings (subscripted by c¢). After parti-
tioning the matrices, equation (1) becomes

{F} = {}wz[}BsﬁBc]+ﬂpbus([AR’siAR,c] +

+ilap ap ] + [ESEECIJ{ 2! @)

Assume a control law of the form

{a .} = (1] {q} 3

where [T] is a (r x n) matrix representing the
transfer functions of the control law, and assume
that no elastic couplings exist between structural
modes ‘and control deflections, thus causing [E_]=0.
It can be shown(16s that the work P done by
the system on its surrounding per cycle can be
written as

C 2obben?
P= f——%ﬁ‘-"— Lag — dagf [U] {gg + iq;} (4
where

{0} = —{[AI,S]+[AI,S]T+[AI;C][T]+[T*]T[AI’°]f)+

+ i([Ak’S]-[AR,s]THAR’c][T]—[T*]T[AR,CIT +

(8] [1] - [T*]T [B 1T ]

+ (5)
wpb”s
and where
{q} = {qo}eimt = {qg + in}eiwt (6)

The sign of P determines stability, and therefore
it is advantageous to convert equation (4) to. a
more convenient form. - It can be shown(l6:17) that
P can be reduced to the form

P= %ﬂzpb"‘wzs[l_ikj [adiggt + Lg [‘x.]{zl})
(€))

or alternatively

C P = FnZobtuls [Al (62 +e2 )+ naleg o+ed o) +

2 2

...+ }‘n(ER,n + El,n)} 6:))
where [~Ag] is a diagonal matrix of the eigenvalues
A, necessarily real, of the Hermitian matrix [U]

(s given by eqn (5)), and where the vectors {ig}
and {g1} are defined by the transformation

{q,} = [Qp + Q7] (&g + it} ®

The matrix [Q_ + iQI] is a square modal matrix of
the principal “eigenvectors.

Discussion of Energy Concept

The work per cycle P done by the system on its
surroundings has a direct bearing on the stability
of the system. If P is positive, the system is
dissipative, and therefore stable. If P is nega-
tive, the system is unstable because work is done
by the surroundings on the system. Equation (8)
shows that if all the eigenvalues ); of the sys-
tem are positive, the system is stable regardless
of the motions represented by the generalized ene-
rgy coordinates £. If one or more of the A
eigenvalues is negative, the system is potentially
unstable. Its ultimate stability is determined by
the relative values of the terms & and A. If
the £ wvalues make the positive eigenvalues domi-
nate the right-hand side of equation (8), the work
P is positive and the system is stable. If, on
the other hand, the E values make the negative
terms dominate eqn. (8), P 1is negative and the
system is unstable. Hence, the requirement for
all A's to be positive is a sufficient but not a
necessary condition for stability.

For mass-balanced control surfaces ([B _1=0, the
eigenvalues A obtained from [U] (Eq. (Sf) are
dependent only on the aerodynamic properties of the
system and the activated control law (matrix [T]).
In the case of mass-balanced surfaces, the eigen-
values are referred to as aerodynamic eigenvalues,
These latter eigenvalues are, in general, functions
of the reduced frequency k and Mach number M.
1f mass unbalance is a fixed quantity in the system,
the eigenvalues A also depend on the fluid den-—
sity p 1in addition to their dependence on k
and M. Note that instability at zero airspeed. can
be brought about only through these mass unbalance

601



terms. All the results presented in this paper re-
late to mass-balanced control systems only and
therefore, aerodynamic eigenvalues are obtained
from the following [U]l matrix

w) = _[[Al’é].q.[AI’s]TﬂALS][T]+[T*][AI,CIT]

*i[[AR,sl“[AR,slT“[AR,c][Tl'[T*lT[AR,clT} 10

It may be recalled that the energy approach, in
its original development 16), sought to determine
the matrix [T] to render all the aerodynamic
eigenvalues (of matrix [U] eq. (10)) large and
positive. This requirement regarding the aero-
dynamic eigenvalues insures both the stability of
the system (since P is always positive) and its
insensitivity to various flight conditions (which
manifest themselves in the form of changing values
of A and changing values of the system responses

gJ.

Generalized Model

The energy approach has been formulated for a
general " n degree of freedom system. Therefore,
the energy concept can be applied to any problem.
The results of such application, however, will be
specific for the system considered since the gene-
ralized aerodynamic forces depend not only on the.
system geometry but also on its structural natural
modal responses. If, however, the energy concept
is applied to a two dimensional strip, the aero-
dynamic matrices are independent of geometry and
responses of the system. As a result, the aero~
dynamic eigenvalues are independent of any specific
system and are only functions of k, M, and the
transfer function matrix [T]. Therefore, if [T]
is defined using a two-dimensional strip as a model,
these [T] wvalues are applicable to any three-
dimensional wing within the limitations of strip
theory; thus, the model is generally applicable.
Sketch (a) illustrates the generalized model con~
sidered, and the arrows indicate positive displace-
ments and rotatioms.

UNDISTURBED  POSITION

v 2 b N Rt §

Sketch (a)

Analysis of the Generalized Model

The motion of the generalized two-dimensional
model is defined by two parameters: the displace-
ment h of the 30 per cent chord point and the
rotation o about this point. Two control surfaces
are assumed to be available for activation: a 20
per cent chord trailing-edge (T.E.) control and a
20 per cent chord leading-edge (L.E.) control. Two
aerodynamic eigenvalues, Amin and Amax are ob-

tained using this model. The analysis and results
which accompani?g6§he original derivation of the
energy concept, employed a transfer function
matrix of the form

[t] = [C] + 1 [6]

The matrices [C] and [G] were assumed to have
constant values (in eqn (11)) thus making the sub-
sequent mechanization of the control law difficult.
The matrix [T] was determined numerically by an
optimization program which required Apip to be
positive and large over a wide range of k values.
This was achieved by maximizing the area under the
curve Apin vs 1/k using the Cjy and Gij terms
as parameters.

1

It should be stressed at this stage that the
generalized two-dimensional model adopted herein
serves only to indicate, on the basis of the strip
theory, whether energy is dissipated or absorbed by
the partial span strip where the activated controls
are installed. Therefore, in order to suppress
flutter with a minimum number of activated partial
span strips, one should aim at dissipating enough
energy in the activated strip, so as to compensate
for any energy input by the nonactivated portions
of the wing. One should therefore attempt not
only to turn Apin positive but also to cause Apin
to assume large (and positive) values.

Results of the Original Formulation of the Energy

Concept
Typical results obtained with M=0 wusing the

procedure just described are presented in Fig.
1 for the unactivated system, in Fig. 2 for the
activated T.E. control and in Fig. 3 for the acti-
vated combined L.E.-T.E. control system (for fur-
ther details see ref. 16). The optimized values of
the transfer functions [C] and [G] for these
twa types of activated systems are given by

a) For the T.E. Control system

0 0 0 0
[cl] .= ;s 6] =

oPt | 0.35 -1.9 °Pt 19,35 0.1

(11a)

b) For the combined L.E.-T.E. Control system

0.5 1.0 ~0.5 1.0
[cl .= ;3 [6] =
Pt | 505 -1.7 °Pt lo.45 0.2
(11b)

The following points emerging from these figures
are worth noting:

1) The value of Amin for the inactivated sys-
tem (fig. 1) is negative throughout the range
of k (0.0128 < k < 19.5) and the value of

Apax 1s positive throughout this same range.
Furthermore, the absolute values of {AminT
and are of the same order of magni-
tude.

1P max|

2) The values of Ayy, for the T.E. system
(Fig. 2) is only marginally positive (except
at high k wvalues) and is highly sensitive
to off-design values. The values of C)o
which improve Apip cause Ap,y to deterio-
rate appreciably.
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3) The optimum values of Ayi, for the combined
L.E.-T.E. control system (Fig. 3) is large
and positive over the whole range of 1/k.
The off-design sensitivity is greatly reduced
as compared with the T.E. control system.
Here again, the values of Czg which improve
Amin cause Ap.. to deteriorate.

The results presented in ref. 16 indicate the fol-
lowing additional important points:

4) Systems having two sensors (to determine both
h and o) are superior to any single-sensor
system.

5) Mach number effects are beneficial for the
whole k range for the L.E.-T.E. system
(fig. 4) whereas the T.E. system shows minor
improvements except for the very low range of
k., values where some deterioration takes
place.

6) The values of Apin (and Apuy) for the L.E.-
T.E. control system could be increased con-
siderably by the.simultaneous increase of all
the Gij terms by a constant factor w/wy>l
(see fig. 5). The T.E. control system showed
a deterioration in Ayy, accompanied by a
considerable improvement in Apay when such
an increase in its Gyj terms was attempted
(see ref. 16). Thus, the control law for the
L.E.-T.E. system cquld be brought to the
following convenient form '

. . h/b
(8 = te1 { W) Lggy 7Py 12)
o l.l)r [+3

where w, is a reference frequency which

maintains the non-dimensional nature of eqn.

(12)., Clearly, the mechanization of this lat-

ter control law is much simpler than the one

given by eqn. (11).

The above results led to the conclusion that the
L.E.-T.E. control system, driven by two sensors, is
the most effective system for purposes of flutter
suppression. For this reason the L.E.-T.E. system
was chosen for testing the effectiveness of active
controls in the early applications of the energy
method. However, before proceeding to these ap-
plications, a few points should be mentioned re=
garding the physical significance of the optimized
control laws (see sketches (b) and (c)). The opti-
mized L.E.-T.E. control law will be chosen for this

.5 h/b h 3
g ‘ .05 h/b
" 1.7a
~~

Sketch (b)

.45 h/b

/

Sketch (c)

purpose since it includes the essential features of
the two control surfaces employed by the generalized
model. .

It is interesting to note that the main effect of
the in-phase deflections of the control surfaces
is to counteract any 1lift building up; that is,
the 1ift increase due to the angle of attack o is
opposed by the forces created by the deflections of
the L.E. and T.E. control surfaces. Furthermore,
the out-of-phase control deflections increase the
damping forces. It can therefore be seen that flut-
ter suppression is achieved by both reducing the
energy input into the system and increasing the
dissipation of energy.

Early Applications of the Aerodynamic
Energy Concept

The first application of the results produced by
the aerodynamic energy concept was made using a
SST type wing for which detailed analysis usin§
at least 10 degress of freedom already existed(18),
The application was carried out by members of the
Boeing Wichita division under contract to the
Langley Research Center. The wing configuration is
indicated in Fig. 6. Flutter control was achieved
using several independent stripwise units each of
which consisted of combined L.E.-T.E. control sur—
faces having 20% chord each and activated by sensors
located at 30% and 70% chord locatiomns,(using a
control law as given by eqn (11)). The results,
employing M=0.9 lifting surface aerodynamics, sup-
plemented by strip theory for the control strips,
indicated that the use of T.E. controls alone
would increase the flutter speed by only a few per
cent (v 5%) while the use of the combined L.E.-T.E.
systems yielded with outboard segment A alone an
11X increase, with mid segment B alone - 28% in-
crease, and with inboard segment € alone - 21%
increase in the flutter speed. The combined use of
B and C led to an increase in flutter speed not
specifically determined but noted to be in excess of
41% of the original speed. A root locus plot cor-
responding to this case is shown in Fig. 7. A cor-
responding experimental exploratory study(ls) was
undertaken in the Langley Transonic Dynamics Tunsel
using a simplified version of a proposed supersonic
transport wing design (Fig. 8). The active flutter
suppression method, based on the aerodynamic energy
criterion, was verified experimentally using three
different control laws (as defined by eqn (11)).
The first two control laws utilized both leading
edge and trailing-edge active control surfaces,
whereas the third control law required only a single
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T.E. control surface. At Mach number 0.9 the ex-
perimental results demonstrated increases in flut-
ter dynamic pressure from 12.5 per cent with a
L.E.-T.E. active control system to 30 per cent
with active T.E. control. The mechanization of the
L.E. control has met with great difficulties due
to what is now believed to be a control induced
instability caused by the mass unbalanced L.E.
control. As a result of this instability of the
L.E. control (which was present even at zero air-
speeds) activation of the L.E. control could only
be attained at M=0.9. Nevertheless, two important
%oints follow this essentially experimental study

1) An active flutter suppression system was de-
monstrated successfully, using L.E. and T.E.
control surfaces, to suppress flutter on a
model in a wind tunnel.

2) Irrespective of the difficulties encountered
in the mechanization of the L.E. control, it
is still significant to note that a single
T.E. control yielded satisfactory results in
-suppressing flutter over the entire range
of Mach numbers tested.

Somewhat different analytical applications
(19,20 using a somewhat different control law, of
the type given by eqn (12), with w, acting as a
control parameter (the smaller wr is, the more
effective the active controls become), were made
on two different types of subsonic aircraft using
a discrete gust approach based on aerodynamic
strip theory. These aircraft are the twin-boom,
twin-turboprop Arava STOL transport (maximum mass
6800 Kg, see Fig. 9) and the Westwind, twinjet
business transport (maximum mass 9400 Kg) which is
a modified version of the Rockwell Jet Commander
(Fig. 10). The wing on each aircraft was divided
into 10 equally spaced strips as shown in Fig. 11:
Each strip could accommodate a pair of active con-
trols (that is, 20% chord L.E.-T.E. controls).

The strips located along the horizontal tail were
‘allowed spans equal to one third and one tenth of
the horizontal tail semispan of the Arava and West~
wind aircraft respectively. The best locations
for a single activated system along the span of
the wing were determined for bending-moment alle-
viation, reduction in fuselage accelerations, and
flutter suppression. Reference 19 deals with step
gust inputs whereas reference 20 deals with l-cos
shape gust with peak values following the require-
ments of the federal aviation authorities.

The simultaneous treatment of flutter suppres—
sion and gust alleviation problems follows as a
natural consequence of the control law derived by
the use of the aerodynamic energy which, as al=~
ready mentioned earlier, acts to reduce the energy
input into the system and increase the dissipation
of energy.

(ZO?he main points emerging from this application
] are briefly summarized by the following
points:-

1) A single activated strip located at the out-—
board region of the wing promotes negative
bending moments (M,) at the root of the
wing during upgust conditions (see Fig. 12).
These negative bending moments are caused by
the restraining forces exerted by the acti-
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vated strip, at its outboard location, as a
result of the upward motion of the airplane
caused by the upgust forces. For similar
reasons, an activated strip located at the
root region of the wing promotes increase in
bending moments during upgust conditions
(see Fig. 13).

To overcome these difficulties, the con-
trol law was modified to activate the cont-
rol surfaces using the elastic contributions
of the motion. In mathematical terms, h
and o in the control law were replaced by
(h-hy) and (o-ay) where the subscript r
refers to a reference point around the root
of the wing. This reference point is chosen
in such a manner so as to "filter out" all
the rigid body contributions to the control
inputs. The results following the intro-
duction of the above changes into the control
law (referred to in ref. 20 as the extended
control law) are shown in Fig. 14. As can
be noted, the effects of the extended con-
trol law on the maximum values of the root
bending moment are indeed dramatic. The
best location of the activated strip for
maximum bending-moment reductions is in the
tip region of the wing but inboard of the
tip strip.

2) The optimum strip location for maximum in-
crease in the flutter speed " is at the wing
tip strip. Furthermore, the effectiveness
of the activated strip is greatly increased
by the introduction of the extended control
law. Flutter speeds could easily be in~-
creased by more than 70%Z of the open loop
flutter speeds.

3) The optimum strip location for maximum re-
ductions in fuselage accelerations is at the
root strip location for the ordinary control
law (Fig. 15). The extended control law
yields better results with optimum strip
location at the inboard region of the wing
(but clearly not on the reference strip, see
Fig. 16).

In summarizing the results of the above applica-
tion , it may be stated that the extended con-
trol law, which is based on the wing elastic defor-
mations only, presents a major step forward in pro-
blems of flutter suppression and gust alleviation.
It leads to almost complete decoupling between the
rigid-body responses, elastic responses, and the
activated control forces. As a result, major im-~
provements in performance are obtained. For this
reason, free flying wind tunnel models might show
greatly reduced performance as compared with clam=-
ped models unless some form of an extended control
law is used.

The above applications have shown that the
energy concept produces effective activated systems.
There were indications, however, that the derived
control laws could be improved and that the mecha-
nization of the L.E. control was more involved
than that of the T.E. control. Furthermore, some
of the control laws (such as the one defined by
eqn (11)) were difficult to realize. This led to
an investigation aimed at avoiding the use of the
L.E. control while maintaining the effectiveness
of the activated system. The results of this in-
vestigation are described in the following section.



Active Flutter Suppression Using Trailing-
Edge and Tab Control Surfaces

As already stated earlier in this paper, the
L.E. control may present some control problems
since it carries relatively large aerodynamic
hinge moments. Furthermore, there has been some
reluctance to introduce a L.E. control due to its
possible detrimental effects on the general aero-
dynamic characteristics of the wing. The acti-
vated T.E.-tab combination, if effective for flut-
ter suppression, could alleviate the difficulties
agsociated with the L.E.-T.E. system. It is shown
(21) that an 8% chord tab should be chosen for a
20% chord T.E. control. The results obtained(21)
for the variations of J)yin with 1/k show that
the T.E.~tab system activated by both linear and
rotational sensors, has a flutter suppression per-
formance comparable to the L.E.-T.E. system. The
main advantage of the T.E.-tab system over the
L.E.-T.E. system lies in the lower actuator torque
requirements, whereas its main disadvantage
lies in its relatively higher control surface rota-
tions. Applications pertaining to the T.E.-tab
system were not further pursued in view of the pro-
gress made regarding the activation of T.E. alone
control system. Some details regarding these
developments are presented in the following sec-
tion.

Relaxation of the Energy Concept

Objective and Formulation of Relaxed Conditions
The energy approach, in its original develop~
ment (16 » sought to determine the matrix [T] so
as to render all the aerodynamic eigenvalues large
and positive. This requirement regarding the
aerodynamic eigenvalues ensures both the stability
of the system (since P will always be positive)
and its insensitivity to the various flight con-
ditions. Since the derived control laws are of
general nature and do not take into consideration
any specific property of the analysed system, it is
possible to argue that the limitations concerning
the potentials of the T.E. control system to per-
form effectively as flutter suppressor is in-
herent in the above formulation of the problem.
Assume that other methods of stabilization exist,
or can be devised, and that all we wish to ensure
is the insensitivity of the stabilized system to
changes in flight conditions. The implications of
such an approach on the energy concept involve the
relaxation of the requirement that all the aero~
dynamic eigenvalues must be large and positive.
Assume, therefore, that such a relaxation is naow
introduced which permits some of the aerodynamic
eigenvalues to be negative. Stability can only be
achieved under these conditions by modifying the
responses of the system so as to render the re-
sponses associated with the positive eigenvalues
to be the dominant ones. This latter requirement
forms a necessary condition for stability but does
not ensure, in itself, the insensitivity of the re-
sulting stabilized system to the various flight
conditions. In order to ensure that this relaxed
.stability requirement yields a system which shows
only small sensitivities to the changing flight
conditions the absolute values of the negative
aerodynamic eigenvalues must always be made much
smaller than those eigenvalues associated with the
dominant responses of the stabilized system. For
the generalized two-dimensional model adopted in
this work, two aerodynamic eigenvalues, Amin and

and Apgx are obtained. In the original derivation
of the aerodynamic energy concept, JMpip was re—
quired to be positive and large. In the relaxed
energy approach, Mnin 1s permitted to be nega-
tive provided

A_,_ = near maximum value

min (may be negative)

X Y (13)
pax

min

and provided that these relations are maintained
for all flight conditions. The above two require-
ments regarding Apmin and Apax will be referred
ta as the "relaxed energy requirements”. As can be
noted, the above relaxation is made possible by
abandoning the sufficiency condition for stability
in the original formulation while maintaining its
insensitivity to changes in flight conditions. It
is worth noting that since the dissipation of
energy by the activated strip depends both on Apin

"and on Amagx, the importance of Apax should not be

overlooked even when Amin 1is positive and large.
Considerable improvements in the potential perfor-
mance of the activated control system may result,
if changes in the control gains are permitted which
lead to small degradations in Amin, provided these
degradations are accompanied by large increases in
Amax« This implies that while determining the op-
timum values of the transfer function matrix [T]
we seek to optimize not only the area under the
Mmin V8 1/k curve but also the weighted addition
of the area under the Mpax vs 1/k curve, so as to
satisfy eqns (13). Convenient ways of performing
the above optimization of the [T] matrix are de~
secribed in ref. 17.

In addition to the above relaxation of the
energy concept, two other major changes were intro-
duced in ref. 17:

1) Unlike the original derivation, only reali-
zable transfer functions were considered

2) The influence on the target function of the
very low frequency portian of the ) vs 1l/k
curves was reduced by both an appropriate re-
definition of the aerodynamic eigenvalues and
the reduction of the k range from

0.0128 < k < 19.5

. . ; (16)
as used during the original derivationm,
to

0.04 < k< 3.5

The redefintion of the aerodynamic eigenvalues
invalves the inclusion of the frequency effects
into these aerodynamic eigenvalues. Hence, eqn (8)
was modified to the form

P = kn2pb2V2s Xl(Eﬁ,l + E§’1) +
+ X2(512{’2 + 5%’2) + oaiee. + 'Xn(zl"’{,n + 5%,:1)
(14)
yielding the following relation between the A's
Xy o= kA (15)

Hence, at the low range of k values, the newly
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defined eigenvalues are smaller than the origirdally
defined eigenvalues by a factor of k2. These
changes permit the giving of more weight to the
intermediate frequencies during the optimization
process.

Optimization Results(l7): -

The variation of the non activated A's with
1/k 1is shown in Fig. 17. It is interesting to
compare these A with their A counterparts in
Fig. 1 and to note the large changes in the shape
of the curves.

es of optimized transfer functions were
derived 7)  The first type is referred to as the
damping type transfer function (D.T.T.F.) and it

assumes the following optimum values for [T].
0. Q. . aL 0 -4, 4-
[T] = + ik (16)
0. -1.86 0 ar|{| 4. 3.2

where aj and ay are positive free parameters.

These. free parameters were introduced as a result

of the unbounded behaviour of the target function

with respect to increase of these parameters. The
transfer function for the T.E. alone system is ob~
tained from eqn (16) by letting ar=0.

The second type of optimizZed transfer function
is referred to as the lacalized damping type trans-—
fer function (L.D.T.T.F.) and it assumes the fol-

lowing optimum values for [T]
0. o. a,  Q][~4. 4.
[T] = + R 17
0. -1.86 Q apl| 4 2.8

where once again aj and ag are positive free
parameters (which fallow the unbounded nature of the
target function with increase of these parameters)
and R is given by

(ik)?

R o= A7 + 2d (k) + k2

(18)

where both ¢ and k are positive constants.
Fig. 18 shows the variation of Apin vs 1/k and
Tmax vs 1/k at various Mach numbers using the op~
timized D.T.T.F., as defined by eqn (16) with ap=0
(that is, T.E. only control system) and ar=25.

The corresponding curves using the L.D.T.T.F. de-
fined by eqns (17,18) are shown in Fig. 19 using
the values of aj=0, ap=1l, 7=0.5 and ky=0.2. It
can be seen that the results corresponding to the
D.T.T.F. (Fig. 18) satisfy the relaxed energy re~
quirements (as expressed by eqn (13)) over the
whole range of k's investigated. The L.D.T.T.F.
yields results (Fig. 19) which satisfy the relaxed
energy requirements only around the peak region of
the curves. The location of this peak region
(along the 1/k axis) is around 1/k, and the
width of the curves (in addition to their height)
are controlled by the parameter ¢. In addition,
stiffness terms are introduced as R varies with
k. These terms vanish when k=0 and therefore do
not affect the static behaviour of the system.
They, however, can be used to change the response of
of the system, if necessary, sa as to ensure stabi-
lization. 1In general, several R values can be
used, having different values of kp, ¢ and a's,
if greater flexibility in the X distributions

(with k) is required while using the L.D.T.T.F.
(see ref. 22). For the L.E.-T.E. systems, large
improvements in the values of X4, are obtained
(see ref. 17) with almost negligible effects on
the values of JApax (as compared with the T.E.
alone control system).

The working forms of the above transfer functions
are simplified to the following forms for purposes
aof subsequent applications:-

For the D.T.T.F. matrix [T] is given by

0 0 ap ~4, 4.
(r] = + it (19)
0 -1.86 “R ap|| 4. 3.2

where wg is a reference frequency, normally chosen
as the open-loop flutter frequency. For the
L.D.T.T.F., matrix [T] is given by

0. 0.
(r] = +
. =-1.8

N (R 2, 1Re,2 3,0 0 .
0 (Rp,1 3 1*Rp 5 3 )
[-4. 4,
. (20)
4, 2.8
where
R (w)? (21)

il (iw)2 + Z;j (iw) + (mu’j)2

It can be seen that both transfer functions in-
clude parameters which can only be determined in
connection with the system considered. The
L.D.T.T.F. has more parameters for determination
and has more potential regarding possible changes
in the responses of the system. It is generally
considered to be preferable to the D.T.T.F. On
the other hand, the D.T.TI.F. has less such para-
meters and, therefore, their values are much easier
to determine.

Analytical Applications of the Relaxed
Energy Approach

An optimization procedure was developed(zz) for
the determination of the various free parameters
(that exist in the above tramsfer functions) so as
to minimize control surface response to continuous
gust inputs over a wide range of flight conditionms.
Most applications relate to T.E. alone control sys-
tems in an attempt to determine their effectiveness
for flutter suppression. Extended type control
laws (driven by the elastic responses of the system)
were exclusively employed in all applications.

The first application of the above optimization
procedure using the newly defined transfer func-
tions was made to a violent wing flutter case of a
drone aircraft(29) selected by the National Aero-
nautics and Space Administration for flight re-
search programs aimed at validating active control
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system concepts. A plan view drawing of the
flight vehicle-research wing combination is shown
in Fig. 20. Guided by previous results(zo), the
T.E. control surface was placed as near to the tip
of each wing as was structurally possible (Fig. 21).
All the aerodynamic forces were computed using un-
steady lifting surface doublet lattice method.
The design objective of the flutter suppression
system was to provide a 20% increase in flutter
speed (to be demonstrated in flight) above that of
the basic wing. Although detailed results re—
garding this case appear in ref. 22, preference
will be given here to the results appearing in ref.
23 since they include comparisons with results ob-
tained using classical control system synthesis.
Table 1 presents a summary of the calculated flut-
ter characteristics. It can be seen that both the
classical and the energy methods achieve the ob~
jective set for the flutter suppression system
(with somewhat higher flutter speed values using
the energy method). Figure 22 shows comparisons of
control surface rates and displacements. As can
be seen, the maximum values for the rates (and dis-
placements) using the energy method are around 20%
lower than those produced by the classical method.
In their discussion of results the authors state
3): "Iwo major differences result in the appli-
cation of these methods. The first difference is
in establishing the form, gains, and break
frequencies of the shaping filter. In the classi-
cal method, this process is a function of previous
experience coupled with results of analysis for
the particular system being studied and in general
cannot be extended to other problems. In the
aerodynamic energy method, on the other hand, a
fixed form of the shaping filter is given with free
parameters available to fit this form to the dyna—-
mic characteristics of the system being considered.
The second difference is the mammer in which the
gust analysis is used. In the classical method the
gust is used to evaluate rates and deflections of
the control system after preliminary design of the
shaping filter is complete. If the rates or de~
flections are beyond the capability of the control
system then an iterative process including changes
to the shaping filter and possibly the control sur-
face size is begun. This process is continued un—
til both the stability and gust response require-
ments are met. In the energy method, the fixed
form of the shaping filter allows the gust to act
as a driver in establishing the free parameters
which in turn permits the minimization of control
surface activity while maintaining stability."

A second application has recently been made to
the YF-17 fluttermodel with the object of sup-
pressing the external store flutter of three dif-
ferent store configurations using a T.E. alone con-
trol surface. The geometrical description of the
active control system is shown in Fig. 23. Note
that the T.E. control surface spans only 7 per cent
of each wing. The description of the three con-
figurations is given in Table 2 and the results of
the optimization procedure are given in Table 3.
These latter results relate to M=0 and V=98 m/s and
were obtained using a dynamic pressute Qp which is
twice the value (determined arbitrarily in the ab-
sence of a definition of the desired flight enve-
lope) of the minimum flutter dynamic pressure, cor-
responding to configuration B. A L.D.T.T.F. was
employed and its free parameters were determined
using configuration B. The resulting control law
was maintained fixed during applications to

configurations A and C.
these results is threefold:

The significance of

1) A single control law with fixed gains is em-
ployed for all configurations

2) Very large increases in flutter dynamic pres—
sures are obtained for all configurations

3) The effectiveness of the activated control
system is maintained over the whole range of
flight conditions (thus providing yet another
confirmation regarding the potential of the
relaxed energy concept).

It may also be worth noting that although the
open loop configruation B is most critical from
flutter considerations, the largest control surface
activity corresponds to configuration C. This
activity can be reduced by increasing the span of
the control surface (v 7%) employed in this appli-
cation.

A single application of a L.E.-T.E. control sys-
tem has recently been made using the previously de—
scribed drone aircraft.(25) It is shown that the
L.E.-T.E. control system yields a closed loop sys-
tem with flutter speeds which are higher than those
of the T.E. alone system. In addition the activity
of each of the control surfaces in the L.E.-T.E.
system is much lower than that corresponding to
the T.E. alone system. If, however, the performance
of the two systems is judged on the basis of the
maximum control surface activity (corresponding to
the desired 44% increase in the flutter dynamic
pressure) rather than on the maximum flutter speed,
and if we further require that the performance of a
system with two control surfaces be compared only
with systems having two control surfaces (in this
case a comparison between L.E.-T.E. and T.E.-T.E.
systems) one finds that the performance of the L.E.-
T.E. control system.is comparable to the perfor-
mance of the T.E. alone system, with slight advan-
tage to the latter system. Although this finding
may be of specific nature and need not necessarily
hold true for other applications, it is of impor-
tance since it shows that a T.E. alone control sys-
tem can yield results which compare favourably with
a L.E.~T.E. control system.

It is not unintentional that we chooge to close
the circle of applications by returning to the first
example which served to test the potentials of the
aerodynamic energy method - that is the application
relating to the Boeing's supersonic transport. Com~
parison is now made between the results reported in
reference 26, and which forms Phase II of the SST
technology follow-on program, and those obtained
through the use of the relaxed energy concept.27)
These results relate to the full span 1/20 scale
low-speed model of the Boeing 2707-300 supersonic
transport. Figure 24 shows the general configura-
tion of the model. It can be seen that two T.E.
control surfaces are available for activation. The
application based on classical control methods(26)
attempted the activation of both control surfaces
whereas the application based on the energy approach

attempted the activation of the outboard
aileron only (based on experience gained from pre-
vious applications(20)), These results, which were
obtained using lifting surface unsteady aerodynamics,
are presented in Fig. 25. As can be seen, the
energy method yeilds an increase in flutter speed
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of 337 using the outboard aileron only (and
L.D.T.T.F.) whereas the classical method yields an
increase in flutter speed of 11.3% only, using
both outboard and inboard ailerons. Furthermore,
the energy method yields the following control sur-
face activity of the outboard aileron, at a speed
which is 16% above the inactivated flutter speed

<SRMS

Savs =

25.3 deg/s/m/s

0.33 deg/m/s

These activities are not considered to be exces—
sive. It should benoted that flutter speeds could
further be increased by specifying higher flight
dynamic pressures when using the gust optimization
program.

Remarks on Applications using
Modern Control Theory

The author of this paper is unaware of any major
comparative studies between designs based on the
aerodynamic energy method and those based on modern
control theory. Some use has, however, been made
of the aerodynamic energy control law (eqns (11b),
(12)) as derived for the L.E.-T.E. system in the
original formulation of the energy concept in con-
nection with so?e work which employed optimal con-
trol methods(?®). The above control law was ap~
plied(zs) to a two dimensional subsonic strip, with
specified actuator dynamics included in the anal-~
ysis. The results showed that the plunge and pitch
modes were stabilized throughout the range of para-
meters investigated whereas the leading-edge con-
trol mode was unstable throughout this range. Such
a condition can arise if ome considers the control
laws of the form given by eqn (3) to correspond to
the command deflections rather than to the actual
deflections. It should therefore be stressed that
control surface dynamics should be compensated in
all applications employing the emergy control laws
so as to cause the transfer function matrix [T]
to relate between the structural oscillations and
the actual control surface deflections. It is
worth mentioning the results which correspond to
the above mentioned two dimensional strip as ob-
tained through the use of optimal control theory

It will be appropriate, however, to make a
brief introduction to the method used.

The linear optimal control theory requires(zg)
the equations of motion of the system to be brought
to the following form

{X} = [A]{X} + [B]{u}

represents the N state variables, .
(of order N x N) the plant (or system) matrix;
(of order N x m) the control distribution mat-
rix; and {u} (of order m) the control input
vector. Both the matrices [A] and [B] (eqn 22)
are constant for a given Mach number, given flight
velocity and given flight altitude. Optimal con~
trol theory requires the minimization of the per—
formance index (PI), with equations (22) used as
constraints, where PI 1is given by

(22)

where {X}
{al
[B]

P = [ (|x][QI{X} + |u)[P1{u})dt (23)
o]

and where [Q]
tive semidefinite, and
be positive definite.

is either positive definite or posi~-
[P] is always required to
The problem now remains of

selecting the weighting matrices [Q] and ([P].
For the minimization of {u}, [Q] is chosen as

[Q]=0. The resulting optimized control law, which
is of the form

{u} = [T1{X} (24)
where the Tj; terms are constants, causes all

the stable open—~loop eigenvalues to remain unchanged
while the open-loop unstable eigenvalues are re-
flected about the iw axis (that is, the sign of
the real part of the unstable roots is reversed).
This result (see also ref. 31) permits application
of the "pole placement" method for the determina-
tion of the matrix [T]. Application of the above
optimal control method was made to the two dimen-
sional strip example using a T.E. only control sys-
tem? The stabilized closed-loop system was found
to become unstable below the open loop flutter
speed, thus showing the importance of the sensiti-
vity of the activated system to off-design condi-
tions. The above system with two control surfaces
was eventually stabilized by reflecting the un-
stable flutter eigenvalue about a line parallel to
the iw axis and crossing the real axis of the
root locus plot at a value of 5 rads/sec. Such a
reflection is arbitrary and is not, in itself, a
result of application of optimal control considera-
tions. It can thus be seen that off-design conside~-
rations forces the designer to compromise for a
suboptimal system. The aerodynamic energy concept
introduces these compromises in a consistent man-
ner whereas other methods deal with this problem in
an ad hoc arbitrary fashion.

An additional point which is worth noting relates
to the inclusion of the actuator dynamics in the
plant_equations (22). It is felt that such inclu-
sion 4 is limiting since parameters relating
to control surface dynamics can be changed if nece-
ssary so as to reduce control surface activity.

The exclusion of control surface dynamics from the
energy synthesis considerations should therefore
be viewed as promoting efficiency rather than as
a limitation. The form of the various R's (eqn
(18)) associated with the L.D.T.T.F. have the form
of an actuator transfer function. It is therefore
possible to view the values of the optimized R's
as representing the desired actuator dynamics.
These latter values clearly indicate the changes
that need to be introduced into the existing actua-
tor.

As a final remark, it is interesting to note
that the determination of the control law using the
energy concept meets none of the difficulties which
characterize the optimal control approach such as
problems associated with aerodynamic modeling,
state augmentation and eventually, the state vector
identification for purposes of implementation of
the control law. The use of the continuous gust
program for the minimization of the control surface
activity using the energy method presents absolutely
no aerodynamic modeling or state augmentation pro-
blems. Similarly, the relationship between the con-—
trol surface deflection and the response of the
wing at a specified location (see eqn (12) as an
example) presents no need for state vector identi~-
fication (this is similar to the I.L.A.F. concept
developed in reference 8).

Concluding Remarks

The paper presents the current state-of-the-art
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of the aerodynamic energy concept. Many of the
applications relating to the relaxed energy method
have not yet been published. It is felt that the
relaxed energy method, coupled with the gust res-—
ponse optimization procedure yields effective con~
trol systems for the suppression of flutter. These
systems may consist of either L.E.-T.E. or T.E.
alone control surfaces. These activated systems
may also be used for gust load alleviation and

ride control (if appropriately located) as shown in
one of the early applications. There remains to
extend the method to the supersonic flight regime
and to test the possible advantages of deriving
control laws based on the system's generalized mat-
rices (somewhat along the lines of ref. (31) using
the relaxed energy approach) rather than on the
generalized two-dimensional strip model.

Further substantiation of results is needed
using both wind tunnel models and flight test pro-
grams before attempting to incorporate some flut-
ter suppression systems in either existing or
future aircraft.
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Table 1: Summary of Calculated Flutter Charac- Table 2: Description of the Three Wing/Store
teristics of Drone Research Vehicle. Configurations of YF-17
Basic wing Closed-loop Config.
Mach (No control) [ “Classical Energy T A B c
number Descriptio
Dyn Dyn Dyn Tip Launch.rail{Aim-9E(flex) |Empty Empty
press| Freq | press| Freq |press | Freq .S.1.543 Pylon|Not instal. |Aim-7s(rig)|Aim-9E(rig)
kPa Hz kPa Hz kPa Hz W.S.1.052 PylonjAim-7(rig) |Not instal.|Not instal.
0.9 24.1 | 16.9 | 43.4 | 8.6 [46.9 | 8.3 Y (B 6.5377 5.1218 7.0099
0.8] 26.2 | 18.0 | *xF N - o, " | 11.0111 7.5891 | 11.9223
0.71 27.7 | 19.4 | g S _ . v | 13.3887 14.5104 14.9007
w4 " 15.9500 16.2730 25.5323
. W " 24.3176 36.8006 38.2069
No flutter to sea level dynamic pressure w6 " 38.2780 38.5456 41,3348
w7 " 44,4797 43.0960 46.9919
6o g natural frequency of the ith elastic mode.
(HZ) .

Table 3: Summary of Results: Three wing/store configurations of YF-17 with activated outboard
T.E. control using L.D.T.T.F. and V = 98 m/s
Basic Wing
(no control) CLOSED - LOOP
STRUCT. = 0
DAMPING g = g = 0 g = 0.015 g = 0.03
CONFIG. |Flutter|Freq. |Flutter|Freq.|Max* RMS [Max* RMS | Max* RMS [Max* RMS |Max* RMS | Max* RMS
Dyn. Dyn. Control Contwol Control Control Control Contrwl
Press. Press. Rate Rotation | Rate Rotation [ Rate Rotation
kPa |rad/s| kPa rad/s|deg/s/m/s [deg/m/s | deg/s/m/s|deg/m/s |deg/s/m/s | deg/m/s
3.64 80 8.91 10 83 2.39 72 2.23 65 ‘2.10
B 2.63 43 8.95 10 161 4.17 87 2.53 68 2,17
8.95 37
C 4,31 65 8.52 10 156 3.15 121 2.69 104 2.49

*
Values relate to flights up to dyn. press. of 5.26 kPa
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Fig. 6. Effectiveness of L.E.-T.E. system
as flutter suppressor for SST

type wing with engines.
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modified alrplane with modified
one for combined case B and C of
Fig. 6.

Experimental wing for flutter sup-
pression shown mounted in the
Langley transonic dynamic tunnel.

Wing mean chord, 2.09 m
Wing aspect ratio, 10

Plan view of Arava STOL Transport.



Wing mean chord, 2.08 m
Wing aspect ratio, 6.51
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Plan view of Westwind business
jet transport.
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Arava fuselage center line
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Fig. 11. Strip allocations along wing and

horizontal tail of Araya and
Westwind aircraft.

Strip4

Variation with time of wing root
bending moment. Westwind trans-
port with activated L.E.-T.E. sys-~
tem at strip 4 and with §3,,=0.5
rad.
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Fig. 13.
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Time, s

Variation with time of wing root
bending moment. Westwind trans-
port with activated L.E.-T.E. sys-
tem at strip 10 and with 8pax=0.5
~rad.
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Fig. 15.
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Variation with time of wing root
bending moment. Westwind trans-
port with activated L.E.-T.E. sys-
tem at strip 4 and with 8pax=0.5
rad. (using extended control law).
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Variation with time of linear

acceleration at center of gravity.
Westwind transport with activated
L.E.-T.E. system at strip 10 and
with 8pa4=0.5 rad.
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Fig. 16. Variation with time of linear ac~-
celeration at center of gravity.
Westwind transport with activated
L.E.-T.E. system at strip 6 and
with 8pay=0.5 rad.(using extended
control law).

5 M= 0_0.9

Fig. 17. Agin and Agax vs 1/k at various
Mach numbers. Wing strip with no
control surfaces.

-0.4

Xmin
-0.8

90— Mz O —0.8
Fmax g-—o7
70

50

30

max

Fig. 18. Apin and Apax vs 1/k at various
Mach numbers. Wing strip with
T.E. control using D.T.T.F.
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Fig. 19. Apin and Amax vs 1/k at various
Mach numbers. Wing strip with
T.E. control using L.D.T.T.F.
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Plan view of drone research vehicle
(linear dimensions are in meters).
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Geometrical description of active
control system for the drone vehicle.
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Comparisons of control surface rates
and displacements for the drone
vehicle.
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Plan view (schematic) of YF-17
flutter model.
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Fig. 25.
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General configuration of the SST
model.
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Flutter results for the SST model.



