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between the theory and the experiment noticed in the ear-
lier investigations.

4) The pylon damping in the absence of flap damping
does not have much influence on the flutter speed in the
rotors with hinge offset blades unlike in prop-rotor with
rigidly connected blades. However, in the presence of flap
damping the pylon, damping has a stabilizing effect. The
flap damping might reduce the backward flutter speed
and may even change the predominant flutter speed from
backward to forward.

5) The divergence speed of the system decreases with an
increase in coning angle.

6) The coning angle 8o is small for windmilling case of
the propeller. However, in view of its marked effect on
stability depending on other parameters the analytical re-
sults without considering it may lead to wrong conclu-
sions.
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Active Flutter Control—An Adaptable Application
to Wing/Store Flutter

William E. Triplett,* Hans-Peter F. Kappus,t and Robert J. Landy{
McDonnell Aircraft Company, St. Louis, Mo.

An active flutter suppression system using an- electronically compensated feedback signal can be
adapted to stabilize widely differing wing/store flutter mechanisms. A generalized compensation
network in the feedback loop modifying the signal of a single wing motion sensor is shown to provide
sizable stability margins out to the aircraft performance limits for several airplane/store configura-
tions. Flutter control can be maintained even though aileron actuators are rate saturated during flut-
ter suppression. Usual levels of hydraulic system deadspace and freeplay do not impair the suppres-
sion system operation. Necessary hardware improvements include: increasing component reliabili-
ties, increasing hydraulic flow rate, and improving actuator bandwidths.

Introduction

MILITARY aircraft are subjected to significant velocity
restrictions when operating with external stores. A current
fighter, for example, is restricted by flutter considerations
to speeds below 550 KEAS (Knots Equivalent Air Speed)
for several store configurations, even though the maxi-
mum velocity of the airplane is significantly greater. The
ability to use the full velocity envelope while carrying ex-
ternal stores could enhance aircraft survivability with re-
spect to ground fire and pursuing enemy interceptors. In
addition the removal of flutter placards could improve
bombing accuracy and effectiveness by lowering the mini-
mum safe release altitude. Active flutter control, a con-
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cept using a feedback signal to actuate a control surface
and eliminate the aeroelastic instability, is one means of
removing flutter placards.

The feasibility of active control of wing/store flutter
was previously established! on the basis of linear analyses
of one wing/store configuration with a 370 gal fuel tank
90% full on the outboard store station. Those studies were
the first steps in the design of an active flutter control
system for wing/store flutter.

This paper reports on the results of an Air Force con-
tract? which significantly expanded the scope of the previ-
ous studies to include the evaluation of 1) the ability of a
single scheme to control flutter for several configurations;
2) the effects of system nonlinearities and equipment limita-
tions; 3) the changes in aircraft stability resulting from the
integration of the flutter suppression scheme into the ex-
isting aircraft flight control system; and 4) the system re-
dundancy to satisfy flight safety requirements. Additional
Air Force efforts in the area of flutter suppression are de-
scribed in Refs. 3 and 4. )

Four separate wing/store configurations, chosen to cover
a broad spectrum of possible configurations, are present-
ed. The general results obtained are believed to be appli-
cable to most of the wing/store flutter mechanisms en-
countered on other low-to-moderate aspect ratio fighter/
bombers.
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Fig. 1 Block diagram showing generalized active flutter con-
trol loop.

Digital computer programs for integrated control-struc-
tural dynamic analyses have been used in these studies.
The programs, which are described in Ref. 1, evaluate the
dynamic stability of a general aeroelastic system consid-
ered as an integral part of a multi-loop feedback control
system.

Active Flutter Control Scheme

In general there are three functions which an active
flutter control scheme must perform: sensing of the flutter
mode, compensation of the feedback signal, and control
force production.

The flutter mode can be sensed by transducers which
generate either an electrical signal or a physical displace-
ment. Feedback compensation can also be accomplished
by either electrical or mechanical components. Control
forces for wing/store flutter control systems can be pro-
duced either by inducing a cyclically varying moment
about the wing or by actually decoupling the store vibra-
tory motion from that of the wing.

The scheme which is most easily adapted to a change in

store carriage uses an existing lateral control system with
an electronically compensated accelerometer signal in the
feedback loop. A change in store carriage can be accom-
modated by making an adjustment in the electronic com-
pensation. A functional block diagram of this flutter con-
trol scheme, which is identical to the scheme used in Ref.
1, is shown in Fig. 1. With compensation, the system will
continuously oppose the wing deformation at the acceler-
ometer location through aileron actuation. Existing air-
craft hydraulic components make up the system forward
loop. These include the aileron power actuator, an electri-
cally commanded hydraulic servo-actuator to move the
control valve of the actuator, and the aircraft structural
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‘Fig. 2 Typical open loop Bode gain diagram for general ac-
tive flutter control scheme.
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Table 1 Summary of Store Properties

Confiquration Mass | Pitch® 1 Yaw® 1 Roll®
g Mugs Muqin.2 Mug~in.2 Mug—in.2
a
370 gal. Fuel Tank 6.507 12947.2 18180.0 507.0
10/
90% Full 4737 50030 64440 4120
62% Full

2000 b Bomb, Max
Weight-Min Inertia-Fwd CG
b

500 Ib Bombs 3321 79500 79740 909
Rack Locations 3 and 4

6.086 56425 56425 2916

Notes: a. Fuel Assumed to be Liquid.
b. Bombs 3 and 4 in Combination with Rack Treated as
one Store. Totals for the Combination.
c. All Inertias are Referenced to Store CG. (Mug = Ib secz/in.)

transfer function which defines the wing deformation
caused by an aileron deflection.

The feedback loop consists of an accelerometer, possibly
a single or double integrator, electronic compensation ele-
ments, and a high pass filter. Since the aileron is shared
by both the lateral control and flutter control systems the
high pass filter must be incorporated to decouple the two
systems. Without this decoupling the flutter control sys-
tem would continuously counteract the pilot’s commands
by reacting to pilot induced wing deformations. Fortu-
nately, the wing/store flutter frequencies studied are suf-
ficiently high (greater than 7 Hz) so that the response of
the flutter control system can be attenuated at low
frequencies without compromising its ability. Aircraft
with more flexible, larger aspect ratio wings may require
separate dedicated control surfaces for active flutter con-
trol.

Study Configurations

Mass and Inertia Properties

Many aircraft carry a large number of different stores
exhibiting a variety of dynamic properties and flutter
mechanisms. The number of possible combinations is in
the millions. Instances of mild wing/store flutter have
been documented during flight testing and several stores
are currently subject to flutter velocity placards. The
stores examined in this study are: the 370 gal external fuel
tank—90% and 62% full, a 2000 1b bomb, and 500 Ib gen-
eral purpose bombs carried on an ejection rack.

The diverse mass and inertia characteristics of this set
of stores are listed in Table 1. Because of the wide varia-
tion in these properties, the general trends determined for
these stores should be applicable to most wing/store flut-
ter mechanisms encountered on contemporary fighter/
bombers.

370 gal Fuel Tank

The 90% full configuration was selected for analysis be-
cause it is a flight-verified minimum flutter velocity case.
The 62% full case was included to get a complete picture
of how changing inertia and mass characteristics affect
the ability to control flutter. The 62% full case occurs
when the fore and aft sections of the three compartment
tanks are empty. The pitch inertia values given in the
table have been adjusted to account for fuel slosh effects.

2000 lb Bomb

The store characteristics given in the table correspond
to the maximum weight, minimum pitch inertia, and
most forward center of gravity normally encountered in
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Table 2 Summary of Wing/Store Flutter Analyses

M=09 M=12
Analysis using CLa = 4.6, Analysis using CLa =4.08,
. . CP at 25% Chord CP at 37% Chord
Configuration
Flutter g/v  Flutter g/v
. Freq.
Velocity red {1/100 Velocity H a (1/100
keas) M) keas) (keas) M7 keag)
370 gal Tank
90% Full 600 8.33 0.051 621 8.45 0.047
370 gal Tank
62% Full 713 10.13 0.042 987 10.09 0.032

2000 1bBomb 683 10.71 0.024 731 11.09 0.0082

500 tb Bombs 37 7.67 0.0078 377 7.67 0.0064

production versions of the bomb. This particular combi-
nation of bomb properties results in a minimum flutter
onset velocity. -

500 (b Bombs

Up to six 500 lb general purpose bombs can be carried
on each wing. The bombs are carried in clusters of three
in fore and aft positions on an armament rack. The specif-
ic configuration analyzed was with two bombs only: the
inboard shoulder bombs in the fore and aft clusters. This
configuration occurs on the left wing during the normal
release sequence whenever a full load is carried. This con-
figuration, again, is the most flutter critical.

Passive Flutter Studies

The analytical model for each wing/store configuration
consists of a truncated set of 10 normal modes for the air-
craft wing, based on measured inertia data and structural
influence coefficients. The critical flutter mode in all of
the cases is symmetrical, so the effect of rigid motion of
the aircraft in translation and pitch is incorporated into
the normal mode vibration analysis.

Modified strip theory aerodynamics with experimental
coefficients were used in the analysis. An indicial lift for-
mulation® of the flutter equations was used to determine
passive flutter velocities and mechanisms. Wind tunnel
test data® were used to obtain values for the lift curve
slope Cr, and center of pressure (CP) location. Two
aerodynamic conditions were chosen for the study: Mach
= 0.9, Cry = 4.6/rad, CP = 25% chord, and Mach =
1.2, Cro = 4.08/rad, CP = 37% chord. The two Mach
number conditions were chosen to encompass the region of
the flight envelope in which wing/store flutter normally
occurs.

A summary of the flutter onset data for each of the
study configurations is given in Table 2. The columns la-
beled g/v give the change in effective structural damping
coefficient during a 100 knot velocity increment centered
at the flutter onset velocity. This parameter is a measure
of the severity of flutter: the larger value, the more explo-
sive the flutter. The table shows that in every instance su-
personic-aerodynamics increase the flutter onset velocity.
Each primary flutter mechanism involves coalescence of
the 2nd and 3rd still air modes, regardless of the aerody-
namics used.
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2000 Ib Bomb ;
X X No Compensation
Sense «at Wing Tip, 80Q KEAS, Feedback Gain: 1.0
g=0, Sea Level System is Actively Unstable
Im 115 Hz
65 deg

Fig. 3a Nyquist plot for the 2000 Ib bomb, uncompensated.

2000 Ib Bomb
Sense « at Wing Tip, 800 KEAS, g = 0, Sea Level

Compensation: ] 1—0.00325

pensation: 1+0.014565 | [1+0.00328
Feedback Gain: 1.81

tm . +B5° . . +5.23dB

Phase Margin: _390 Gain Margin: 32048

10.5 Hz

« 11.5Hz

10.6 Hz

Fig. 3b Nygquist plot for the 2000 1b bomb, compensated.

Control System Design Studies

System Gain Characteristics

The philosophy used in planning an active flutter con-
trol system is to maximize the open loop gain at the flut-
ter frequencies while minimizing it at all other frequen-
cies. The desired open loop Bode gain diagram for an ac-
tive flutter control system which shares the forward loop
with the aircraft lateral control system is shown in Fig. 2.
The actual control of the flutter mode is achieved through
phase stabilization. The high pass filter causes the 20
dB/decade gain bunldup and the low frequency break at
the maximum gain “plateau’” as shown in the figure. The
high frequency break of the “plateau” is caused by the
combined effects of the aileron actuator, a notch filter,
and a first order, hlgh frequency lag term. The frequency
borders of the maximum gain “plateau” closely coincide
with the expected frequency range of flutter to be con-
trolled. Typical wing/store configurations have flutter
frequencies ranging between 7 and 11 Hz. The high pass
filter and aileron actuator transfer functions selected to
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Fig. 4 Range of stable gain values for compensated wing/store configurations—subsonic data.

bracket these frequencies are

High Pass Filter— %5%95_5
6 Hz Break .
Aileron Power Actuator— —— -
lieron ower uator T 0'0168

10 Hz Break

The 10 Hz break represents a significant improvement
over the existing actuator, which has a break frequency of
1.6 Hz.

The notch filter indicated on the Bode diagram pre-
vents the system from reacting to stable structural reso-
nances which are within several Hertz of the flutter fre-
quency. The high frequency lag assists the notch filter, at-
tenuates the higher mode structural resonances, and also
minimizes the effect of the resonances of the servo-actua-
tor and the accelerometer. The transfer functions used for
these elements are

1
1 + [2(0.86)/226]S + $%/(226)2

Servo-actuator—
36 Hz Resonance

1
1+ [2(0.6)/502]s + $2/(502)2

Accelerometer—
80 Hz Resonance

The servo-actuator transfer function matches the charac-
‘teristics of the quadruply redundant servo-actuator on the
Survivable Flight Control System (SFCS)? aircraft lateral
control system. This SFCS. actuator was used, rather than
the production servo-actuator because it is well over one
million times as reliable. -

For the wing/store configurations considered in these
studies it was necessary to integrate the accelerometer

output twice in order to prevent a control system instabil-
ity at the servo-actuator resonance, 36 Hz.

Compensation Design

The complete generalized compensation used in these
studies is given below with a summary of the function of
each element

Phase Lag Noteh Filter High Frequency
Network Lag

1-757 [ wy+ 2w gNSJrSZ] [ 1 ]
2! N N
iK[1+T§S] [wD2+2ngDs sy 1+ 7,8

Phase Lag Network —gives required phase lag for
) stability with no gain reduction
—gain stabilizes non-flutter modes
which occur at frequencies near
the flutter frequency
High Frequency Lag —gain stabilizes non-flutter reso-
nances far removed from the flutter
frequency

Notch Filter

The sign on the feedback gain, K, can be adjusted to en-
sure that the system can be phase lag compensated. Some
of the phase lag compensation is achieved with the notch
filter and high frequency lag term. However, the prime
flutter mode stabilizer in the compensation is the pure
phase lag network. It is ideal for this application since
large phase lag compensations can be introduced at a con-
stant gain. :

The effect of adding the compensation elements to the
feedback loop of a flutter control system is illustrated by
the system Nyquist plots in Fig. 3. Figure 3a shows the
2000 1b bomb- configuration without compensation while
the Fig. 3b has compensation added. The Nyquist plots
are modified from the classical form in that +1 has been
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added to all the frequency data points. The origin thus
becomes the critical point. ,

An open loop pole in the right half complex plane (flut-
ter mode) is indicated by a counter-clockwise loop. For
system stability the Nyquist criterion states that this loop
must encircle the critical point. These conditions are met
in Fig. 3b. Encirclements of the origin by clockwise loops
must be precluded since this indicates a control system
instability.

The compensations for each of the study configuration
are listed below '

Pure Phase Notch Filter High Frequency
Lag ' Lag
370 gal tank
90% full
1 ~0.0298 s 1
5.34 [1 T 0.0295] (No Notch Req’d) [1 n 0.01775]

370 gal tank
62% full

+ 5.46 [1 —0.24zs:| [122.52 + 2(0.1)(122.5)S + SZJ [ 1 :I
: 1+0.2425 | [ 122.5% + 2(0.7)(122.5)S + $*J L1 + 0.0133S

2000 Ibv Bomb

1 —.0.00328 , 1 :l
+ 181 [1 " o.ooszs] (No Notch Req’d) [1 +0.01458
500 1b Bombs
. 15.91 [1 —0.1245] [1002 + 2(0.1)(100)S + 52] [ 1 ]
’ 1 +0.1245 ] L100% + 2(0.7)(100)S + S 1+ 0.01778

These compensations were selected to yield approximately
balanced phase margins at 800 knots, sea level, zero struc-
tural damping conditions. Gain margins, defining the
maximum feedback gains which still allow encirclement
of the Nyquist critical point by the flutter mode loop, are
affected by the selection of feedback gain and notch filter
position. The maximum phase margins, which are depen-
dent on the angular size of the unstable loop, cannot be
significantly affected by the compensation elements be-
cause of the rapid frequency variation around the loop.
The sensor location, however, can affect the maximum
phase margins. The response at any location is the
weighted summation of each generalized coordinate re-
sponse at the sensor location. From the flutter control
standpoint it is desirable to detect the maximum unstable
mode contribution to the maximum exclusion of the other
modes.

In these studies a single wing tip sensor location was

chosen to generate the feedback signal for all four store-

configurations. The selected location was found to yield
the best average stability characteristics of all the wing
locations. A pylon location was considered impractical,
since this would require a new sensor on every store pylon.
The wing sensor location has the advantage of being us-
able regardless of which pylon and store are being carried.

Frequency Domain Stability Results

Figures 4 and 5 summarize the active flutter control
stable gain values and phase margins versus aircraft ve-
locity for the cases studied. The results shown are for sub-
sonic aerodynamics and sea level density. The use of su-
personic aerodynamics had little effect on the stability
margins.

Stability margins tend to improve with decreasing ve-
locity and increasing structural damping. For each of the
stores the stable gain values shown on the plots translate
into gain margins of more than +6 dB (factors of 2 and
1/2) for zero structural damping up to 730 knots, the
maximum sea level capability of the aircraft with stores.

ADAPTABLE APPLICATION TO WING/STORE FLUTTER
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Fig. 5 Phase margins for compensated wing/store configura-
tions—subsonic data. '

This is a significant improvement over the indicated flut-
ter onset velocities. Phase margins of +60° or greater
are shown for zero structural damping for each of the
stores except the 370 gal tank. In that case, structural
damping, g = 0.02, creates phase margins of approximate-
ly +45° when 90% full and more than +60° when 62%
full. «

The ever diminishing stability margins with increasing
velocity infer that there is some velocity at which both
phase and gain margins are zero. This velocity is the ab-
solute limit velocity for the active flutter control scheme.
under consideration.

Decreasing air density degrades stability margins. The
effect can be traced to aerodynamic damping which de-
creases with increasing altitude for a constant equivalent
airspeed. Thus, similar to the effect of decreasing the
structural damping, increasing altitude will decrease sta-
bility margins.

Control System Interaction

Integration of an active flutter control system with
other flight control systems is desirable because of a re-
duction in both weight and cost compared with a dedicat-
ed flutter control system.

The general approach we have taken in the design of a
flutter eontrol system is to share selected portions of the
existing aircraft flight control system. All of the elements
incorporated in the loop for flutter control only are in the
feedback branch (see Fig. 1) while those elements which
are shared with the flight control system are in the for-
ward loop. The flutter control feedback loop can thus be
opened at subflutter velocities with no effect on the per-
formance of the aircraft. A high pass filter is used to de-
couple the two systems for low frequency signals, such as
pilot commands, when the loop is in operation.

Root locus runs were made to evaluate the interaction
of the flutter control system with the Lateral/Directional
Stability Augmentation System (SAS). The flight condi-
tion chosen for these runs was Mach 0.84 at sea level.
The study configuration was that of the 370 gal tank 90%
full.

Two sets of root loci were initially generated: one with
the unmodified operational Lateral/Directional SAS and
one with the SFCS secondary actuator replacing the exist-
ing servo-actuator and with the bandwidth of the aileron
actuator extended to 10 Hz. Both sets indicated that the
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Fig. 6 Aileron rate and equivalent damping in flutter mode
for wing/store study configurations.

system is highly damped. A third set of root loci then in-
troduced the flutter control system as an inner control
loop. The system was still very stable.

These runs illustrated that the flutter control system
can be effectively decoupled from the flight control sys-
tem, at least for fighter type aircraft with large frequency
separation, even though the forward loop control elements
are shared with the aircraft control system. Furthermore
it shows that the wing modes considered here do not ad-
versely affect stability.

There may, however, be significant effects on the flight
control system design if the bandwidth of the common
forward control loop is increased, as assumed in these
studies. This was not apparent here because fuselage
bending modes were not considered. Generally, sensors
mounted in the fuselage will sense both rigid and elastic
motion. Both types of signals may destabilize the control
system and thus create divergent oscillations. An active
flutter control system for an operational -aircraft should
thus be designed as an integrated package with all of the
interacting control systems and all significant rigid and
elastic modes considered simultaneously. ‘

Control System Response Analyses

Time domain studies were conducted using the com-
pensated control loops obtained from the frequency do-
main analyses. Time domain studies are useful not only in
verifying the stability predictions of the frequency domain
analysis but also in defining the hardware requiremeénts
for flutter control systems. In addition, the effect of non-
linear phenomena such as hydraulic rate limits, actuator
deadspace, and -aileron freeplay can be evaluated. Time
domain studies thus enhance the realism of the simula-
tion. '

Linear Studies

The time domain studies were limited to four wing/
store modes: the first three vibration modes and an ailer-
_on rotation mode. The number of modes was limited to
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avoid excessive computer time usage and to avoid integra-
tion errors which might arise from the presence of high
frequency modes. For each of the wing/store configura-
tions the basic flutter mechanism involved the interaction
of the 2nd and 3rd modes.

Excitation of the time domain equations was achieved
by using a gust force of the form

(10,000/2){1 — cos[27)(w )¢]} Ib

This represents the equivalent force excitation at the flut-
ter frequency. wr, experienced by a minimum weight air-
plane flying through a typical thunderstorm at Mach 1.0,
sea level conditions. The 10,000 lb amplitude was ob-
tained by integrating under a power spectral density curve
for a 13.38 ft/sec (rms) thunderstorm over the half power
bandwidth of the flutter mode (8.0 to 8.7 Hz for the 90%
full 370 gal tank).

Discrete gusts derived for the same thunderstorm at
subflutter frequencies, as well as aircraft maneuver loads,
produced rather mild system responses when compared
with the flutter frequency gust.

Verification of System Stability

Time domain computer runs were made for each of the
four compensated wing/store configurations at 700 knots,
structural damping g = 0.02, sea level conditions. These
runs verified system stability margins.

Aileron Rate and Displacement with No Limits

If it is assumed that the aileron response is not restrict-
ed in rate or displacement, maximum values can be read
from the time history plots. Figure 6 summarizes maxi-
mum aileron actuator rates and the equivalent damping
of the flutter mode obtained from the linear time domain
computer runs. Data are shown for two gain settings giv-
ing 6 dB gain margins against the g = 0 and g = 0.02 pas-
sive flutter boundaries shown in Fig. 4.

For a-given store the maximum aileron rate is propor-
tional to ‘the feedback gain. The aileron rate also varies
linearly with the rms gust velocity, provided that the gust
velocity is small when compared with the aircraft veloci-
ty. When these two facts are known a plot can be con-
structed showing aileron rate as a function of feedback
gain and rms gust velocity. Figure 7 indicates a maximum

Equivalent Random
Gust G, - ft/sec

200 —
Gust Force = G, (385.0) (1 - cos 62.36t) 130
Ib for t < 0.12 sec
370 gal - 90%, V = 700 KEAS, g = 0.02
— 150}
g Maximum Rate 8.7
§’ No Flutter Damper -
z2 No Hydraulic Line Loss
£100be ————-——— —1\. _______
[ 6.5
<
o
3
<
50— 3.25
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0 i 2N
0 1 2 3 4 5 6

Open Loop Gain

Fig. 7 Maximum aileron rate vs gust level and control sys-
tem gain. .
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Fig. 8 Dynamic response plots illustrating effects of aileron actuator rate limit—60°/sec limit.

aileron rate of 100°/sec. This assumes that the flutter
damper and line losses have been eliminated. The normal
maximum rate capability at sea level is about 75°/sec.
The figure also shows that strong vertical gusts cause ac-
tuator rate saturation. This raises the question of whether
or not flutter control can be maintained during actuator
rate saturation.

Nonlinear Studies
Stability with Actuator Limits

Deflection and rate limit cases were run with the 370
gal tank 90% full configuration. The 700 knots, structural
damping g = 0.02, sea level, 13 ft/sec gust conditions were
used in these time domain studies. Deflection limits of 10°
and rate limits of both 100°/sec and 60°/sec were used.

Results from a run at 60°/sec are shown in Fig. 8.
Active control is maintained, even though the actuators
are rate saturated over a significant portion of each oscil-
lation cycle. The actuator deflection limit was not en-
countered. The crucial factor was the net dissipation of
airstream energy over each cycle. These results show that
energy dissipation occurs even though the aileron dis-
placement does not exactly conform to the command sig-
nal because of rate saturation. There is, however, some
degradation in how fast the response is damped out, as
shown by the effective damping coefficients, based on the
logarithmic decrement

No Limits —g eff. = 0.033
100°/sec Limit —g eff. = 0.032
60°/sec Limit —g eff. = 0.023

Thus, to meet the military specification requirement of g
= 0.03 in structural response (during flight through a typ-
ical thunderstorm) the actuator rate limit must be im-
proved to at least 100°/sec.

Deadspace Evaluation

Deadspace, as defined in these studies, results from
using control valve spools on the hydraulic actuator that
are designed with overlap in order to eliminate leakage
flow for zero-signal command. In time domain runs on the
370 gal tank 90% full the amplitude at the wing tip in the
flutter mode is less than 0.3 in. and the aileron deflection
less than 0.1° for deadspace overlap as large as 10% of
full valve travel. The aileron actuator valve is designed for
zero overlap.

Freeplay Evaluation

Freeplay arises because of “slop” in the force producer
system outboard of the power actuator control valve. The
net effect of freeplay is a constant time lag of the output.
The maximum displacement is also reduced somewhat.

A test case for the 370 gal tank 90% full configuration
with what amounted to a 3° lag freeplay effect was run
on the time domain program. Stability was maintained
with no significant performance degradation. The freeplay
of the aileron has been undetectable in ground vibration
tests and is much less than the military specification re-
quirement of 1/30°.

System Safety Considerations

Reliability and Redundancy

Flight safety is a paramount design consideration for
active flutter control systems, affecting the basic system
complexity and redundancy and, thus, ultimately its total
weight and cost. Some level of system redundancy is re-
quired because the catastrophic nature of the flutter phe-
nomena demands continuous control during deep penetra-
tions in the flutter region. The approach used in these
studies was to use a minimum number of redundant con-
trol system components to guarantee a failure rate of less
than one catastrophic failure (loss of aircraft) per million
flight hours.
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Fig. 9 Conceptual flow diagram for wing/store flutter control system.

Component Failure Rates

The failure rates of particular significance for active
flutter control are shown below

Component
Failure Rate
(per 108 hrs)

Aircraft a.c. Electrical Supply (Dual) 14.0

Engine Flameout (loss of hydraulic pumps) 30.0

If the active flutter control system included the full ef-
-fects of only these two items the system failure rate would
be 44 per million flight hours.

The failure of an active flutter control system during
postflutter velocity flight infers loss of the aircraft, unless
the flutter mechanism is disrupted. Thus, if a wing/store
‘mechanism is being controlled, a high failure rate in the
flutter control system might be acceptable if the stores
were automatically ejected upon system failure. Ejection
placards exist for nearly every flutter restricted store con-
figuration because of the danger of impact of the store
with the wing. Hence, to minimize catastrophic failures
we considered elimination of high-failure-rate items.

Aircraft a.c. Electrical Supply

An active flutter control system requires both a.c. and
d.c. power. Ordinarily, a.c. power is generated by two en-

gine driven generators, and 28 V d.c. power is derived by

rectifying the a.c. If both electrical generators fail (this oc-
curs an average of 14 times every million flight hours) all
power is cut off. To avoid losing this power, and hence

control of flutter, an emergency 28 V d.c. battery supply
could be incorporated in the active flutter control system.
Direct current would be continuously available and any
required a.c. power could be generated by new self-con-
tained d.c. driven a.c. generators. The emergency battery
supply would only have to function during the time it
takes to slow the airplane to a subflutter velocity.

Engine Flameout

Engine flameout forces the hydraulic systems to rely on
the stored energy in accumulators and power control res-
ervoirs, and on engine rotary inertia. Engine rotary inertia
provides a short-term decreasing hydraulic fluid flow rate.

It has been found in time domain runs with the 370 gal
tank 90% full that flutter control can be maintained with
aileron rate limits as low as 60°/sec, even though the
limits are invoked as much as 50% of each cycle of mo-
tion. Calculations based on the 60°/sec case yield max-
imum flow requirements of 14 gal/min during the first
second after the gust excitation. It takes the airplane
about 20 sec after flameout to decelerate from 800 to 600
KEAS. At this time engine rotary inertia is still providing
a hydraulic fluid flow rate of 20 gal/min. It can thus be
concluded that flutter control can be maintained following
engine flameout, even while the aircraft is flying through
severe turbulence, provided that other aircraft hydraulic
demands are small.

Voter Logic and Redundancy

In addition to a failure rate of less than one per million
flight hours it is assumed that a practical flutter control
specification will require that the first failure in the con-
trol system loop will cause no critical degradation of sys-
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tem performance. A triply redundant electronic configura-
tion is required to satisfy this one-fail-operate perfor-
mance criterion, since it is not possible to recognize the
good signal with only two signals to compare.

The pilot must be apprised of the failure to allow him
to respond to the warning and reduce the speed of the air-
craft. Off-line comparators, which operate when the dif-
ference of two signals is greater than a preset tolerance,
are suitable for this monitoring requirement.

Design Uncertainties

MCAIR experience with fighter aircraft control systems
‘indicates that phase margins of +45° and gain margins
of +4.5 dB are realistic design criteria when analytical
studies include control system nonlinearities. For linear
analytical studies phase margins of £60° and gain margins
of £6.0 dB can be justified. These stability margins have
been considered as preliminary design guidelines in these
flutter control studies.

Control System Uncertainties

The sensitivities to parametric variations in control sys-
tem electronic components were determined for a typical
flutter control system design. To guarantee a conservative
evaluation, the following pessimistic tolerance values were
used: £10% on gains and +20% on time constants. Each
parameter of significance in the control loop was varied
and the deviation of the open loop frequency response
from nominal was determined in both gain and phase.
The rss (root sum square) of these individual deviations
was found to be less than 19° in phase and 1.5 dB in
gain for frequencies up to 25 Hz. The rss infers that the
error sources are independent and hence that the variance
of the sum is the sum of the variances. These data indi-
cate that a phase uncertainty of somewhat less than 20°
should be easily achieved for the type of control sys-
tems being considered if quality components are used in
the control loop electronics.

Experimental frequency response tests for the aileron
power actuator show that maximum phase variation with
signal size is only about 15° over the entire frequency
range from 1 to 10 Hz. This effect is in addition to the
previously defined rss electronic component phase uncer-
tainties, that is (192 + 152)1/2 = 24.2°. This value is still
well within the design guideline of +45° phase margin
when nonlinearities are included. The corresponding
gain variation is on the order of 1.5 dB at 4 Hz, but
near zero in the vicinity of the flutter frequencies at 8-10
Hz.

Aeroelastic System Uncertainties

As developed above, the electronic and hydraulic com-
ponents of a flutter control system can be easily made to
have a very small phase and gain uncertainty. In addition
full-scale ground test data for both the electronic and hy-
draulic components can be credibly related to flight vehi-
cle hardware.

The only unresolved uncertainties are those associated
with the variable and unknown aeroelastic characteristics
of the aircraft. There will always be unknowns in any
practical wing/store configuration, not only because of an-
alytical inadequacies but also because of unpredictables
such as manufacturing tolerances on the stores, changes in
wing-pylon-rack systems with normal operational use, and
the inevitable provisions of Murphy’s Law. One character-
istic of the open loop frequency response function, how-
ever, can be used to eliminate virtually all of these aero-
elastic system uncertainties in both wind tunnel models

and operational flight vehicles. For flight below the flutter

velocity, the Nyquist loop associated with the potentially
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unstable mode closes in a clockwise direction. At very low
velocities, the plot may look like a “can of worms,” and
the significant modes may be difficult to determine. As
the airspeed increases, however, the potential flutter
mode becomes the single most predominant loop. As flut-
ter is approached, the loop becomes progressively larger.
It becomes infinite and the direction of closure changes to
counter-clockwise at flutter onset. As the velocity increases
further into flutter, the loop becomes progressively small-
er.

The most significant characteristic of this transition is
that the unstable postflutter loop is 180° out-of-phase
with the stable subflutter loop. This characteristic has
been observed in the computer program runs regardless of
the number of potentially unstable modes or of the num-
ber of included degrees of freedom. A more detailed de-
scription of the Nyquist plot characteristics is given in
Ref. 1.

Nyquist plots generated at subflutter velocities indi-
cate the required phase change for flutter control. If the
control system compensation is adjusted to locate the
subflutter loop of interest so that its major axis is aligned
along the positive real axis, the postflutter loop will be in
the desired position, enclosing the origin with its major
axis along the negative real axis.

For both wind tunnel and flight testing there is a need
for sensible subflutter data, such as that just described,
which will allow intelligent decisions to be made before
proceeding into the postflutter region.

Flutter Control System Implementation
System Description

An argument has been made that a triply redundant
electronic configuration would be required for a flutter
control system. A conceptual flow diagram for such a sys-
tem is shown in Fig. 9. The control loop is triply redun-
dant from the sensors through the secondary actuators. It
becomes a single path at the force-summing output shaft
of the secondary actuator. The mechanical linkage which
adds the pilot’s commands to the flutter control system
commands is part of this single path section. The loop be-
comes doubly redundant at the aileron actuator to com-
plete the circuit. :

Individual d.c. electrical sources and hydraulic power
supplies are required for the operation of this flutter con-
trol system. The additional components shown in this fig-
ure are the sensors, electronic modules, secondary actua-
tors, rectifiers and batteries. The batteries, which furnish
the emergency d.c. power to the electronic modules, must
be maintained by rigidly scheduled inspection and servic-
ing to ensure their availability for backup.

Switching is provided in this system which would auto-
matically connect the remaining good bus to the failed
bus in the case of a single generator failure. This elimi-
nates the need for battery power, except possibly during
the switching process, for anything.other than complete
loss of aircraft a.c. power.

Weight Estimate

A weight estimate has been derived for the conceptual
flow diagram of Fig. 9, using data from both the SFCS
aircraft? and the F-4 CCV fighter studies. A system singular
weight of 270 lb is estimated based on use of the lateral
flight control loop, with the existing servo actuator re-
placed by the multiply redundant SFCS secondary actua-
tor.

In future aircraft it is expected that flight control sys-
tems will use much more compact actuation concepts.
This could reduce the estimated weight to approximately
200 lb, assuming that none of the weight for the primary
actuation system is chargeable to the flutter control sys-
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tem. If the flutter control system required separate dedi-
cated components, the weight would be significantly
greater.

Conclusions

These studies have shown that wing/store flutter can be
stabilized with adequate stability margins using an active
flutter control system which shares the aileron actuation
hydraulics with the lateral control system. The flutter
control system can be adapted to different store carriage
configurations by adjusting the phase and gain character-
istics of a generalized electronic compensation network.
Control of a flutter mode can be maintained even though
the hydraulic actuators are rate saturated for a significant
portion of their stroking cycles. Before a flutter control
system can be implemented on current aircraft actuator
bandwidth should be extended and hydraulic flow rate in-
creased. These improvements are within the current
state-of-the-art. It is estimated that the flutter control
system with triply redundant components will add about
270 1b to the aircraft weight.
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An Omnidirectional Gliding Ribbon Parachute
and Control System

William B. Pepper* and John R. Biesterveld¥
Sandia Laboratories, Albuquerque, N. Mex.

An omnidirectional gliding, guided ribbon parachute and control system has been designed and
tested. A 24-ft-(7.3-m)-diam ribbon parachute has been modified by incorporating four controllable
glide flaps 90° apart at the skirt region and two roll flaps 180° apart. The design includes a control
system consisting of a remote command transmission site and an on-board sensing and receiving
station and control line operation. Four drop tests of a 2600-1b (1179-kg) test vehicle have demonstrated
that the system is feasible if the parachute is carefully modified, if glide flaps are provided for omni-
directional control, and if an on-board sensor is used for roll control.

Introduction

RIBBON parachutes! are often used to control down time,
impact velocity and impact attitude of bombs. The accu-
racy for parachute retarded delivery of stores is about an
order of magnitude worse than a free-fall delivery due to
wind drift and drag-area variations. The three sigma dis-
persion is about 100 mils based on trajectory length for
parachute retarded weapons. This dispersion does notin-
clude release point error or errors in wind prediction.

It has been demonstrated®* that a ribbon parachute
will glide with a lift-to-drag ratio of about 1/3 if the skirt
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region is lined with solid cloth. Only two glide flaps in the
skirt region of the parachutes were used on these original,
similar tests.2.3 It was believed desirable to introduce four
glide flaps 90° apart at the parachute skirt so that the ve-
hicle could be glided in any direction without rolling the
system appreciably.

The data from four drop tests of a 2600-1b (1179-kg) ve-
hicle released at 130 knots (67 m/s) true air speed at a
13,000-ft (3962-m) altitude to evaluate the four-flap sys-
tem for guiding a 24-ft-(7.3)-diam ribbon parachute are
presented herein.

History

Development work on the feasibility of guiding a store
by means of a ribbon parachute began at Sandia Labora-
tories in early 1969. These early drop tests, along with
wind tunnel tests,® established that a ribbon parachute
with a lined skirt could achieve a glide ratio} of 1/3 if an
opening of proper size was introduced into the lined por- .
tion. Subsequent tests showed that simple and reliable

tLift/drag.



