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Active External Store Flutter Suppression in the
YF-17 Flutter Model

E. Nissim* and 1. Lottatit
Technion — Israel Institute of Technology, Haifa, Israel

A single activated trailing-edge (T.E.) control system (spanning 7% of each wing) is applied to the YF-17
flutter model with the object of suppressing the external store flutter of three different store configurations. The
control law is derived by the use of the aerodynamic energy concept and its gains are maintained constant for all
three configurations. The results obtained show that the activated T.E. control system leads to very significant
increases in the flutter dynamic pressures (Q,c) of all three configurations; these increases range between 160-
240% increase in Q. These increases in O, are maintained over a very wide range of flight altitudes and

flight velocities.

Nomenclature
a,.a, = coefficients defined in Eq. (2)
=semichord length at control surface midspan
section
g =structural damping
i =v -1
h, =displacement of 30% chord point at control
surface midspan section
h, = displacement of the fuselage reference point
M =Mach number
Op = flight dynamic pressure
Opr = flutter dynamic pressure
Op min. =the minimum value of Q, of the three open-
loop wing/store configuration
QD max. =2- QD min.
R, = filter transfer function defined in Eq. (1)
S =iw
4 = flight velocity
o =angle of attack at control surface midspan
section
o, =angle of attack at the fuselage reference point
) =deflection of the trailing-edge control surface,
positive downward
13) = frequency of oscillation
@755 =natural frequencies of filter [see Eq. (2)]
$6s =damping coefficients [see Eq. (2)]
() ‘=differentiation with respect to time
Introduction

HE technological advances made in recent years in the

field of control systems and the increased reliability of
control system components have stimulated considerable
interest in the possibilities of suppressing flutter by means of
active controls. A considerable number of analytical and
experimental works !4 have recently been published showing
the possibility and advantages of using active flutter sup-
pression systems. However, a problem common to all flutter
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suppression control systems is a tendency to be very sensitive
to changing flight conditions and to vehicle configuration. !
This sensitivity implies that a control system designed to
suppress flutter for a specified vehicle configuration and a
specified flight condition, may show a degraded performance
or even show detrimental effects at other flight conditions or
at different configurations. The aerodynamic energy concept
was developed !¢ with the object of deriving control laws
which are both effective in suppressing flutter and are also
insensitive to system changes (that is to changes in flight
conditions or to changes in vehicle configuration). The results
included in the original derivation of the aerodynamic energy
concept !¢ have demonstrated the ability of the combined
activated leading-edge (L.E.) = trailing-edge (T.E.) control
system to achieve the objectives of both flutter suppression
and  insensitivity to system changes. This insensitivity to
system changes was achieved in Ref. 16 by imposing a suf-
ficient but not a necessary condition for stability. The T.E.-
alone control system however was shown !¢ to be inferior to
the L.E.-T.E. control system (within the limits of the
preceding assumptions), and its ability to achieve the
aforementioned objectives was doubtful. Application of the
general results of Ref. 16 to specific aircraft!’ had demon-
strated the effectiveness of the L.E.-T.E. control system in the
simuitaneous solution of both flutter suppression and gust
alleviation problems. There has been considerable reluctance
however to accept an activated L.E. control system due to the
large hinge moment required to control its motion and due to
its possible detrimental effects on the general aerodynamic
characteristics of the wing. T.E.-tab control systems have
therefore been suggested!® and shown to yield results similar
to those of the L.E.-T.E. control system. Recent develop-
ments in the aerodynamic energy approach ! have shown that
by abandoning the sufficiency condition for stability, a
relaxed condition can be formulated which insures the in-
sensitivity of the control system to the changing flight con-
ditions. The results of Ref. 19 show that a T.E.-only control
system may meet the requirements of both stability and in-
sensitivity to flight conditions. Application of the foregoing
new developments to a specific problem of a drone aircraft°
has demonstrated the ability of the T.E. control system to act
on its own as a flutter suppressor. A comparison has recently
been made?' between the performance of a T.E.-alone
control system and the performance of a L.E.-T.E. control
system when applied to a specific flutter example of a drone
aircraft. The results of this comparison demonstrate that the
performance of the T.E.-alone control system can be made
comparable to (or even exceed) the performance of the L.E.-
T.E. control system treated in Ref. 21. In Ref. 22 a com-
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parison is made between the performance of a T.E. control
system as designed by the application of the relaxed energy
approach!®? and the performance of a similar control
system, as designed by classical control theory. This com-
parison demonstrates both the effectiveness and the
superiority of the control system designed by the relaxed
aerodynamic energy concept.

All of the examples just described!”-2+2 included a fairly
wide range of variation of flight conditions. This variation
included changes in both flight altitude and in the flight Mach
number. However, none of the examples included any
changes in the aircraft configuration. Changes made in
‘aircraft configuration can clearly serve as a more severe test to
the insensitivity of a control system to system changes. It is
therefore the purpose of the present work to apply an ac-
tivated T.E.-alone control system to a problem of external
store flutter, where three distinctly different store con-
figurations yield low flutter speeds, and to demonstrate the
ability of the activated system to suppress all three flutter
speeds using a single control law with constant gains.

Description of External Store
Flutter Example

System Description

The external store flutter example treated in this work
consists of the YF-17 flutter model. Figure 1 shows the plan
view of one wing and half of the horizontal tail of the model.
There are three control surfaces on each wing: one L.E.
control surface and two T.E. control surfaces. Only the
outboard T.E. control surface will be activated in the present
work. The choice of this outboard control surface follows the
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Fig. 1 Plane view (schematic) of YF-17 flutter model.
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Table 1 Description of the three configurations

Configuration
Description A B C

Tip launcher rail AIM-9E (flexible)
W.S.1.543 pylon | Not installed
W.S.1.052 pylon AIM-7 (rigid)

Empty Empty
AIM-7S(rigid) AIM-9E(rigid)
Not installed Not installed

@ 6.5377 5.1218 7.0099
@2 11.0111 7.5891 11.9223
@ng 13.3887 14.5104 14.9007
W 15.9500 16.2730 25.5323
@ps 24.3176 36.8006 38.2069
s 38.2780 38.5456 41.3348
@y 44,4797 43.0960 46.9919

awn’,- = natural frequency of the ith elastic mode in Hz.

results of Ref. 17, where it had been shown that for flutter
suppression purposes, the optimum location of the control
surface should be as near the tip of the wing as is structurally
possible. The span of this outboard control surface is around
7% of the semispan of the wing. This value of control surface
span is smaller than those employed in previous works 17:20:21
(that is, 10-12% of wing semispan) and may therefore affect
the values associated with the control surface activity.
However, it was felt that for the purpose of the present work
no modifications need be introduced in the existing flutter
model, and therefore no resizing or relocation of this existing
control surface will be attempted. Table 1 describes the ex-
ternal stores which constitute each of the three configurations
treated herein together with the natural frequencies associated
with the first seven symmetric elastic modes for each con-
figuration (see also Fig. 1). The plan view of the wing
describing the first five elastic modes for each configuration
are shown in Fig. 2. The horizontal tail surface is assumed
rigid.

Control Law
The general form of the control law employed in this work
was established in Ref. 19 using the relaxed energy approach.
The control law for the T.E. control surface is given by the
following general form:
h,—h

r

b=—186(c;—a,) +Ry |4 28)4 b L

o) -,

where 6 is the deflection of the T.E. control surface (Fig. 3)
and where 4,;, a; denote the translation and rotation of the
30% chord point at the control surface midspan section,
respectively (see Fig. 3). The parameters /4, and «, similarly
denote the translation and rotation of a reference point
located along the centerline of the fuselage, and b denotes the
semichord length at the control surface midspan section (see
Fig. 3). R is defined by the following expression (see also
Refs. 19 and 20):

_ a,s? + a,s?
S§242¢0,8+w2,  S2+200,,S+wl,

@

Ry

where S=iw and where w represents frequency of oscillation.
The parameters a;, {;, w,; are all positive and their values
determined by an optimization program based on the gust
response of the aircraft under consideration, following the

method of Ref. 20.

Mathematical Model

The equations of motion were formulated and solved in an
identical manner as in Refs. 20 and 22. The equations of
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motion included, for each configuration two rigid-body
modes (plunge and pitch) plus seven symmetric elastic modes.
The generalized aerodynamic forces were computed using the
Doublet-Lattice method with 126 boxes on each wing and 32
boxes on each half-horizontal tail surface.

Flutter Suppression Objectives

In the absence of a definition of the desired flight envelope
for the flutter model, the following objectives were arbitrarily
set for achievement by the activated YF-17 flutter model
(maintaining the Mach number M = 0 throughout the present
investigation):

1) The model should be able to fly with a value of dynamic
pressure Qp which is twice the value of the minimum flutter
dynamic pressure (Qp .;.,) of the unactivated model. Since
there are three external store configurations, Qp ;. refers
therefore to the configuration which yields the minimum
flutter dynamic pressure.

2) Flutter suppression should be achieved with a minimum
value for control surface rates.

3) The stability of ali three external store configurations
should be maintained for- all values of Qp,=<2Q, ... using
fixed control gains and with no substantial degradation in the
control surface rates (to be referred to as control surface
activity).

Presentation and Discussion of Results
It has been shown in Refs. 20 and 22 that for any chosen
control law the equations of motion are essentially a function
of Q, and M only. However, for the case of M=0, the
equations of motion will be a function of Q, and of the flight

velocity V. Therefore, for any fixed value of V at M=0, a -

variation in Qj, is equivalent to a variation in altitude. The
flutter results will be presented for any fixed value of ¥V by a
root locus type of plot with Q acting as a parameter. Its
variation in the present work will be made to span the range of
0=<Q,=<9.58 KPa (1 KPa=1000 N/m?). In the following,
the open-loop flutter characteristics relating to the three
different external store configurations will first be presented.
A control law is then derived and its effects on the flutter
speeds of the preceding three configurations is then tested and
discussed.

The effectiveness of the activated T.E. control system can
only be assessed by comparison with the open-loop system.
The open-loop root locus plots for configurations A,B,C with
V=98 m/s and zero structural damping, g=0, are presented

ACTIVE EXTERNAL STORE FLUTTER SUPPRESSION FOR YF-17 397

9

-h’
E%\r <
z 4.3c}—— § b=>

SECTION A-A

ACTIVATED

QUTBOARD
T.E CONTROL

£
3

FUSELAG '
REFRENCE POINT
|

"he, @y

Fig.3 Geometrical description of the active control system.

in Figs. 4-6 as examples of the open-loop behavior of the
flutter model considered herein as a function of dynamic
pressure. It can be seen that configuration B is the most
critical from the point of view of flutter, yielding the lowest
value of Q,, at flutter, i.e., Qp nin. =2.63 KPa. Configuration
A can be seen to be less critical, yielding a value of Qp-=3.64
KPa, whereas configuration C appears to be the least critical
yielding the value of Qpr=4.31 KPa. The values of Q,
relating to flight speeds of V=120 m/s and V=145 m/s are
presented in the summary in Table 2 for the three con-
figurations. As can be seen, the values of Q. for each
configuration remain essentially unchanged. The objective of
the present work will therefore be to determine a control law
with fixed gains, which will enable the flutter model to fly at a
dynamic pressure Qp, =5.26 KPa (to be referred to as Qp .,..,.)
without encountering flutter and with minimum control
activity. This case is interesting since all three configurations
yield flutter speeds which correspond to Qp,<5.26 KPa.
Hence, the activated control system should be effective for all
configurations in order to achieve the objectives of the present
work. '

Determination of the Control Law Parameters

The control law parameters are determined through the use
of an optimization program which minimizes the root-mean-
square (rms) deflection rates of the control surface due to a
unit rms gust input based on the Von Karman gust spectrum.
This procedure is described in detail in Ref. 20.

Table2 Summary of results

Open-loop flutter

Closed-loop — activated outboard T.E. control surface

g=0 g=0 £=0.015 £=0.03
Configuration A B C A C A B C A B C
Flutter Qp, KPa
8.95
V=98 m/s 3.64 263 431 891 895 8.52
7.80
V=120 m/s 3.54 268 426 8.67 8.76 8.38
6.66
V=143 m/s 3.50 273 426 8.62 8.67 8.33
Max. value of 6,
deg/s/m/s
V=98m/s 83 161 156 72 87 121 65 68 104
V=120 m/s 65 74 114
V=143 m/s 59 75 108
Max. value of 8.,
deg/m/s
V=98m/s 2.39 4.17 3.15 2.23  2.53  2.69 2.10 2.17- 2.49
V=120m/s 1.97 230 2.46 e e e

V=143m/s

1.77 2.13 2.26
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Fig. 4 Root locus plot—open loop, configuration A (with
V=98 m/s).
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Fig. 5 Root locus plot—open loop, configuration B (with
V=98 m/s).
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Fig. 6 Root locus plot—open loop, configuration C (with
V=98 m/s). ' ’

For the purpose of the present example, configuration B
was chosen for the determination of the control law gains.
This choice of configuration B follows the preceding open-
loop results which indicate its being the most critical con-
figuration for flutter. The optimization was performed for
Qp=5.26 KPa, V=98 m/s, structural damping g=0, and
with the following constraints on the optimization parameters
(see Ref. 20 for further details):

0<a,<4.5 : (a)
0.5t <1, (3b)

30. sw,; <70.rad/s 3¢)
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Fig. 7 Root locus plot—closed lodp, configuration B (with
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Fig. 8 Root locus plot—closed loop, configuration B (with
V=120 m/s).

The optimization procedure yields the following optimal
control law:

s=[l0 —186)+ 4557 L4 28_|]
- ) 5242%0.5%30S+ (30)2 )
h,—h,
X b 4
o;—a,

with

O,ms =161 deg/s/m/s
Oms =4.17 deg/m/s

The meaning of the different parameters of the control law
[Eq. (4)] is explained in both Refs. 19 and 20. There is no
intention to repeat the various details herein except for the
statement that the preceding results show that for minimum
control rates, maximum damping is introduced around the
frequencies of 30 rad/s whereas the flutter frequency is
around 44 rad/s. The distribution with frequency of the
introduced damping is fairly wide as implied by ¢=0.5. The
control deflection introduces positive aerodynamic stiffness
terms at frequencies larger than 30 rad/s and negative
aerodynamic stiffness terms at frequencies lower than 30
rad/s. It is also interesting to note that all the optimized
values of the control surface parameters are on the op-
timization constraints defined by Eq. (3).
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Fig. 9 Root locus plot —closed loop, configuration B (with
V=143 m/s).
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Fig. 10 PSD of control surface response — configuration B (with
V=98 m/s, g=0.015, and Q,, =5.26 KPa).

Performance of the Closed-Loop
Control System

The performance of the closed-loop control system will be
presented for each of the three configurations considered
herein. A short discussion relating to all three configurations
will then be presented. Since the optimization procedure?®
was applied to configuration B, its closed-loop performance
will first be presented.

Results for Configuration B

Figures 7-9 represent the closed-loop root locus plots for
V=98 m/s, V=120 m/s, and V=143 m/s, respectively. Each
of the root locus plots yields two flutter dynamic pressures.
One flutter dynamic pressure around Q,r=8.7 PKa comes
about due to the active filter mode. The second flutter
dynamic pressure varies within the range 6.66<Qpr<8.95
KPa and it originates from the structural modes. As can be
seen in the figures, the closed-loop flutter branch due to the
structural modes yields an extremely mild instability.
Therefore, small changes in damping yield relatively large
changes in the flutter dynamic pressure. However, only a very
small amount of structural damping will be necessary to turn
this flutter branch stable (for stability up to the maximum
value of Q, used in this work, i.e. Qp=9.58 PKa and V=143
m/s, a value of g = 0.0035 will be necessary; see Fig. 9) and its

- existence is therefore of academic nature. It can therefore be
concluded that the optimized closed-loop flutter dynamic
pressure is much higher than Qp ., (=5.26 KPa).

An example of the PSD distribution for control deflection
and control rate deflection is shown in Fig. 10 which relates to
the case where Q,, =5.26 KPa, g=0.015, and V=98 m/s. As
can be seen the peak deflection rate of the control surface is
around the open-loop flutter frequency. The control surface
deflection shows a second peak around 12 rad/s which relates
to a filter mode. The rms control rate assumes the value of 87
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Fig. 12 Root locus plot—closed loop, configuration C (with
V=98 m/s).

deg/s/m/s, whereas the rms control deflection assumes the
value of 2.53 deg/m/s. The results pertaining to V=120 m/s
and V=143 m/s, while maintaining Q,=5.26 KPa, are
presented in Table 2 together with the results relative to ¥'=98
m/s, g=0, and g=0.03. It can be seen from Table 2 that the
control surface activity reduces with increase in the values of
the structural damping g and with the increase in flight
velocity V.

Results for Configurations A and C

Figures 11 and 12 represent the closed-loop root locus plots
for configurations A and C, respectively, with =98 m/s,
and g=0. In both configurations the open-loop structural
mode flutter branch has been completely suppressed. The
mode which turns unstable at around Q, =8.5-8.9KPa is a
filter mode which originates from the introduction of a
control surface degree of freedom. Similar results are ob-
tained when changing ¥ to assume the values of V=120 m/s
and V=143 m/s. The results are summarized in Table 2 and
they indicate that the flutter dynamic pressure for the
preceding two configurations remains within the range of
8.33<Qp-=<8.91 KPa. These values for Q, are much larger
than both the corresponding open-loop flutter dynamic
pressures and the value of Q... Hence the control law
defined by Eq. (4) leads to a very large increase in the value of
Qpr for all three configurations considered in this work.

Figures 13 and 14 show the PSD distributions for both the
control surface deflection rates and the control surface
deflections for both configurations with Q,=5.26 KPa,
V=98 m/s, and g=0.015. Here again the peak deflection
rates lie around the corresponding open-loop flutter
frequencies whereas the peak deflections show a second peak
corresponding to the filter frequency. The rms control surface
activities over a range of values of g (that is g=0, g=0.015,
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Fig. 13 PSD of control surface response—configuration A (with
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Fig. 14 PSD of control surface response — configuration C (with
V=98m/s, g=0.015, and Q;, =5.26 KPa).

and g=0.03) and a range of values of V (that is V=98 m/s,
V=120 m/s, and V=143 m/s) are summarized in Table 2. As
can be noted, the most demanding requirement for the control
surface deflection rates originates from configuration C
which has the highest open-loop value for Qp.

General Discussion of Results

It should be stressed again at this stage that the single
control law defined by Eq. (4), which has fixed gains, leads to
very large increases in the flutter dynamic pressures of all
three configurations treated in this work. The closed-loop
values of Qpr are much larger than the value of Qp ..
(=5.26 KPa), which was presented as an objective for the
present work. It appears surprising however that the least
critical configuration (that is configuration C) from the flutter
point of view turns out to be the most demanding in terms of
control surface activity. Sensitivity tests indicate the potential
of the parameter @, ['=4.5 in Eq. (4)] in reducing the overall
activity of the control system. Figure 15 shows such a sen-
sitivity sweep of the parameter a; (for Q, =5.26 KPa, V=98
m/s, and g=0.015) and it indicates that by reducing a,, some
reductions in control activity may be obtained. However, this
line was not further pursued in this investigation since general
trends and resulis form the main objectives of the present
work rather than refined results which follow a series of
repeated analyses directed toward a finalized design. In this
latter case one cannot ignore such important parameters as
control surface span and control surface location. As already
stated earlier in this work, the span of the control surface
treated in this work is relatively small. The increase in control
surface span may lead to a very significant reduction in
control surface activity for all configurations. Figure 16
shows the results of another sensitivity test as applied to the
variation of the dynamic pressure Q, (with V=98 m/s and
g=0.015). As already stated, a reduction in Q, while keeping
V constant is equivalent to increasing the flight altitude. As
can be seen from Fig. 16 the lowest flight altitude presents the
most critical condition for control surface activity. Other
parameter variations were conducted and the results indicated
that the control law defined by Eq. (4) has no problems
associated with parameter sensitivities.
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Fig. 16 Variation with @, of rms response of control surface (with
V=98 m/s, g =0.015, and @, =5.26 KPa).

Conclusions

The ability of the activated T.E. control surface to suc-
cessfully cope with three different external store flutter
configurations over a range of flight speeds and flight
altitudes has been demonstrated. The significance of the
results obtained in this work are threefold:

1) A single control law with fixed gains was employed for
all configurations.

2) Very large increases in the flutter dynamic pressures
were obtained for all configurations.

3) The effectiveness of the activated T.E. control system
over the whole range of flight conditions and flight con-
figurations provides yet another confirmation regarding the
potential power of the relaxed aerodynamic energy concept.
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