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FOREWORD

The research described in this report was performed by McDonnell Aireraft
Company , St. Louis, Missouri, under Air Force Contract AF33615-71-C-1L481,
Project 1370, "Dynemic Problems in Military Flight Vehicles," and Task No.
137003, "Prevention of Dynamic Acroelastic Instabilities in Advanced Military
Aircraft," for the Aerospace Dynamics Branch, Vehicle Dynamics Divisicn, Air
Force ¥light Dynamics Leboratory, Air Force Systems Command, Wright-Patterson
Air Force Base, Ohio. The work was administered by Mr. Thomas E. Noll,
Project Engineer, of the Vehicle Dynamics Division.

Dr. Norman H. Zimmerman, Branch Manager Structural Dynamics, was the
program manager. William E. Triplett, Technical Specislist, was the princi-
pal investigator. Hans-Peter F. Kappus, Engineer, Structural Dynemics, =eand
Robert J. Landy, Greup Engineer Guidance and Control Mechanies, were primary
centeributors.,

The authors wish to express their appreciation to David R. Beeman and
Donald H. Niesse, M:zDannell Douglas Automation Company for the implementation
of the MIMAC compuier progrem. Significant sdditional assistance wes re-
ceived from Ronald L. Crossen, Weights, and Edwin B. Birchfield, Structural
Research, McDonnell Aircraft Company.

This report covers work conducted from April 1971 to August 1972.

This report was submitted by the authcors on 7 August 1972,

This technical report hes been reviewed and is approved,

WALTERCG , MSKYT oW

Asst. for Research and Technology
Vehicle Dynamics Diviaion
AF¥ Flight Dynamics Labtoratory
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ABSTRACT
This enelytical study of active flutter suppression systems for military
glrcraft was directed toward the accomplishment of two broad objectives:
1. Establish flutter modes, configurstions, and flight conditions
where active flutter control can show an advantage,

Formulate design guidelines and criteris to implement and test

n

active flutter suppression systens.
To accomplish thiose broad objectives the study effort wes divided into
the three separate investigations listed below:
1. Wing/store flutter control study - to assess the practicality of
extension of flutter boundaries for several stcre combinstions.

All-movable horizontal tail flutter control study - to invesiigate

N

both the potential payoff in future aircraft and the unique pro-
blems and difficulties when one of the participants in the flutter
mechenism is used as the flutter control force producer.

2. Wing flutter control study - to parsmetrically evaluate the
potential payoff in future aircraft by active flutter control of
flutter critical primary lifting surfaces.

The studies showed that active flutter suppression systems are feasible
and practical for eny Tlutter mode which can be classified a5 mild or mode-
rate flutter. Nearly all wing/store flutter cases arc in this calegory.

The advanced aircraft wing and horizontal tail configuratiors can be actively

controlled if the aercelastic system is first "tamed" by balance weight. It

was found that the flutter control system could work successfully despite
realistic hardvare limitations and syst:em nonlinearities in a turbulent en-
viroament. It was also determined that a fighter aircraft flight control

system and the flutter ccontrol system can share components and coexist with

minimal interference.
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A, AC Noncireculatory and c*rculatory aerodynamic stiffness
derivative matrices used in Indiciel Lift flutter
equations

A.i Scalar coefficients in Wagner function

; A Complex smerodynamic stiffness derivative matrices
used in (R+iI) flutter equations

LT aiJ Numerator coefficients of control system trausfer
functions

a Speed of sound

B, BC Noncireculatory and circulatory aerodynamic damping
derivative matrices used in Indicial Lift flutter

. equations
| Bi Expcnent coefficients in Wagner function
B Complex aerodynamic demping derivative matrices used
| in the (R+iI) flutter equations
: bi’ b*J Dencminator coefficients of control system transfer
: - functions
1}
: b Primary lifting surfacc reference semichcerd
i c Viscous damping derivative matrix
§ C(k) Theodorsen function
| C"l(k) Time domain equivalent of the Theodorsen function
Ci Exponentisl coefficients in Wagner function = %-Bi
l CL Aerodynamic lift curve slop® with respect to angle of
| o attack
C8 Damper coefficient for aileron rotation mode
-ﬁ Closed-loop transfer functions
i
] e Base of Naperian logrithms

F Excitation force

F(k) Real part of Theodorsen function

G(k) Imaginary part of Theodorsen fiamccion

Gi(S) Forwerd control loop transfer functicus

g Equivalent stractural damping coefficient

g Acceleration of gravity

Hi(S) Feedback control loop transfer {unctions

h, h Defiection vector and rate
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Aerodynamic inertis derivative matrix
Mass mcment of inertia

Imaginary serodynamic coefficient matrix in (R+iI)
flutter equations

VT

J Bessel functions of the first and second kind

Structurel stiffnescz derivative matrix

Control system gains

Stiffness coefficient for aileron rotation mode

Reduced frequency parameter in (R+I) flutter
equation = yh
v
Aerodynamic 1ift vector
Distance measure
Iner.ia derivative matrix
Mach Number = V/a
Mass . hoth discrete and generalized
Mass przr unit length
Poles of control system open-loop transfer function
Freestream dynamic pressure = 1 pV2
2

Generalized coordinates, rates, and accelerations with
respect to time for both rigid and flexible modes (also
used in the forms ay and q(t))

Ccordinates for degrees of freedom usec for excitation

Column matrices 0f generalized force in each generalized
coorainate mode in response to excitation cocrdinste
)

i

Complex frequercy response function of displacenrent,
rate, or acceleration in response to excitation
cnordinate qp,

ar;

Real meradynamic coefficient matrix in (R+iI) flutter
equacions

Perfect gas constant

Eflective gain of transier funct.ion y(y)
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D

Radius vector from the origir in the corplex plane
Laplace variable used as iw

Noadimensiocnal time == §
b

t

Time
Time constents in transfer funcciorns
Aireraft forward velocity

Fliiter onset velocity

Control .ystem varisablies

Y Bessel functions of the first and second kind

Transfer function reprzsentation of the Wagner funclion
cercs of control system charanteristic equation

Primary surface streamwise wagls c¢f attack atiributatle
to twist (also used for 1otal eircraft angle cf attack)
Control surface flexible deflection angle

eci weats

Tt <~
Al L

of = ific h
Control surface actuator deflection angle

Damping coefficient = g/2

Angle of radius vector in the complex plane
Normalized eigenvelues in (B+iI) flutter solution
Mass ratio - aerodynamic to structure

Air density

Nondimensional time = V 1
b

Normalized ineriia derivatives in (R+il) flutter
solution

Time

Time constants in transfer functions

Luplece transform of the Wagner function ¢(t)
Wdagner function 1 ~Ale -Bls ~A2e 'BQS

~C.t -C.t
Wagner function = 1 -Ae ¢y ~he 2

Participation coefficients (weighting function) for
each generalized coordinate in the response function

(oout/qF_)
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¢ Alrcraft respolse ~ general expression

Q normalized stiffress uezivatives irn (R+iI) flutter
solution
w Parametric excitetion rrequency
: @, Relference frequency for (R+il) flutter solution
[ 1] Squace and rectangular maetrix notation |
{1} Colwm matrix notation
SUBSCRIPYS
A Aireraft (full scale)
C Commend
F3 Feedback i
i, J Indices
M Measured ;
1 Model
REP Right half plane
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1. INTRODUCTION

1.1 Background
Considerable proaress has been made in the past several years in apply-

ing sctive control vrinciples for the reductinn of the responses of "rigid

" and "1lov freguency” structural medes of large flexible ajrcraft in

body
Fmphasis has been given tc ihis epproach when in-

atmospheric turbulence,.
creased structural loads and fatigue rates were experienced by aircraft

flying through turbulent air.
In the rid-1960's, the Air Force initiated several programs to study,

design, and fiight test an active system thet would reduce fatigue damage

rates, improve airpliane handling qualities, and reduce peak loads. One of

these programs developed a stability augmentation system to improve dutch

roll damping, redice structural loads, and improve the controllability of the

B-52 sircraft in turbulence. A further extension of these concepts known

as LAMS (Toud Alleviation and Mode Stsbilization-Reference 1) demonstrated

by flight. tests on the B-52, an active system that elleviated gust loads end

controiled the response of some elastic structursl modes. Goperslly, tests

indicated that fatigue damage rates were improved while retaining or improv-

irg uve hendling and ride quelities of the aircraft. Another program, Rei-

2 end 3, in this technicsl area provided a model suppression system

erences 2
for the XB-T0 superscnic aircraft. The ILAF system (Identically Located

Accelerometer and Force) employed on the XB~T0 was designed to damp the

structural motion induced by turbulence and improve the ride qualities at

the pilot station. Flight tests on the XB-TO were exploratory but indicated

that & flexible-mode stabilization system is operationally feasible.
This study is a logical extension of these concepts. It evalustes the
feesibllity of active flutter suppression systems for military aircraft,
The active flutter control concept employs the features of an auhomatic
feedback control system, possibly in conjunction with more conventional

vassive methods, to preclude flutier. The flutter onset velocity is delayed

with this concept by cycling an aerodynamic force producing element, such
as an aileron, in & manner which stabllizes the flutter mechanism. The

command to the force producing element is generated by the compensated sig-
nal of a sensor, either mechanical or electrical, which detects deformaticn

of the primery surface.
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1.2 Study Objectives

This analytical study of active flutter suppression systems for military
aircraft was directed toward the accomplishment of two broad objJectives:
1. Establish flutter modes, configuraticns, and flight conditions
where active flutter control can show an sdvantage.
2. TFormulate design guidelines and criteria to implement and test
active flutter suppression systems.
Three basic types of flutter mechanisms were exsmined: wing/store, hori-
zontal tail, and bare wing. The study vehicles were restricted to super-
gsonic fighter aircraft with moderate aspect ratio surfaces. Convertional
all-aluminum as well as advanced composite material structures were analyzed.
Factors such as deformation sensor type and location, compensation design,

hardware performance requirements, and flight safety were considered in the

synthesis of the active flutter control schemes,




% 2. STUDY CONFIGURATIONS
%

These studies examine the feasibility of actively suppressing three

femiliar types of aircraft flutter: 1) wing/store flutter; 2) norizontal
tail flutter; 3) bare wing flutter. The configurations analyzed are pre-
sented in the following sections.

2.1 Wing/Store Study Configurations

The F-U sircraft was selected for examining the feesibility of active
wing/store flutter control since it carries a large number of different

store types exhibiting a wide variation of dynuamic properties and flutter

i BN B Y £

mechanisms. Instances of mild wing/store flutter have been documented dur-
ing flight testing and several stores are currently subject to flutter velo-
city placards. The specific stores examined in this study are: 370 gallon
external fuel tanks - 90%, 62%, and 31% full configurations; MK-84 FO, a

2000 1b laser-guided (smart) bomb; and the MK-82, a 50G pound general purpose
bomb. The mass and inertial characteristics ot th=se stores are Jisted in
Table 1. Because of the wide variation in these properties, the general i
trends determined for these stcores should be representative of most wing/
store flutter mechanisms encountered on other leaw-to-moderste aspect ratio
fighters with supersonic capability.

2.”.1 F-4% Wing Description - The F-k wing is constructea 2ntirely cf

aluminum. Since the wing was strength designed there has been no attemnpt
to weight optimize the wing structure with regard to aseroelastic constraints.

A description of the F~% wing-pylen structural models used in these studies

§
is given in Appendix I. A two-view sketch of the F-4 aircraft with a 370 %
gallon tank at buttline (BL) 132.5 is shown in Figure 1. The stores uader ,?
consideration in this study are alil carried at tiae BL 132.5 location. The ?%
sketch indicates that the F-L lateral control surfaces (aileron and spoiler) :i

; are situasted at precisely the same spanwise location as the stores. These .é

surfaces are, thus, ideally located to suppress a wing/store flutter incsta-
bility since they can counteract sitore moments where they are passed into !

the wing. The leading edge flap is not suitable for active flutter control i

R U

i since it has only two positions (full off-full on) and cannot be cycled at
frequencies exceeding 1 Hz.

and full etores (60,000 pound gross weight) configurations. Indicated in

the envelope is the 550 KEAS flutter placard currently in effect for an F-L

The flight envelope of the F-4 is given in Figure 2 for the no stores I
]
!
!
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with these stores,.

2,1.2 370 Gellor. Fuel Tsnk - The 370 gallon external tanks are carried

during heavy store carry missions which require the use of the afterburner
during teke-off to shorten grcund-roll., The external fuel supply is generally
used before the fuselage/internal-wing supply, and the external tanks are Jet-
tisoned whe~ empty. The geometry of the 370 gallon-three¢ ccompartment-externsal
fuel tanks carried as a single store at the BL 132.5 store statiors is described
in Figure 3. Thc external tanks are attached to the wing with svpecial tank
pylons, Weight intormation, geometry, and a tabulation of flight and ground
tested configurations are given in the figure. The tank fuel loadings: 90%,
62%, and 31% full; are exemined in this study.

The 90% configurstion was selected for analysis because it is a flight
verified minimum flutter velocity case. The 62% and 31% cases are examined also
to get a complete picture of how changing inertia and mass characteristics
affect the ability to control flutter., The pitch inertia values given in
‘iable L have been adlusted to account for fuel siosn eftects,

2.1.3 MK-84 EO - The MK-84 EOD Laser Guided Bomb is used against fixed
point targets which are illuminated by a laser beam. The bomb can alter its
tralectory with movable steering fins to follow the laser beam. The MK--84 EO,
which is carried as a single store by the Miscellaneous Armament Unit (MAU-12)
pylon et BL 132.5, is shown in Figure 4, The nose-mounted laser sensing/guid-
ance unit is not shown. Tne store characteristics given in the figurce corres-
pond to the maximum weight, minimum pitch inertia, and most forward c.g. nor-
mally encourtered in p:oduction versions of the MK-84, This varticular
cumbination of bomb properties results in & winimum of flutier onset velocity.

2.1.% MK-82 -~ Up to six MK-82, 500 pound bombs can be carried under each
wing. The bombs are carried as shown in Figure 5 wilh the Multiple Ejector
Rack (MER) which is in turn attached to the MAU-12 pvlon. The rack attaches to
the pylon in the forward shifted position. This maintains the aircruft c.g.
within specified limits. The bombs can be released one al a tiwe or in a "ripple
mode". The numbers in the figure indicate the crder of bomb release. Release
glt.rnates from ving to wing - i.e., bomb 1/right wing then bomb 1/left wing,
etc, The specific configuralion analyzed wus with bombs b and 6 only (inboard
MEK shoulder) on the lett hand wing, This configurution occurs on the le’t wing
nuer the end of the relemse sequence whenever a full MK-82 load is carried.
This load condition corresponds; to the inboard bombs - 3 anu 4 - on the righ.

hand wing. £ symmetric loading ccndition wes assumed for the flutter analys.is.

~
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This configuration, again, is the most flutter critical.

2.2 Advanced Aircraft Configuration

The advanced figater aircraft shown in Figure 6 has been chosen
a5 the study vehicle for both the horizontal tsil and wing flutter
control study efforts. This aircraft anticipates significant improvements
in both structure and propulsicn. It is also expected that it would have
tly-by-wire flight control systems which would be available as a base for
cooperative use by flutter control systems,

The teasic vehicle design criteria includes a design lcad factor of 5.0 g
(ultimate load factor of 7.5 g) and a dynamic pressure limit which is almost
double the maximum dynamic pressure experienced by some fighter aircraft.
Composite material will be used for both the wing and the empennage. Aero-
dynamic contrels wiil include leading edge slats, trailing edge flaps,
spoilers, and differential all-movable horizontal tail. The aserodynamic
characteristics for the wing and horizontal tail of this aircraft design
are given in Table 2.

2.2.1 Advanced Aircraft Horizontal Tail - It has been the common ex-

perience with contemporary fighter type aircraft thet the design of all-
movable horizental tails is constrained by flutter coasidersticns. Horizon-
tal tulls designed to satisfy strength and aerodynamic ruquirements are
usually unable to satisfy the flutter requiremenls without addaitional modai-
fication. Flutter modifications in the past have slways been nassive and
have enployed various combinaticons of:

1) Ybalance weights

2) piteh restraint

3) torque box stiffening

The weight penalties for passive flutter control of all-movable
horizontal tails are significant as shcwn in Figure 7. This figure, which
is based on contemporary aircrafl, illustrates that additionsal weight for
flutter will be required in future aircraft even with the use of the highly
efficient composite materisls.

The total potential reduction in aircraft weight is greater than shown

in Figure T because of ihe pronvunced sensitivily of overwll aircraft weight

to small changes in empennage welght. For some advanced aircraft designs
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TABLE 2 ADVANCED AIRCRAFT CHARACTERISTICS

tem Wing :l;)irllzontal
Area - ft2 489.2 120.0
Aspect Ratio 40 2.01
Taper Ratio 0.233 0.323
teading Edge Sweep - deg G525 50.0
Thickness Ratio - Root - % 6.0 38
Thickness Ratio - Tip -% 4.0 2.5
Airfoil 64A00X 64A00X
Incidence - deg 1.0 o)
Span -ft 44 24 15.53
Span/2 in 265.4 93.18
Mean Aero. Chord in 150.0 100.8
Root Chord in 2153 140.2
Tip Chord in 50.2 45.3
Dihedral - dey 0 10
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currently being considered, as much as 15 to 20 pounds of overall weighi re-
duction is possible, in the early design stages, for each pound saved in the
empennage.

The Computerized Optimization Procedure for Stabilators (™MFS), des-
eribed in Reference 4, has been used to generate the detailed seroelastic
description for the advanced horizontal tail. The overall aerodynemic char-
acteristies for this control surfsce, given in Table 2, "ere used hy the
COPS progrem to generate the aseroelastic model shown in Figure 8. The model
is & torque box structure idemlized by eight discrete rigid chord stream ’ .=
sections with three mass points per section. The structural materi i chosen
for this surface is boron/epoxy composite. The composite lgyup for the
feasible strength design torque box is specified with T0% of the fibers at
0 degrees with respect to the elastic axis, 20% at +U45 degrees and 10% et
90 degrees. The total weight for this feasible strength design is 259.45
lbs. The detailed analytical model is given in Appendix IT.

2.2.2 Advanced Aircraft Wing - In the past, strength requirements have
generally dictated the structy aircraftl wing. Fiul »r
requirements have been inherently satisfied on such aircraft as t.ae F-l 1t
cause the conventional rib-spar wing structure necessary for static eir
loads has provided enough torsional stiffness to preclude flutter within the
flight envelope.

Flutter critical designs are likely, however, for fighters anw inte-

ceptors planned for 1975 or later. New contemporary fighter aircrafi cou..

already be classified s transition sircraft in which both strength and
flutter pleyed important roles in the wing structural design. The trend
toward flutter critical designs results from the following design trends:

1) The use of materials with high structural efficiency and low

structural stiffness

2) low wing load factor designs

%) thin wing designs
The wing stiffness levels which are reduced by each or these trends can
create a flutter critical design. Passive [lutter control for these advanced

aircraft may reguire so much unnecessary nonstructural weight that active

flutter control may become attractive, especislly if control surfaces can be

15

T P G TN TR)

YV EY

PR PPTUSPR SN




...._
H
e e i X R el e mJH

H PITCH AXIS

n ue o M oddas

L e o i
(ELEEIEEIs CRRNISTTEL LERRILiL

TARGET = 29.9% MAC

Lol

ST Sannn
PICAL MASS POINT“,

XBAR, YBAR, I0Y, 10X, I0XY, WE

I TET TS oeT] PR E LR CRRRT FE s AT Rt LRETt EEP T RO ET] EEREROER:

TLiipecti
Ie s

x(:m)% i

SeTt FETRSVRIRA It

FIGURE 8 AEROELASTIC IDEALIZATION FOR ADVANCED AIRCRAFT {
! HORIZONTAL TAIL




used for both flutter control snd flight centrol.

Selected modules of the COPS computer program have been used to generate
the baseline feasible strength design with no consideration for the aero-
eiastic constraints. The overell aerodynamlic characteristics for this wing,
given in Table 2, were used by the COPS program to generate the aeroelsastic
model shown in Figure 9. The model, which considers only the exposed area
of the wing, consists of eight discrete rigid chord streamwise sections with
three mass points per section. The structur+l materisl chosen for this wing
is boron/epoxy composite with 70% of the composite fibers at 0 degrees with
respect to the elastic axis, 20% at +45 degrees and 10% at 90 degrees. Two
weight distributions were calculated. The first weight distribution is for s
clean wing with no aerodynamic control surfaces on either the leading or
trailing edges. Total weight of this clean version is 918.34 1lbs. The second
weight distribution is for the wing with both leading and treiling edge con-
+rol surfaces in each streamwise section. The torque box is the same for
both weight versions. Total weight for the second version is 1265.53 lbs.
The detailed analyticsl model is givea in Appendix IIT.

o Ol B i A g
. v e R



T ST MR e 3 mes v g e a e

TR g e

»

—

R

T =
-— » i < HL“

AL CE SEa asass: 5
g My i ppodd = : !
N & zp
byt I 5 el
b adne a4 Q e
R 2 i sk
jeedbolil saspingast e g L8
Phocssrend ined T |2 Do
e s [Ty tane o [z ok n......_
Eos TR o i pCR

33 Sadptsgovecetyy pos Rt
THENERT T [
e oot :

T o -

ATt (SFL
oy EEiats :
SR ppeniy : I
oI g o ; S
—r— — e ey g L

RS RENG cxagu s’

ft 4;
ETE o

LHOM

bop

(LING

AR

TRA

T
s

TYPICA

»

i

N¢)

i

BB 54 SN

LEADIL

.

udiie o4

1

TYPIC

T

CED

ON FOR ADVAN

FICURE 9 AEROELASTIC IDEALIZATI

G

AIRCRAFT WiN

8

—

LRI B e ]

- 4

e Ry

-

L N SO

LTI



| o ma——— v

3. TECHNICAL APPROACH
3.1 General Description of Study

3.1.1 Scope - This enalytical study of active flutter suppression
systems was directed toward the accompiishment of two brcad cobjectives.
These oblectives are:

o To establish the potential flutter modes, configuraticns, and flight

conditions where active fiutter suppression can show an advantage.

o To fcrmulate design guidelines and criteria to implement and test

acti ¢ flutter suppression systems.
To accomplish these broad objectives the study effort was divided into three
separate arcas of investigation, wing/store flutter control, all-mcvable
horizontal tail flutter control, and wing flutter control.

The wing/store flutter control study assessed the practicality of ex-
tension of flutter boundaries for several store combinations by active con-

trol. The vehicle for this study effcrt was the F-U Phantom aircraft shown

in Figure 1.
oL YL 2 L el oY bkl DOVaeddaas mmnt aan - ~ }
The horizontal tall flutter control study investigoted both the poten-

tial paycff for sctive conmtrol in future aircraft and the unique problems

and difficulties encountered when one of the participents in the flutter mode
is used as the flutter control force producer. An example of participative
control is the pitch actuator being used as the contrnl force producer to
suppress pitch-bending flutter. The vehicle for this study effort was the
edvanced eircraft of Figure 6.

The wing flutter control study parametrically evsluated the potentisal
pay offin future aircraft by active control of flutter critlcal primary
lifting surfaces. The vehicle for this study effort was slso the advanced
gircraft shown in Figure 6.

3.1.2 Plan of Attack - This discussion presents the general approach

which was followed in all three flutter control study efforts. The plan
followed is illustrated by the conceptual flow chart of Figure 10, The step
mimbars in the following paragrarhs refer to block numbers in the figure.
Step 1 - A flutter snalysis was performed for the candidate configur-
ation to determine a bvase for subseqrent comparisorns. For the
wiag/store studies a flutter snalysis was performed for all
st.ore combinations being considered.

Step 2 - A choice was made of an active flutter suppression scheme. The
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s 3

step 3 -

Step 4 -

Step & -

Ster 6 -

Step T -

Step 8 -

Step 9 -~

type and location of the force producer or producers were : reci-
fied. The type und locaiion of the sensor or sensors were
specified.

Linear parametric studies were made using appropriate computer
programs such as the frequency domuin computer program des-—
cribed in Section '.5.1. Compensation to control flutter weas
generated by conventicnal control system design techniques.
Compensation networks found suitable for one store configura-
tion or flight condition were then tested on other cases to
determine the sensitivity of the design.

Linear time domain studies were made for the most promising
design of step 3 using sppropriate computer programs such as
the time domain computer program described in Section 3.5.Z2.
The control system requirements on rate, displacement, and
power were determined for flight both with and without atmes-
pheric turbulence.

The effects of system nonlinearities were determined for the
rost promising design of step 4 using the time domain computer
program.

A reliability and redundancy study was conducted for the most
promising candidate system. A signifizent smount of data from
the P-4 SFCS (Survivable Flight Control System, Reference 5)
program was used tc give credibility to the reliability anid
welght assessment effort.

The po:ssibliiity of weight saving by use of a non-dedicated
flutter coutrol system was investigated. The Multi-Loop
Control Systems computer progrem {MATLOC) described in Appen-
dix IV was used to eveluate the compatibility of the flutter
control system with other flight control systeus.

Tne minimum welght passive flutier solutions were determined
for the cendidate configurations in 1he wing and tail flutter
study programs. Parametric analyses and engineering judgement,
using appropriate computing tools, such as COPS (Computerized
Optimization Frocedure for Stabilators), described in Reference
4 were used ia this assessment.

The minimum weight passive flutier solutions were compered to
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the minimum weight active flutter soluvions to determine the
potential weight payoflf of active fiutter control for ihe wing
and tail flutter studv programs. In the case of the wing/store
, study, expandea flight envelope is the potential payoff.

3.7.3 Design Guideline: - Certain design constraints and performence
cbjectives were cousidered as guidelines throughout these studies. These
considerations vere used 1o ensure a realistic evaluation of competitive
active flutter suppiession schemes. Becsuse of the exploratory nature of
these studies, however, a failure of any system to rigorously satisfy these
design guidelines was not an sutomatic cause for elimination.

3.1.3.1 Reletive Stability - For speeds up to the aircraft limit speed,

the d:@sign goals for relative stability were the following:
1) Gein margins of +6 dB
2) Phase margins of +60 degrees
31 Effective structural demping ccefficient of g = 0.03 (z = 0,015) on
time history traces.
In addition, the flutter control systems were required Lo be stable for all

elastic modes other than the flutter mode being controlled.

3.1.3.2 Turbulence and Maneuver Environment - The flutter contrel sys-

; tems were expected to withstand the following gusts and maneuver loads:

1) Random gust with rms of 13 ft/sec.

2) Discrete gust of the form (1 ~ cos wt) for 30 ft/sec peak amplitude.

3) Limit loed factor maneuvers.
3.1.3.3 Relimbility ~ Control surface actuators were sized ror cun-
“inuous centrol in the specified turbulence and mancuver environments. The

design objective was to use a minimum number of redundant conirel system

ccmponent;s to ensure system religbility, with a failure rate of less than

cne ceatastrophic failure (loss of aircraft) per millicn *#light ncurs.

>

3.2 Soiution Techniques

3.2.1 The Active Flutter Control Concept - TFlutter is 2 self-excited

mechanise whereby energy is absorbed by the lifting surface from the air-
stream. The critical [lutter mode is characterized by a unique flutter fre-
quency of osciliation in which the wotion consists of both bending snd tor-

sicr (twist) components. The oscillation is essentially simple harmonic.

the hending and the torsion moiiors are not in phase with each other; in

fact the torsion wntior lagec corsiderably behind the bending motion at
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flutter. If either the Lending or torsion motion is suppressed this claszsi-
cal coupled bending-torsion flutter will not occur. The flutter may also be
contrelled by changing the phasing of the two motions to change the energy
fiow so that the nec work is done on the airstream instead of on the wing.
The flulter onset speed may also be increased by delayiag the ~oalescence

of participating modes with increasing airspeed.

Let us examine in wmore deteil one cycle of motion when flutter is oc~
curring. TFor this purpose consider only a single discrete wing streamwise
secticn and plot its displacement versus time as shown in Figure 11, The
1lift vector is in phase with the torsion motion., The small lag angle due
to 1ift oullid-1p delays is not necessary for this development and has been
eliminated for clarity. Bending leads torsion 90 degrees so that positive
work Is beinz dene on the wing. ‘'fhe lift vector is in the direction of the
deflection changn. The work is thus positive during each quarter cycle.

Tor & real-world wing the net work will be the summation over the entire

vwing surface. Generally during each cycle of oscillation 1ift forces atiri-

ck

butarie Lo torsion will do positive work on the wing during a portion of the
cycle anG negative work during the remainder of the cycle. The motion will
Just maintain itself when such net positive work is balanced by damping or
diss petive forces in the system. The motion will diverge (flutter will
ocevr) when the t-lance of work on the wing is positive.

Ideal T:iutter control of this example wing section is described in

Tigure 12, No fluntter will occur if either type of motion is suppressed or

if the phasing is such that the net work is zero or negative., Aerodynamic
control surfaces cffer a convenient means for genersting flutter control
forces. Fipgure 13 shows a trailing edge control surface producing a stebil-
izing monent which tends to oppose the torsion mection. This surface could
be either existing or specifically dedicated for active fluiter control.

An alternate, and more enlighte :g, description of the flutter motion

is shown in Figure 14, Consider the work done by the lift vector during one

cycle of motion.

¢ = 28 2n
w (]
Work/Cycle = f(POWER)dt = f L{-n)dt
0 o

The power input to the system is positive for -Lh cos ¢ > O or when cos o < 0.
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ai -
5
Totai Suppression of Angle 9f Twist-« =0 '
I
I !
|
1] : 0 No Flutter
|
I
l
1
|
|
0 ' o
|
|
l
h Leads o by 180° :
: I |
@ |
: + : - No Flutter
Work | Work Net Work =0
I
|
To:al Suppression of Bending Motion-h =0
! No Filutter
‘ FIGURE 12 EXAMPLES OF IDEAL FLUTTER CONTROL
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L
‘,,; . . \'; }
o is the Angle between L and h :
Fiutter Occurs for 90V< 0 < 270° .‘
Explosive Flutter Occurs for 0 = 180°
FIGURE 14 PHAS: PLANE DESCRIPTION OF FLUTTER o

MECHANISM
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The maximum power occurs when cos ¢ = -1 or o = 180° as shown.

In the light of the preceding discussion, several choices for flutter
control feedback signals appear promising. Botr individual and blended feed-
back signals are considered in these studies to competitively evaluate these
various possibilities. The individuael feedback signals tested include all

of the varistions of torsion motion such as,

i_KAa, 1}Aa, iKAﬁ

and bending motion such as,

e .
Kb, #h, #Kh

The blended feedback signals tested include the following combinations,
+ K, (a2 X; o
+ K, (¢ + K, a)
:KA(aiICBh)

where KA and KB are arbitrary constants.

3.2.2 Flutter Control Schemes - In general there are three separate

operations which must be performed by any practical flutter control system.
These are,

1) Sensing

2) TFeedback compensaticn

3) Coptrol faorce production
Sensing may be done by transducers which produce either sn electrical signal
or a physical displacement. Feedback compensation may also be accomplished
by either electricel or mechanical components. The production of forces and
moments to control flutter may be done in many different ways, such as by
electro-hydraulic or mechanical actuation of control surfaces, reaztion jets,
or jet flaps.

3.2.2.1 Electrical Feedback - This general concept for flutter control

is illustrated in Figure 15. Sensing and compensation are both performed

by electrical components. Control force production is by a hydraulically
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FIGURE 15 BLOCK DIAGPRAM ILLUSTRATING ELECTRICAL FEEDBACK FLUTTER
CONTROL SCHEME




actuated control surface. The basic schewe shown in this figure has been

applied in one form cor another to esch of the study configurations.

LB RAP W

The reference signal for the control loop of Figure 15 is a command for

the airframe response to be zero. A sensor, which gives an electrical out-
put signal, is used to measure the airframe response at the location of the
sensor. The total airframe response signal includes compoaents for all
aeroelastic modes in the bandwidth of the sensor. These signals are fed
back through electronic compensation networks and hydraulic actuators to
command the rotation of the control surface., The control surface prcduces
gerodynamic forces which can potentially modify the airframe response to
ensure the stability of the system. If the airframe response is continuously

nullified, the flutter instability can be precluded. The high pass filter,

shown in the figurc, has been introduced to filter cut the static and low
frequency response signals associated with the normal aircraft maneuvering

and rigid body short period mode so that only the higher frequency flutter

sy =y

modes are suppressed. The control system design procedure here is to create

R T RN~ te e L en

the proper forces in both amplitude and phase to control this airframe res-
ponse motion which varies with airspeed, altitude, and other flight para-
meters.

3.2.2.2 Siructursl Feedback - Active flutter control can also be i

YRR W T

achieved through structural feedback. A conceptual sketch of a particular

structural feedback scheme is shown in Figure 1€, -.The scheme uses s struc-

RS LW,

tural link to sense wing twist at one end and to actuate a control surface
at the other end. Mechanical compensators such as springs, masses, and/or
dampers can be incorporated in the link to achieve the phasing of aileron
deflection to wing twist angle required for active stability.

] The wing twist angle sensing concept is similar to thst employed by a

torque wrench. The outside shaft (Shaft A) represents the wing torsional

stiffness elements while the internal shaft (Sheft B) is fixed to the fuse-
lage with the outer shaft free to rotate about it. Thus, under aerodynamic J
moments Shaft A twists relative to Shaft B and the wing twist angle, o, is ‘
sensed. The arm connected to Shaft B iz used to actuate the control surface
a5 shown in the figures. The connection shown results in an aileron engle

which, without further compensation, is 180° out of phase with the wing twist

angle. In-phase forcing can be mchieved by means of a "top to top" counec-

tion. The control surface could be an aileron shared with the lateral control

Nawd- I
B
P . I YL N
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/— Structural Link

Wing Arm

- Compensation Module

Aileron Pivot

Wing Torsion - Wing Twist Sensing Aileron Arm

Member (Shdﬂ A) Member (Shaft B)
lL.ocated at Elastic Axis

L&l

dq ‘\\\structural Link
' —EA —
) S N

2
X

Wing Arm Aileror Arm
No Wing Twist

. T o—
ng Center“ne\_,

Wing Twist
LE Up

|

- ——
T T Wing

/"

’;nte"\'\“e

e
Wing Twist
LE Down

FIGURE 16 CONCEPTUAL STRUCTURAL FEEDBACK SCHEME
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system or it could be an auxiliary surface specifically for active flutter
control. An auxiliary surface could be incorporasted in the wing or on
the ztore pylon. '

32.2.2.3 ILoad Suppression for Wing/Store Flutter Control - There is one

feature commor to all wing/external stores flutter mechanisms. The crux of
that feature s illustrated in Figure 17. The store loads, P and Q, are
transmitted into the wing and edversely affect the wing flutter speed. If
these store loads were nullified, the wing/store configuration would be
effectively decoupled and the wing would revert to the bare wing flutter
mechanism and speed.

Even with a wide variety of stores, we can suppress or nullify the vi-
bratory store loads transmitted into the wing. This might be accomplished,
for example, by replacing the psssive load trunsmitting members by active
members, i.e., support-actuators as shown in the figure. These support-

v and QV and paess

the steady load components P and QS. These "steady load componentz" also

actuators would suppress the vibratory load components P

Innliida +he guasi-
+0nCAVGRC Lac QuUati

system might consist of:
¢ Load cells to sence P and Q
o High pass filters to filter out the steady (low frequency) load
signals leaving only the vibratory load signals
0 Support-actuators driven by the vibratory load signals to nullify
the vibratory loads PV and QV’
Thnis is a promising scheme also if only the vibratory pitching moment trans-
nitted to the wing, Pva - va, is suppressed,

3.3 Hardwsre Considerations

There are many practical considerations which enter into the design and
development of a successful active flutter control system for a high perfor~
mance type aircraft. OSome of the more important of these are listed below:

o The requirement for the system to operate witih changing flight

condition parameters such as velocity, altitude, and maneuver loads.

0 The requirement for acceptable interactions among stability aug-

mentation systems, gust allevistion systems, and flutter contrcl

systems 1: control loops are shared.

O

The requirement for reliable hardware which is able to satisfy the

demands of the flutter control system.
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Load tansmitting members
A) Wing/store configuration

Wing

B) Equivalent idealization

~—bofnnp

Q

P

T e 4'!

C) Direct solution (load suppression) Store losds into win §}'17

Total load - Steady toad + vibration load ?

P- Ps +PV g
! Q = Qs+ Qv q
i Suppos! acluators { Suppress P, and Q, b
atAand B Pass Py and Q¢

f FIGURE 17 CRUX OF WING/EXTERNAL STORES FLUTTER MECHANISM
; AND A DIRECT FLUTTER ELIMINATION APPROACH g
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o The requirement for continuous control of flutier when deep in the
flutter region since, particulsily in the case of explosive flutter,
once flutter motion builds up it is doubtful thet any sactive system
can control it.

3.3.1 Variable Tlight Conditions - The requirement to operate over

variaple flight conditions is one of the major design consideratious in the
development of a successful active flutter control system. A high perfor-
mance aircraft experiences elastic deformations ss a result of turbulence and
maneuver loads which occur during fiight. A flutter control system must be
able to prevent the unstable buildup of these deformations even when the
airereft is in a flutter criticel region of the flight envelope. This re-
quirement to control a potentially unstable dynamic cystem in a turbulent
envircument .s distinectly more demanding than the ncormal requirements for
control of stable dynamic systems. The successful control of flutter re-
quires the ucse of sensors, compensation networks, and force producers in
such a way that the resulting desigr is relstively insensitive to the vari-
able flight condition perameters such as velocity, altitude, Mach No., and
disturbance level. 1In the particular case of wing/stcre flutter control the
active system nmist also be able to sccommodate variable dynamic configurs-
tions as the store loading changes.

3.3.2 Contrcl System Inlegration - Another significant design consider-

aticn is the possibility of the integi-.i- . of flutter con*rol systems with
other systems for flight control, stability augmentation. and gust and load
alleviation. Integration of an active flutter control system with cther
flight econtrol systems js desirable from a weight saving stendpoint. It is
especially desirsble in fighter alrcraft since both the number and location
of feasible control surfaces is limited. Twe pessible arrangements are:
mechanical’ - linked series servo integration, and complete electronic inlte~
gration,

A mechanically linked series servo arraugement is used in contemporary
aircraft. This system adds the piloi's mechanical inputs to eleclronic in-
puts Irom the automatic feedback contrel system such as those for stability
sugnentation and flutter contreocl. The resultant combired signal drives the
contrul valve of a hydraulic power actuator.

Ccmpl=te electronic integration combines the separate signals from the

primary flight control systems and the flulter control system elecironicelly
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to command integrated fly-by-wire electro-hydraulic power actuators. This
type of cortrol system integration is likely in future aireraft.
3.3.3 Hardvere Capabilities ~ Significant difficulties in the implemen-

tation of active flutter control occur in the area of hardware. The control
system components whether mechanicsl, electricel, or hydraulic are, in
generel, sensitive to the frequency of c¢peration. They must he designed for
the specific application since the design guidelines and criteria for one
range of frequencies, such as for rigld aircraft control, sre nct appropriste
for otier frequency ranges, such as for flutter.

Tt 1s relatively easy 1o fabricate sensors and electronic components
into very precise, highly redundant units which will reliably perform over
a wide range of frequencies. It is a significantly more difficult design
problem to satisty the force producer frequency requirements.

The force rrceducer rate limit is another critical design constraint end
affects the system gain and evailable power for flutte: controi. The force
producer, whether mechanical, electrical,or hydraulic, must be designed for

high rates.
3.3.4 Contiuuous Control - Continuous contrcl of fluttrr is required

vhen deep in “he unstable flutter region in order to preclude ithe buildup of
flutter forces and motions to an uncontrolloble level. The danger of loss
of control is very real for explosive flutter such es pitch-bending flutter
of a stebllator or bending-torsion flutter of a wing. The energy ex*racted
from the eirstream when a well developed flutter mode is occurring is enough
to overpover any practical hydraulic actuator or other force producer.

Loss of continuous control is possible because of excessive deflection
cr rate demands on the control system in an environment of severe turbulence

or excessive maneuver. This may demand the use of dedicated flutter control

force producers on some aiveraft. In an integrated control loop, where a
control surface is shared by two systems, limits on deflection may have to
be imposed on each of the systems. These limits could be imposed elecitroni-
cally for the case of a completely integrated system. The limits could be
mechanicel for a series servo arrangement.

The requircient for continuous control demﬁnds the use of redundant con-
trol system elements. The F-% fly-by-wire (SFCS, Reference S) progrem is

developing redundant Liydraulic actustors, servo valves,and electronics to

ensure contlnuous control.
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3.4 Analyticel Considerations

A complete model of both the control system and the aerocelastic air-
frame is necessery for the design of a system for the active control of
flutter. Traditional control dynamlcs and structural dynamics analyses sel-
dom include such ar integrated mcdel. The practical design of the control
system requires these coordinated studies in both the frequency and the time
domaeins, and each of these domains is preferred for certain aspects of the

total analytical Job.
3.4.1 Frequency Domain Analyses - The frequency domain is approprisate

for use in determining dynemic stability. In addition, using power spectral
density techniques, the freguency domain cen be used to evaluste the environ-
mentel response (deflections, loads, stresses, etc.). Frequency domain
anslyses allow for:

o The assessment of aeroelastic airframe/control system dynamic
stebility, including both the low frequency effectz and flutter.

o The generation of data which is useful for gaining insight into the
dynamic stability problem including modal data such as mode shape,
frequency, and damping, as well as the identificaticon of the mechanism
causing the instability.

o The use of frequency dependent unsteady serodynamic representations.

0 The use of the many tools of classical con.rol theory for the design
of the control system.

o The generation c¢f deta in a format suitable for PSD gust response
and ride quality anslyses.

In addition, the frequency 1 :sponse approach is readily and efficiently

adaptable to computers. Results can be obtained quickly and cheaply using
frequency domein techniques.

3.4.2 Time Domein Anslyses - Time domain analyses were used in the study

for certain aspects of active flutter control nct readily treated by the
frequency domgin aneglyses. The time domain was used for:
o The evaluation of the rate, displacement, and power demand:c of the
control system.
0 The evaluation of the total and complste effect of nonlinearities
on both stability and responsge,
0 The assessment of the required power to avoid control system satur-

ation during flight through severe t-rbulence.
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3.4.3 Aerodynamic Theory -~ The principal area of the aercelastic

analyses in which a choice of approaches is required is in the representation
of the unsteady serodynamics, where some of the analyiical tools are defi-
cient. Computer preograms are not evailable to accurately assess the unsteady
aerodynamics on control surfaces for the high subsonic and transonic region.
The approach used in these studies was to rely heaviiy on strip theory
aerodynamic derivatives nodified for finite aspect ratio and compressibility
based on wind tunnel data. This procedure is justified for several reasons:
o Believeble flutter trends are obtained from strip theory for wings
" and tajils with moderate aspect ratios.
o Curve fit difficulties and Inaccuracies quite often compromise the
prouised accuracy of the more sophisticated 1ifting surfece theories.
o The many parametric variations required make primery use of lifting
surface theory economically prohibitive because of excessive computa-
tion time per case.
o The strip theory derivatives for contirol surfeces sre consistent with

the sirip vatives for primery surfaces and can he speci-~
fied to match measured hinge moment data.

o The data from strip theory may be used in terms of velocity and fre~
quency as seperate values rather than being tied to reduced frequency
k as required by lifting surface theory, thus ellowing an approach
to flutter analysis that is similar to flight flutter testing.

3.4.4 Control System Design Procedures - The classical frequency domain

design procedures are suitable tools for the study of active flutter control.
These conventional approaches to the control system desigr were chosen in
preference to the Optimal Control Theory (OCT) procedures for the following
reasons:

o The gains for each of the state variables which are determined by
the OCT must be implemented by practical hardware. This implementa-
tion usually requires the subsequent use of an analog computer.

o Conpensation network design must still be performed after the OCT
has determined the optimum state variable gains.

o OCT is formulated in the time domain and thus is inherently

very expensive to use for the high frequency systems charsascteristic
of flutter,

3
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3.5 Principsal Analyticsl Tools

/

Recently developed computer prograus for integrated control/structural

dynamics enalyses in both the frequency domain and the time domain have been

used in these studies. Both programs are designed to evaluate the dynamic
stsbility of a general seroelastic system considered as an integrsel part of
a multi-loor feedback contrcl system. Detailed descriptions of these pro-
grams are given in Appendix IV; the highlights are covered in the subsequent
raragraphs.

3.5.1 Active Zontrol of Flutter {ACF) Computer Program - Freguency

Domain - This computer program is designed specifically for gzneral applica=-
tion to the study of active flutter coatrol. It represents an =ffort at the
integration of the technologies of control dynamics and structural dynamics
into a single computerized peckege. The dynamic stability of the combined
general saseroelastic system is evaluated both passively and as an integral
rart of the active multi-loop feedback control system. Freedom of cholce is
allowed in the assignment of control system components. Sensor types and
locations may also be specified in an arbitrary fashion.

The current idealization for this computer program is described by the
two loop control system block diegram shown in Figure 1&. Both control
system blocks and asercelastic airframe blocks are shown in the figure,

3.5.1.1 Control System Wocks - The transfer function blocks other than

e et A 1 e, TN NIRRT IADI LA n, s s

blocks 5, 9, and 10 are desig:ed to represent the control system. These con-
trel system blocks will accep: a linear representation of the control system
and sensor components. Dimensions in the program allow for a fourth order

ratio of trensforms in easch block. These transfoirms are of the form

2 3 L

a ES + 8.33 -+ &hS
0 1 2 3 L

bOS + bls + bgs + bBS + buS

OS0 + 6151 + a

Control system nonlinearities such as dead band, free play, saturation,
\,
» and backlash may be specified for these control blocks by the Describing

Function Techiiique of control theory.

3.5.1.2 Aeroelastic Airframe Blocks - Transfer function blocks 5, 9, i

and 10 are decigned to represent the aeroelastic sirframe. These blocks

contain calculated frequency response functions obtained by simultaneous

- b e

solution of the forced aeroelsstic equations of motion.
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FIGURE 18 CONCEPTUAL FLOW DIAGRAM - ACTIVE CONTROL OF FLUTTER
COMPUTER PROGRAM-FREQUENCY DOMAIN
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Aerocelastic Equations of Moticn

The aercelastic equations, for both rigid ard flexible motion, are ex-

pressed in generalized coordinates to fit the symbolic linear equation,

Mq+Cq+Kgq

=-Q [(A+ 4 cl(x)) g+ (B + B, ¢ Hx)) %-+ I 351
where C-l(k) is an equivalent time domain representation for the Theodorsen
function of reduced frequency k. This formulation, as well as an alternate

' formulation based on the classical serodynamic derivatives (R + i I), is
i descrited in Appendix IV.

These equations of motion are transformed to the frequeuzy domain by
the harmonic motion constraint,

e iwt i =T

Y =Yy,

The Thecdorsen function iz expressed as

. . . d ot bk g s S oo bl it o i RS T
PR WY FULI T ST - N P Bttt x i syt iy

5 c(k) = F(k) + i G(k)
where
Iy Iy Y)Yy (Y - 3g) ﬁ
F(k) = = - ﬁ
- )5
(Jl YT+ (Yy = 3p) :
3
JJ. +YY é
alk) = oz 0'1 . ;
(Jl + YO) + (Yl - JO) ;
1
3

; and Jo, Jl’ YO’ Yl are the J and Y Bessel Functions of the first and second

kind. The equations of motion then tecome,

e i wes g T

(—w2 [g + %5-1] + [x + Q(A + ACC(k)ﬂ + 1w [p + %»(B + Bcc(k))] ) {q}

oF aF
s q 4 { —— qQ + e
aq % F 38q“ s F,
; Fl 1 }2 2

where the column matrices added on the right are used for the forcing func-

R L o DIy I S

tion degrees of freedom. The forcing functions may or may not involve
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aerodynamics as thewser chooses. When the program is used for a linear §tudy
superposition applies, aad more than one forcing function may be evaluated.

Frequency Resvonses Functions

The complex equations of motion are solved simultenecusly for a speci-
fied airspeed (V) eand frequency (w) to obtain the response of each generalized
cocrdinate to the forcing function. The complex frequency response functions
are sensed by sensors located at arbitrary points on this aeroelastic system.

The sensor output response functions are calculeted by the general symbolic

equation,
eout n ql q2
— =S $1 ——t $, —— o+,
Q Qp 2 Qy
1 1 1

n is the response Lype

n = 0 gives deflection response
n = 1 gives rate response
n = 2 gives mcceleration response

The participation coefficients ¢i specify the relative amounts for each
generalized coordinate in the general response equation. TFor the elastic
degrees of freedom the participation coefficients are the modal dats at the
location where the response is being celculated.

These sensor signals represent the sirframe dynamics in blocks 5, 9,
and 10 of the two~loop aircraft control system shown in Figure i8. This
idealization is easily modified to apply to more complicated systems, if
necessary, by minor changes in the main FORTRAN calling program. The current
idenlization is based on the premise that unused generality in a computer
progrem is costly in terms of both turn-around-time and money.

3.5.1.3 Control Loop Calculations - ¥Frequency response transfer func-

ticn date is calculsted for control loops 1 and 2 of Figure 18 for each
specified V and w.
F r loop 1 the forward transfer function is evaluated as,

6 (8) =k, (1) (2) (3) (¥)

vhere (1) etc. are symbolic references to block numbers in the figure. The

feedback transfer function is evaluated as,
By (8) = K, (6) (1) K5 (5) 4 kg (1)

b,




Then, the closed-locp transfer function for loop 1 is evaluated as,
Gy (8)
1+ 6, (8) Ky (s)

L

R1
The denominator of this expression is the characteristic equation for control
loop 1. The stebility o7 the loop mey be assessed by examination of this
characteristic equation. Certain other date such as bandwidth, peak res-
ponse, and rise time may also be determined.

Similar calculations are performed for loop 2. The forward transfer
function for loop 2 is,

Y = C_
Gy (s) = L (8) R,

The feedback transfer function is,

i, (s) = K, (10) (11) (12)

The closed-lcop transfer function is then,

¢ Gy (s)
K, 1+6G, (8)H, (8)

3.5.1.h Stability Assessment - Dynamic stability is assessed for both

the passive aercelastic system, represented by the left hand gide of the

equations of motion, and the closed-loop feedback control system.

Passive Dynamic Stability

The stability of the aerocelastic equations of motion, for a typical
nine degree~of-freedom representation of the F-4 with external stores, is
shown in Figures 19 and 20. These figures are genersted by the computer
program. They allow stability to be assessed at & glance with no manual
effort. The procedure is thus ideal for a computer graphics application.

Stability is sensed by the Mikhailov stability criterion of Reference 6
which states that the characteristic equation of the equations of motion has
only roots with negative reel parts (i.e., steable) if, and only if, the
Mikhailov response diagram (the plot of the characteristic equation in the
complex plane for O < w < =) passes through exactly n multiples of m degrees
in the positive sense (counter-clockwise), where n is the number of the

complex roots in the characteristic equation. An equiveleant criterion for

42
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the assegsment f passive stability is described by Landahl in Reference 7.
The upper half of Figure 19 shows the variation of the phase angle of the
characteristic equation in degrees versus ihe exeitation frequency in Hertz
vhen the velocity is 200 KEAS (Knots Eguivalent Airspeed). Traces are shown
for the 7 lowest vibretion modes. The traces are continually increasing and
each trace sweeps out a 180 degree phase change in the positive sense indi-
cating a stable system. The equivalent structural damping in each mode for
this case is g = 0.04, A stablé system is also indicated for a velocity of
550 KEAS as shown by Figure 19.

At a velocity of 600 KEAS an instability is indicated by e barely
detectable reversal in the direction of the trace in the neighborhood of 8
Hertz as shown in the upper half of Figure 20. Figure 20 slso shcws the un-
stable system when deep in the flutter region at 700 KEAS. The phase rever—
sal is easily recognized at TOO KEAS, Flutter has occurred at a velocity

between 550 and 600 KEAS. A vernier of velocity inerements can be used to

establish the velocity of flutter occurrence within a smaller range.

For cuonventional flutter analyses, the structural damping can be speci-
fied as g = 0.0 to obtain data corresponding to the crossings of traditional
V-g studies.

Cilosed-Loop Stability

The stability of the closed~loop system is determined by a modified form
of the Nyquist criterion of Reference 8. The characteristic equation for the
closed-loop system is plotted in the complex plane so that the origin re-
places the -1 point of the classicel criterion. The Nyquist stsbility

criterion determines the existence of zeros in the right half plane of the

closed-loop characteristic equation 1 + G(S) H{(S) = 0, by tracing out the

trajectory of 1 + G(S) H(S) as S encircles the entire right half plane. For
each pole in the risht talf plane, the Nyquist trajectory will encircle the
erigin in the CCW (counter-clockwise) direction. For each zero, the encir-

clement will be in the CW (clockwise) direction. To ensure a stable closed-

loop system, which requires that there are no zeros of the characteristic
equation in the right half plane, the net number of emcirclemznts, if any,
must be both CCW and equal to the number of open-loop poles in the right

half plane. An example of & stable multiple degree of freedom system with
two poles in the right half plane is shewn in Figure 21, As the frequency

varies frem 0% to +» and from -= to 0", there are two net CCW encirclements.

L5
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The variation from +» to -~ ground the infinitely large semi-circle is repre-~
setnted by the single point at 1.0, and since there are no poles at the corigin
C+ and 0 gre the same point. The two net CCW encirclements are equal to
the number of noles in the right half plane, therefore the nuiber o° . .8
in the right half plane is zero, ard the systeuw is statle,

Modified Nyguist plots are showa in Figure 22 for the cha.-a~teristic
equation of the closed-loop system of gn exsmple csse wren a sens>r picks
up only the angle-of-twisl acceleration of tie unstable flutter mode. The
open-loop gain for the inner loop of Figure 18 is Kl = 250., block T has
form (S/1+8), block I has the foru (1/1+.18), block 5 senses the acceleralion

of the unstable flutter mode, K, = 0.C,and all other blocks are unity. The

system ig stakle at 200 KEAS bu% a control system instability at approximse*.:
8.3 Hz is indicated for a velocity of 500 KEAS. Note that thnis instability,
which is indicated by the clockwise encirclement of the origin, occurs at a
lower speed than the passive flutter velccity of 575 KEAS. The cont ol rfys-
tem has heen driven unstable by the relatively high open-icop gain and the

cumulative eftact of vhase lags i

5 So=

loor. The situeticn is simi-
lar at 550 KES where clockwise encirclement of tne origin is stfl1l indi i2d.
Passive flutter has occurred for the speed of 600 KEAS as indicated ! - hc
change in the direction of closure for the trajectory. The phase chenge of
the Nyquist trajectory is clockwise (W) below flutter onset and courter-
clockwise (CCW) above flutter onset. The flutter roots sre in the denominator
of the expression for the characteristic equation so that when flutter oc-
curs, there are two poles (one for both positive and negative frequencies)

in the complex right helf plane. Tor the velocities of 600 and TOO KEAS in
Figure 22 the number of net encirclements of the origin ls zero. The closed-
loop system is unstevle since the numver of zeros in the right halil plane is
Z =N+ = 042 = 2,

3.5.2 Active Control of Flutter Computer Program - Time Domain -~ This

c. mputer program is desigred tor gencrsl aprlication to the study of act've
flutter con'rol in the time domain. The program, which is written usi..g the
McDornell MIMAC simulation language (3 modification of the AFFDL MIMIC system)
is intended to complement the frequency domain yrogram.

The MIMAC system is a digitsl equivalent to an analog computer. The
irput language enables a vser to prepare program statements describing a
vhysical system, starting from cither a block disgrau or a differential equa-

tion representation of that system.
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H The current idealization for this computer program is described by the

control system block disgram shown in Figure 23, The model concsists of two

geins, nine control system transfer function blocks, and an aeroelastic air-

frame block.
3.5.2.1 Control System Blocks - The control system biorks can accept

e second order ratio of transforms for each block of the form

a
aiO + ail S + aiQ S

biO + bil S + bi2 5

The solution technique requires a formuletion (standard form) with tbe high-
est derivative of each varieble expressed in terms of lower derivatives of
the same variable and other known varisbles, Because of this solution
technique, the cocfficients biQ may not be equal to zero, If, for exemple,

a block is to be unlty it must be expressed as

where 312 =D 410 = 1,0

Similar logic applies for other transfer functions.

3.%.2.2 Aeroelestic Alrframe Blocks

Aeroelastic Equations of Motion
The specific MIMAC progrem used in these studles expresses the aero-

elastic equetions to it the symbolic equations

Ma+cé+Kq+QAq+%Bé+9‘-?-Ia

v
7 agq
+ QA (q(0) ¢(s) + 2 3o ¢ls - o) do]
. 8 d2
=35 [30) ¢(3) + S 22 ¢ (s - 0) a0]
¢ ) d02
oF oF
= (==} q. + {——} q,. + ...
9q., F. 2q F.
F,ooL F, 2
kg

b

Satle
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This time domain program is designed to match the frequency domein program
asS closely as possible. The convolution integral, based on the Wagner func-
tinn, is used to represent the unsteady indicial aerodynamics in the time
domain program. The Theodorsen function represents the equivalent unsteady
effect in the frequency domain program. Other than this difference there is
8 one=-to-one correspondence between the two programs. The final form of the
equetions of motion, as programmed, are developed in Appendix IV.

Aeroelastic Transfer Function

The transfer function block for the aeroelastic airframe sllows for the
feedback of a linear combination of the generalized coordinates and their
derivatives obtained by a solution of the ferced aercelastic equations of
1 stion. Thls linear combinaticn transforms the generalized coordinates back
into physical coordinates. The numerator of contrcl system block 6 is used
to indicate the order of the response being sensed; acceleration, rate, or du-
flection.

3.5.2.3 Control Loop Calculstions

o~ - 3 T - -n L] ..
Cluoed~Loop Time History

The primary purpose of this time based computer program is to evaluate
those sspects of thz study of active flutter control for which the frequency
domain data is questionable or deficient. The program may be used to verify
the relative effectiveness, in terms of dsmping, of active flutter centrol
systems designed in the frequency domein., The time history printouts also
give the displacement and rate requirements for the control system for vari-
cus types and amplitudes of excitation. In grneral, the data required is the
same as that for the frequency domein progrem described in Section 3.5.1.
Current dimensioning allows for the eveluation of up to 10 generslized coor-
dinates.

Nonlineay Effects

The MIMAC format allows the user to program nonlinear or time-variant

problems. The existing MIMAC program library includes special purpose func-
tion generators for effects such as dead space, free pley und saturation.

Switching type functions such as releys, flip-flops, end quantizers are also

avgilable for use. The functions available in the MIMAC library are supple-
mented by the FORTKAN library and any specific function programmed in FORTRAN
by the user.




Passive Dynamic Stability

The MIMAC program may be used to evaluate the passive stebility of the

aseroelastic equatiorne of motion. To do this the control system is decoupled
from the aeroelastic alrframe by deleting a1l terms whaich involve the control

surface rigid actuator deflection. The resulting equations may then be forced

with whatever forciag function the user desires.
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4, FLUTTER CONTROL STUDIES
L.1 Wing/Storz Flutter Control

The design of an active flutter suppression system consists of the
following steps:
1. Analytical description of the flutter mechanism (froum passive flutter
studies)
2. OSelection of deformation sensor location and type

3. Selection of the suppression scheme

L. Definition of system hardware requirements
This section describes each of these areas. Passive solution techniques,
involving mass additions to the wing or stores and pylon stiffening, are 1
also discussed so that the desirability of employing an active flutter -
suppression system can be properly evaluated. The target flutter onset f
speed for these wing/store studies was assumed to be T30 knots at sea level |

(corresponding to the maximum dynamic pressure capability of the F-h

S

aircraft with stores). Reference 9 discusses the problems associated with
& wide gamut of passive wirg/store flutter fixes, including pylon stiffness

adjustments and mass additions to the wing. 3

4,1.1 Passive Flutter Ttudies I3

4,1.1.1 Baseline Design - The analytical models for the wing/store

configureations considered in this study are described in Appeundix I. Each
model consists of s truncated set of wing/store modes: the first nine
normal modes plus an aileron rotation mode. Trese date are used in F-L
flutter analyses for external stores. Modified strip theory waerodynamics
with experimental coefficients were used in the aaalysis., The Indicial Lift
flutter program, described in Appendix IV, was used to determine passive

flutter velocities and mechanisms. The program was also used to generate

the sercdynaric matrices nz2eded for the subsequentiy run active stability
progranms,

F-4 wind wunnel test data, shown in Figure 24, from Reference 10
was used to obtain values for the 1lift curve slope (CLu) and the location
of the center of pressure (CP). Two serodynamic condiiicns were chosen
for this study:

° M= 0.9 CL

25%
37%

L .6/radian cP
4.08/radian CP

a

0 = 1
M=1212 ¢

L e e i S o L ol "
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The Mach 0,9 CP was assumed at the 25% chord rather than the 33% chord shown
in the figure to ensure minimum flutter velocities. The two Mach HNumber
conditions were selected to bracket the region of the F-L flight envelope
in which wing/store flutter normally occurs. All cf the baseline passive
flutter studi.s were run at sea level air density. The eight secticm wing
shown in Figure 25 was used as the aerodynamic model. The control points
indicated in the figure were used to compute tiie wing twist and verticsl
displacement at cach section. Displacement data interpolated .rom the
adjoining sections was used for the two sections, 4 and 7, which lack
centrel points,

The classical V-g and frequency coalescense plot for the 90% full
370 gallon tenk wing/store study configuration, using M =0.9 data, is given
in Figure 26, The primury instability occurs at 603 knots resulting from
the coalescense of the 2nd and 3rd vibration modes al 8.33 Hz. The unstable
mode, the 3rd, as indicated by the V-g plct, is the tank pitzh -~ 1lst wing
tor:.lon mode at zero airspeed. At velccities near f{lutter, however, the
uus able mode as derinea by the eigenvector may have scignificantly different
charuzteristizs, (For example, the 62% fuil-370 galleon tank case flutters
in the third mode, also, but its characteristics at flutter onset most closely
resemble those of the second still-air mode.) Flutter of the 90% full~370
gallon tank configuration ha: actually been detected during flight test.

The flutter occurrence, repcrted in koeference 11, was recorded during a 610
knots egquivalent airspeed (KEA3) fligrt at 5,000 feet while fuel in the 370
gallon external tank was being used. Figure 27 is a plot of the external
tank theoretical flutter onset velocity as a function of fuel loading.
{uperimposed on the plet is the test flight Jine indicating flutter onset
at 91% fuel loald and termination at 81%.

A complete summary of flutter onset data for all of the wing/store
caszes under stuly is given in Teble 3 for subuonic and supersoi.ic aerodynamic
data., The columns labeled g/V give the change .n effective structural
damping cvefficient during a 100 knot veluecity increment centered at the
flutter onset velocity. This parameter is a measure of '.hu severity of
flutter., The larger the value the more exp osive the flutter. The tuable

shows that in every instance, supersonic aerodynamics increases the flutter

speed, Only in one iustance, the 31% full 370 gallon tank case, is the
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FIGURE 26 DAMPING AND FREQUENCY vs VELOCITY - F-4 WING WITH
370 GALLON TANK 20% FULL WITH LIQUID FUEL INERT!A CHARACTERISTICS
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Lift Curve Slope Equal to L4.60/Radian

Center of Pressure at Quarter Chord
Date Shown is for Zero Equivalent Damping Ccefficient
Sesa Level Conditions
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flutter mechanism changed during the transition from subsonic to supersonic
aerodynamic ~oefficients. All of the other mecnanisms involve coslescence

of the 2nd and 3rd still-eir modes. The 31% full-370 gallon tank configura-

tion was eliminated from further study at this stage because the flutter onset
velocity exceeds T30 knots.

Offhand, the flutter sanelysis appears o be unnecessarily complicated 1
by including nine vibration modes when the mechanism is a coslescense of
modes @ and 3. The usual rwle-of-thumb is to include all of the lower modes
up to one more than the highesi mode participating in the flutter mechanism.
Thus , an analysis which included only the first four modes should have given {
reasonably accurate flutter predictions., The higher modes, though unneces-
sary in the flutter enalysis, are important in the ective stability analysis
because their inclusion permits e realistic simulaticn of a wing motion sensor.
Such a sensor is required by a flutter control system to generate the
signal which, when compensated, commands the aileron motion that suppresses
flutter. Any wing mounted sensor picks up a cumulative displacement resulting
from the summgtion of the displacements due to eauch vibration mode. Modes
near the flutter mode frequency make significant contributions to the total
displacement and, thus, may have a profound effect on the relative phase
and amplitude of the wing motion at the sensor location. Hence, any implied
mode filtering through the elimination of the lower non-flutier vibration ; .
modes could ceuss completely erroneous conclusions concerning the active .
stability of the system,

4.1.1.2 Passive Flutter Fixes - Mass sdditions were tried at various

store locations in an effort to raise all of the wing/store flutter speeds

to 730 knots, Wing mass ballasts and pylon stiftening were alsc considered.
Store Mass Additions : ij
Store mass bsllasts are practical only if they can be located within o

the existing envelope. Altering the external store geometry to sctieve &
Tavorable mass distribution would affect store carriage capability and
drop characteristics possibly resulting in a redesign of pylonc end/or

racks, Hopetully, the ballast weights could be locuted within the store

— -

envelope without displa.ing payload. ©Such a payload reduction would degrade
the store's perfurmance either &s s bomb, fuel tank, or ECM (§iectronic

P

Counter-Measures) pod.




370 Gellon Tank - 90% Full - The 20 foot length dimension of the 37C

gullon tank allows Jarge translations cof the c.g. through store mass sddition.
For these passive studies mass was added 5C iaches aft of tne nominal c.g.

at the store centerline. This places the balance weight in the aft compartment
of the fuel tank, Figure 28 shows the effect of adding mass at this location,
About 500 lbs per stor2 or 1000 lbs per sircraft are required to raise the
flutter speed to T30 knots. Mass additions forward of the c.g. also improved
the flutter wvelocity, though not as effectively as the aft mass conditions.

370 Gallon Tank - 62% Full - The flutter velocity of the 370 gallon

tani - 62% full cese showed no clear-cut trends with mass additions 50 inches
aft of the c.g. me¢ the store centerline. Figure 29 shows the erratic be -
havior of this store's flutter velocity wher macses is added. T .e flutter
velocity is actually degraded tor wide renges oi .ass additions, The flutter
speed canvrot be increased to 739 knots for the 50 inch aft mass addition
scheme for less than a 1000 1b addition. Weight additions forward of the
¢.g. drastically lower the flutter onset veliocity cf this store. The addi-
ion o 5C0 lbs 50 inches forward of the c.g. lowers the oncct velocity to
155 knots (8.32 Hz).

M(-84 EQ - Two passive schemes were tried for the MK-8L LO:

1. Mass sddition at the store c¢.g. with no pitch or ysw inertia change,

2. Mass addition at the store cen*terline 30 inches aft of the nominal

CeBe.

30 irnch aft dimension for the zecond scheme was cho: 1 since this placed
1 . mas:t balance weight within the existing MK-84¢ EO casing while still
pe - itting a sizeable aft shift in the store c.g.

The first scheme, pure mass addition, was ineffcctuual - no flutter vel-
ocity increase -von for weights excceding 300 pounds.

The sc¢cond scheme, however, did have a favorable effect on the fluttler
onzet velocity. Figure 30 shows tne variation of the two lowest flutter
modes with weight addition according to scheme two. The figure shows that
appreximately 200 lbs per side or k00 1lbs per airplane are required to
raise the flutter onset speed te 730 knote. It 1s interesting to note that
this weight addition ccheme raises the third mode flutler speec vut lovers
that of “he fourth mode. Uhe result is tha*t the cross-over al 300 pounds
added weight determines the maximum flutter onset speed (840 knots) possible

with this scheme.
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Lift Curve Slope Equal to 4.6/Radian
Center of Pressure at the Quarter Chord

Data Shown is for Zero Equivalent Damping Coefficient
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FIGURE 28 EFFECT OF STORE MASS ADDIT!ON ONM YHE FLUTTER VELOCITY
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Lift Curve Slope Equal to 4.60/Radian
Center of Pressure at Quarter Chord
Data Shown is for Zero Equivalent Damping Coeffiziant
Sea Level Conditions
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FIGURE 29 EFFECT OF STORE MASS ADDITION ON THE FLUTTER VELOCITY OF
THE 370 GALLON TANK - 62% FULL
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Lift Curve Slope Equa! to 4.60/Radian
Cenver of Pressure at Quarter Chord
Data Shown is for Zero Equivalent Damping Coefficient
Sea Level Conditions
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MK~82 (Bombs 3, 4) - Two passive solutions were tried for this case:

1. Concentrated mass gddition at each individueal store c.g.

2., Concentrated mass addition 15 inches aft of the individusl store
¢.g. centerline,

Figure 31 shows the flutter velocity as & function of store mass addition,

The flutter velocity is limited to less than 650 knots for practical mass

additions. (Since the store weighs only 520 1lbs, it havdly makes ceuse tc

add more than 300 1bs to the store.)

It is interesting to note the diminishing improvement of flutter
velocity with store mass addition exceeding ]J5C lbs for the case when the
mass is added 15 inches aft of the c.g. The sifuation here, similer to
the MK-8L4 case, again involves transition fram one flutter mechanism to
enother. In this instance the primary flutter mode changes from a rack
vertical bending-wing bending interaction tc & pylon pitch - wing benling
interaction,

Pylon Stiffness Varietion

The elimination of wing/store flutter through pylon siiffness adjust-
ment 1s & thankless task because of the narrow range of stiffness availabl-.
tc the designer. The stiffness is bracketed on the high side by pylon
physicel dimensions and backup structure and on he low side by the divergence
speed, Normally this stiffness range is insufficient tc eliuinate flutter,
particularly, as is the case in these studies, when multiple stores with
fundamentally different flutter mechanisms are carried by the same pylon,

Maas Addition to Wing

Ko F-4 wing mass additions were tested as passive flutter fixes. Wing

L e = e v Ol I AR o
i ° I3 . P g ) ;
Jraa Lo e I Ao dici S ke, S
bids o4 TR W T S ge e ankl) Py A ’ B . R
e i ST B TS R S :

mass edditions really are nct practical unless & single distribution of
balance weights solves the flutter problem for all store carriages. In view
of the store balance weight results tbis seems highly unlikely. Two of the
store configurations, the MK-82 and MK-8L, have large store motions which wing
mass ballast cannot affect. The tank flutter modes resemble each other
but the wing twist at 62% full is 130° out of phase with that at G0% full,
Thus, it ic highly probable that a wing ballast optimized for the 90%
configuration will actually worsen the 62% situation.

It is interesting to note that the large mass ballasts examined for the
store mass ballast trials hed an almost negligible impact on the "bare
wing" flutter velocity at 28 Hz. Even with 1000 1lb store mass ballasts

65




Lift Curve Slape Equai to 4.60/Radian
Center of Pressure at Quarter Chord
Data Shown is for Zero Equivalent Damping Coefficient

Sea Level Conditions
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the flutter onset velocity of this mode varied by only +10 knots from the

unballasted 1140 knot value.
L,1.2 Aztive Flutter Studies

4,1.2.1 Sensor Selection - There are three variables which must he

specified to determine the optimum sensors:
1. Sensor location
2, Displacement coordinate measured by the sensor
3. Number of integrations of sensor output

Sensor location is the primery determinant of the phase margins that can

be achieved by a flutter control system. The upper Nyquist plot in Figure 32
wes obtained with the 370 gallon tenk $0% full data at 800 knots with an
uncompensated wing twist angle feedback (two integrations of an angvlar
accelerome*er). The wing twist was measured just upstremn of the aileron
at BL 132.5. The lower plot is for the same configuration but with a seasor
which derects pitch of the stoie pylon relative to the wiug. The unstable
(counter-ciockwise) loop in the lower plot is significantly larger. The
lurker loop prosises bebler phase nacgins and lowsr fecdback goln regui
to achieve active stability. The meximum possible phase margins can be deter-
r.ned from uncompensated Nyquist plots by constructing the angle, with its
Vertex at the +1 real axis point, which is tangent to the sides of the unstable
loop. This angle (50 degrees in the lower plot cof the figure) is egual to
twice the maximun balanced phase margins possible for the selected sensor
location, The size of this angle is affected by sensor location because the
sensor detects e cumulative summation of all modes - stluble and unstable.
The complex value of this swmation will va.y with sensor location, In
order to function as an active flutter control sensor, the pickup shouwld
measure the unstahle mede response to the maximum exclusion of the stable
modes. Any sizeable stable mode responses will only "muddy the water™ and
make the Job of the flutter suppression system move difficult,

Wing response acceleration at the sensor lecation can be represented

mathematically as:

o]

i

13 8

N
=~ L @
i
wnere; a it the wing twist acceleration
w is the frequency parameter
N is the number of wing/store stillesir modes
@, is the varticipation coefficient for each still-alr mode at the

sensox location
67

'L_.ﬁ.{;'v" Elx ~.':. f TP

=

£ ki sixal o > S v




e o

ZoATE U0 400 et0eaai et ot evetes et ttorgsot st ess bbbt opapct el eearidtovioratinttortiettortdiorrserstttssiv seivsdoosiviee

. . *
7,608 00 + t .
[ 1 —— et
. ' *
*
+ 370 Gaiton Tank - 90% F. !l . M
Losor oo o+ S8nse Wing Twist Just Upstream of Aiteron .
- > _B00 KEAS, No Structural Damping , SL $-
.
.. + Subsonic Asrodynamics .
. . +
« Al Cantrol System Transfer Functions Removed .
1+00€ 99 * No Eleinents in the Foedback Loop N
¢ Feedback Gain: 6.0 M
. .
. .
40001 » *
U 2 —— s ————. ¥ .
- '.
* »
. .
R . .
.18 -06 v meva
> e
. *
- . - L d
* »
. .
-5.00F~C1 ¢ 8.5 Hz! .
'Y t L ————— ——— ——— 2
. ] .
. [ U e ——— ] *
- ] *
. L N - s . . e— - t .
-1.G0€ 00 + 1 N
i 1. 3
3 1 3
_ [3 - ———— ma e e a— 1 - .
- 1 .
- * e ~ i - - i -
-1.%0& 00 o 1 .
(] 1 —_ —
. ] .
. —_ e e e e e e mame = e -1 - - .. - - © e e e e ae = *
3 : ] .
- . P, . - .. - 1 . - .
“Z UO0E OO0 #0000 900000 a0t tttiteee ettt et s ittt ontonrtestttlotsntesrtochitettiototttetosscotessotdtsrtertsssessntsitory
2 & X & + (3
~2.%0¢ 00 -1.%08 €C -2.45 © Jatui~ui 1a90¢ GO 2.%508 ¢CO

2LATE () #8a e diaastue et er sttt tstettberatetenesrtesttrodulloterrtroittototernastitolioriossetstattrridsstssossviverssd

i
J 370 Gallon Tank - 90% Full
: Sente Relative Pylon Pitch
LaSuE ual e 800 KEAS, No Sttuctural Damping , SL

R R L AR AR RERS AR RS B

Subsonic Aerodynamizs

All Control Systan Transfer Functions Removed
Nu Elaments in the Fuedback Loop

Feagback Gain: 6.0

—1.002 _Qu..

»---—-----L-—-—-—L_

7.3 Hz

j

L

L

k

F
. LR ST RS

T
EOFR Sy AT sisscemzooozssmgasesoossessporzle =
1 3
- « 8.3H2 t B
. ] .
-~ L4 1 .
. - .
PN Y ST /{ -+
. e m . [t 1 -
» ] -
. 84 K2 i . 1 M
* 1 .
-2l O05 003 - JI 3
+ +
* 1 *
4 H .
L 8 1 .
. 1 .
IR TT S . 1 %
* 1 °
. [} »
* 1 .
] 1 .
. ' 11.4 Hz,

HAKAE 0. 2RI sSALIAALEIIIRRASRAIPRRIRIIICIRARKARRRINEALy kIR PROIHIPCRIENINPIIONIOLIGRRNOLIRELERIIIEIOOIRIOIR I IRSNSS
. . L] .

. .
“2.938 W =1.2CF (C “3.C08 (1 %.00£-01 1.300 €O .9 €0

FIGURE 32 NYQUIST PLOTS SHOWING EFFECT OF SENSOR LOCATION

68

e LS 2

PrTey

s nae

o BB

et o

L e e




—— is the generalized coord nat - response of each still-sir mode to
a unit angular deflection oif “he ‘@:ontrol surface '
¢ is the control surface detlection.

Note that the weighted sum

N q.
(g, =
i=1 18

determines the phase of ¢ sinze this sum contains the only complex quantities
in the equations, The participation coefficients, ﬁi are the single ampli-
tude displacemerts of the "ith" still-air mod: at the sensor location. The
response vector, consisting of all the qi/é terms, is the collection of all
complex generalized coordinates at airspeed. These qi/é terms vary with
frecuency bui are independent of senscr locaticn. At the flutter freguency
the largest generalized coordinate defines which still-air mode is most
characteristic of the flutter mode. Thus, if q3/6 is ithe largest generalized
coordinate at the flutter fregiency, a sensor which undergoes large deflections
in the srd still-air mode but hac minimali deformation in the cther modes
should be selected for the flutter control system. A tyvical exanple of how
this wourks is given in Figure 33. The individual modal response vector
components are plotted for two 370 gallon tank configurations, 90% and 62%
full. The unstable mode of the 90% configuration primerily resembles the 3rd
still-air mode while that of the €2% configuration is a 2nd mode. The 8.
values shown below the plots are the still-air mode participation coefficients
measuring pylon pitch relative to the wing. The pylon locstion is satis-
factory for the 90% tank configuration since the 3rd mode is emphasized,
This locstion is bad for the 62% configuration siuvce the 3rd mode (stable)
is emphasized almost 10 times more than the 2nd mode (unstable), Figure 33
illustrates two interesting points:

1. Sensor location affects phase and gain characteristics of the sensed

motion
2. Different mass loadings of the same store result in different
flulter mechanisms,

The first point can be explained with the weighted summation given above
where the Qi’s, though real, affect ihe m..nuer in which the qi/G‘s are

summed and, thus, difYering locations slier the instantaneous value of a.
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In the frequency domain (Nyquist plot) this translates into a difference in
phase and gain at all frequencies. Hence, the zppearance of the Nyquist plot
in terms of the engular size and orientation of *the resonant loops is
altered by changing the senscr location. This, in turn, affects the maximum
possible hase margins and the compensesticn required for active stability.
The second point-different mass loadings of the same store resuit in different
flutter mechanisms-is cbvious frow the magnitudes of the generalized coord-
inates and participation coefficients shown in the figure. The change in
fuel loading has resulted in what amounts to a new store requiring its
unigue compensation to achieve active stability. Any change in store/pylon
mass would thus be expected to change the compensation requirements. Similar
reasoning would also apply to pylon stiffness changes,

The qguestion of what acceleration quantity to measure with the sensor
is again & function of the unstable mode characteristies. I1f, for example,
the unstable mode has large wing bending with little store pitch, wing

bending acceleration is the better coordinate to measure.

The number of accelerometer output integrations affccts the plhuse and
gain characteristics of the sensed coordinate: No integration - accelera-
tion; one integration - velocity; two integrations - displacement. Each
integration adds a 1/S term in the feedback and thus cuts the gain at 20 dB
per frequency decade and adds 90 degrees of phase lag. Thus, the effect of
each integration is to surink the Nyquist p..ot size and pivot the entire plot
90 degrees clockwise about the +1 real sxis point. The rotation of the plot
may or may not lessen the phase compensation angle necessary to achicve
stability. The integrations act as low pass filters ana eliminste high fre-
quency non-flutter resonances which could result in control system insta-
bilities. TFor the wing/store cases considered in these studies it was neces-
sary to usec two integrations {displacement feedbeck) to eliminate a trovble-
some resonance of the secondary actuator at 36 Hz.

Table 4 swmarizes the included phase angle and gain amplituce of the

unstable loop at several sensor locations for the wing/store configuraticns
under study. The gain smplitude shown in the table is the magnitude of the "
vector drawn from the +1 real axis point to the farthest extremity cf ihe
unstable loop. There is a good preheoility that each wing/store configuraticn
could be stabilized individually without phase compensution if there was

free choice of sensor location und feedback gain. Hoewever, norne of these
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separately optimized sencor locetions would be identical. This would force
the completely imprectical situation of locating many multiply-redundent
sensors (to achieve nececsary relisbility) on the wing and pylon with a
switching mechanism to allow comnnection with the proper sensor depending on
store carriage., Probably the biggest disadvantege of many sensor locations
without phase compensation versus one sensor locatior with phase compen-
sation is the inability of the multiple location concept to respond to
ineccuracies between the wing/store model and the actual flight hardware.

If the system in flight requires a 30 degree phase lag compensation rather
than a 100 degree prediction, the single sensor with phase compensation
sdjustment capebility could make the adjustment and survive while the multiple
location scheme without phase adjustment capability could not. Based on
these considerations alone the relative pylou pitch angle sensor signal
appears the best choice. It was not chosen for the subsequent control
system designs, however, because of the practical difficulties of implemen-
tation and logistical support when compared with permanently installed wing
mounted systems. The next best choice without this difficulty is the wing
tip mounted twist angie sensor. This sensor was therefore used in designing
the compensations for all the wing/store configurations under study.

4.1.2,2 Generalized Procedur: for Design of Electronic Compensation -

The compensation design procedure can begin once the sensor type and location
have been specified, All through the sensor selection studies the flutter
control system was considered only as an airframe experiencing airloads,
forced by an aileron deflection which was commanded by the feedback

signal originating with the motion sensor. At this stage it is necessery to
incorporate transfer functions in the control lonp to epproximate the

sileron sctuation hardware. Two elements in the F=k hydraulic system, the
pover actustor and servo actuator, translate an aileron comwand into an aileron
deflection. These elements are less effective for high frequency commands
thaa for low frequency commands and may also suffer output distortion at their
respective mechanical resonances. Thus, the output of these aileron
actuation elements mey deviete considerably in phase and gain from the input
command. & structural feedback flutter control system simulatiou requires no
transfer functions for aileron actuation hardware since this scheme employs

& rigid link rather then hydraulics to actuate the aileron, Similarly, the

response characteristics of an accelerometer must be accounted for., An
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active flutter suppression system must also incorporate a nigh pass filter in
the feedback loop to decouple the system from pilot induced wing deformations.
When the pilot deflects the aileron the wing twists and bends with the redis-
tribation of air loads. Without a high pass filter for decoupling, the system
would attempt to negate the wing deformation with & command equal tno but 180
degrees out of phase with the pilot's command. The flutter control system
would, thus, be continuously resisting the pilot in his attempts to maneuver
the aircraft., Fortunately, pilot commands are generally at such & low fre-
quency that they can be filtered out of the feedback signal without
compromising control of flutter modes whose frequencies exceed 5.0 Hertz,
The final control system with the added elements and a compensation block in
the feedback ioop is shown in Figure 3k.

The transfer functions for the secondary actustor and accelerometer were

chosen to simulate sctual hardware.

1
Secondary Actuator - 5
(36 Hz resonance) 1+ 2(.86) 5 & o0
556 526)°
1
Accelerometer - )
{80 Hz resonance) 14 2{.6) S

The form of these transfer functions is recognizable as that of a parallel
spring and damper forcing a mass. Figure 35 shows gein and phese character-
istics of such transfer functions with variable damping () and normalized
frequency. Fortunately ilhe resonant freguency of either element is far enough
removed from the flutter frequericies (less than 11.0 Hz in all cases) that

the resonances cuan be attenuated (with low pass filters) without interfering

witl control of the flutter mode. The other elements in the control loop (pover

actuator. high pass filter, and compensation) can be selected to give the
desired Bode plot shape shown in Figure 36 without the secondary actuator or
acreleroneter transfer functions. Maximum gsin is selected to occur at the
flutier frequency. The gain is constant for several Hertz on each side of the
flutter vrequency to permit active control even when the flutter frequency

is only known approximately. A notch filter may be necessary to suppress

feedback of resonating non-flutter nodes which occur near the flutter frequency.

A high pass filter with a 20 dB/decade ouildup provides minimal interference
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| FIGURE 34 BLOCK DIAGRAM SHOWING GENERALIZED
ACTIVE FLUTTER CONTROL LOOP
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The low freguency shoulder of the "flutter control
The sharp drop-offt

vith pilot control inputs,
plateau' ~ccurs at the high pass filter treak frequency.

at the high {frequency shoulder is caused by the notch filter and the succes-
This gain

sive effects c¢f the power actustor and high frequency lag Lreaks.

drop-off eliminates potential high fr=quency resonance problems,
Some compromiserc are in order to simplify problems associated with

flying different store configurations with the same active control system,

As few control system elements as possible should reguire adjustment from one

store configuration to another. To provide this ccwmmonality it was decided

to use the same accelerometers, secondary actuators, power actuators, and
Compensation elements

1 .gh pass filters for all wing/store configuretions,

can be adjusted to provide the required phase compensation. The selected

hig"™ pass filter and power actuator transfer functions are given below:

: .02658
High Pass Filter - -——%r
(et tresk) 1+ 02658

1

Power Actuator - {0168

(10 Hz break)

The break frequencies fur these elements were selected to locate the "flutter

centrol plateau"” to cover the range of expected flutter frequencies, The

power actuator bresk frequency at 10 Hz represents a significant improvement

over the existing F-L actusator which gives a flat response to 1.6 Hz., The ;

power actuator breek freguency determines the high fregquency shoulder of the

"flutter control plateau". This was a compromise value selectad to minimize

!
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!

H

]

E

g

3

the effects of a resonating 11.5 Hz mode which occurred for several of the wing/ g
%

1

3

!

q

4

.

{

bl

store configurations. Ideally this bresk should have been located beyond the

maximum flutter frequency of 10.6 lz,

; Some phase compensation can be obtained by means of a high frequency

; (break freauency higher than flutter frequency) lag term of the form:

if:lﬁggu The 20 dB/decade guln roll off beyond the break frequency also helps
to preclude control system instabilities.
‘ating a pure phase lag . netwerk of the form:

Additional phase compensalion is

achieved by incor;

£
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-
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? This type of network has been used exteansively in operational analog
simalations to veriry control system phase margins. It is ideal for this use
because large phase sngles are pcssible with no gain change., It may therc-
fore be inserted in a control loop without affecting the basic characteris-
tics of th. loop, The phase angle achieved is twice the angle of either

nunerator or denominator, as seen by the expressions

L TES = f — 1.0 z 29
l+f¥s A+ ¢ *

The unetwork is alsc suitable for use in flutter control systems. Tre iiter-
pretation oir the Nyquist plots is the same for systems with this network ¢
Tor systems with any of the more conventional compensation networks. The
opeu-locy zero of the pheze lag network is of no consequence in the
Nyquist stability criterion since only the open-loop poles in the ri--ht hali
plane must be known. And we still have the situation where thes flutter
rouis ure the only open-ivop poles in the right halr plane, 1he eiectronic
reglization of this network is described in Section 5.3.3.

The complete generalized corpensaticn used in these studies i glven

below with a summary of the function of eacn elerent.

HIGH PASS PHASY LAG NOTCH EIGH FREQ.
FILTER NETWORK FILTEEK LAG

2 :
[a) P L = B =] .
| “ ( Tlu 1 755 Wy + 2 CN wNV + 8
- 1+ TlS S

High Pass Filter - decoupies flutter control lcop frem the pilot's
flight control loop

i Phase Lag Network - gives required phase conirol with uno gaip

l reduction

, Notch Filter - gain stabilizes non-flutter modes which occur at

E : frequencies near the flutter frequency

£ High Frequency Lag - guin stabilizes modes well separated from the

flutter mode.

The algebraic sign on K, the feedback gain, is to ensurc that the

system requires phase lag for stebility, If the Nyquist plct, for exumple,

:§Ju 79




reguires 20 degrees lead for stabiiity, compensaticn can be achieved by
! changirg *he sign c¢n the feedback gain and applying 150 degrees of phase lag.
Figures 37 through 39 show gein and phase plots for first order denominator
terrs, first order nunerator terms, anil a typiczl notch filter. Thess
three figures crn be used to determine gain and phase charac.cristics of all
the compensation terms,

1t was mentioned earlier, in Section %.1.2.1 that compensation elements
couwld not be used to expand the unstable lccp in the sense that the enclosing

angle is incressed, It was stated that sensor location, almost exclusively,

deternaines the size of the enclesing angle and hetce the achievavle control E
system phase margins. Tt would appear frcem Figure 39 that such seconi order
transtfer functions with very repidly changing phase characteristics could be

used to expand the uvustahle loop angularly by centering the transfer function

ST

al the flutter frequency. It would then be possible to, for example, add
40 degrees phase lag at 1./2 Hz less tnan the flutter frequercy and add 40 de-
grees phase leead at 1/2 Hz grea cr than the flutter fregquency. This would

efrectively incresase the enclosing angle by 80 degrees. The adverse gain

s b

craracteriscis of & notch filter can be eliminated by invertiag the transfer

funciion so that the numerator has a high damping aad the denominator a low i

damping. This results in 2 gain "pesk" rather than a "noteh”. Uniortunately

i~

the inversion of the damping coefficients results in phase lead at frequencies

below the center freguency and phase lag at higher {requencies. Thus, the E

included angle of the unstable loop (inereasing frequency in the counter- i

clockwise divection) is actuallv reduced, Even if such an element were é

practical it would be very difficult teo implement since it requires a very ;

§ i precise knowledge of the flutter frequency. A slight inaccuracy in predicting j
i

1138 frequency rusults in an undesired phase compensation which could cause

the recurrence of the instability the system was designed to conirol.

IO Fren

The stabilizing compensation is specified by first obtaining a Hyquist
plot incorporating everything in the control loop except the compensation
elements; accelerometer, power sactuator, secondary actuator, high pass
filter, and, of course, the aeroelastic equations of motion in the tfrequency i
domain. The Nyguist plot shape, size, and orientation for a given configura-
tion vary with airspeed, damping, and altitude; so thesc parameters must

be fixed before any conmpensation is atiempted,

ot ——
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Conditions of Airspeed, Structural Demping, ard Altitude

To ensure that the flutter control system can effectively maintsin

flutter control over the desired flight regime the compensation should be

designed for the most conservative conditions of velocity and structural
damping. The altitude should b2 selected as g design condition geverned by )
where the systen 1s expected to operate, For most of thesc wing/store studics

the altitude was set at sea level. OSea level air density is a reasonable

choice since most of the anticipated benefits of active flulter control are

restricted to low-level, high-speed attack missions. As will be discussed

AR AT

in the following section no one feedback gain setting caa ensure wing/store
stability within the entire F-b flight envelope with the required gain and
phase margins. Stebility margins against flutter Cecrease with increasing
velocity (discounting the trensonic Mach effect on serodynemics) end decreas-
ing structural demping. Therefore, conditions were conservatively set at the

mex Q condition for the F-L, approximately 800 knots, (730 knots with a

BT I T IRENCL I 2 P YIRS RO

margin) and minimum damping, g = 0,0 for the compensation determination runs

ve Control of Fiulier {(ACF) computer program. 'he etfects of

PORPRPYY

freestrean velocity and struntural damping will be discussed in the subse-
quent section in more deteil.

i Determination of Stability Margins

With velocity, dumping, and altitude specified the phase angle wddition
required for stability is the angle between the negative real axis and the

line drawn through the +1 real exis point bisecting the unstable louop of the )

L il o W

Nyquist plot. The required phase lag is obtained after accounting for

the phase contributions of the notch filter, if necessary, by setting the

time constants in the pure lag and high frequency lag terms. Once the 1
system has been phase compensated the feedback gain is increased or
decreased to provide balanced gain margins. The compensation design proce-

i dure is illustrated in Figures 40 and 41, Figure L0 shows the Nyquist plot

RSP TN

for the uncompensated MK-84 EO configuretion for 800 kncts, g = 0.0, sea
% | level conditions. Since 800 knots is greater than the passive flutter speed, ;
' ! a8 counter-clockwise encirclement of the origin is required for stability.

| E 65 degreec of phase lag arc required to align the principal exis of the ;
£ i unstable loop with the negetive real axis for maximum phase stability.

. ¥igure 41 shows the compensated Nyquist plot with a feedback gain of 1,81.

The single counter-clockwise {CCW) encirclement of the origin indicates

8L
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rtability since there iz only one passive fluttcer mode at this speed. 'The
vhase margins may be determined by constructing a circular arc of unit
radius centered on the +1 point until it intersects the plot as in Figure
L41. The subtended angle between the corresponding ray and the negative
real axis determines the phese margin, 1In this figure there are two such
angles, & positive (upper) prase margin of 55 degrees and a nege : /e
(lover) phase margin of 39 degrees. ™ie absolute sum of these is the
phese margin range, in this case 55 + 3 = 94 degrees, If the cumuiative
adverse sumnation of the control loop  wment phase uncertainties exceeds

elther of the phase margins an instebs. ty can result,
Gain margins, similsr to phase margins, are either the maximum decresase

or increase in feedback gain which still retains a single CCW encirclement

of the origin. Generally, gain mergins are expressed in decibels, this is

20 times the log to the base 10 of the maximum or minimum stable gain divided
by the compensation gain. Thus, gain margins of +b6dB indicate that stability
cen be meinteined even though the feedback gain is halved or doubled.

h.1.2.3 Activc Control of Flutter Schemes - The Tlutter coubrel schemes

considered in these wing/store studies can be lumped into two broad cate-
gories acco. ling to how the commensating forces are generated:

o0 Centrol surface deflection

o Store support pylon movement
All of il.e suppression schemes, with the excepticn of structural feedback,
have countrol loops of the form snown in Figure 34, The structursl feedback
concept does not ineclude blocks for the secondary actuator, power actuator,
integrsalor, or accelerometer. The aileron hydraulic actuators are eliminateu
because the aileron is deflected directly through a rigid member connecting
a wing point with the aileron. The integrator and accelerometer are not
required since molion sensing is accomplished mechanically. All cf the sup-
pression schemes require a high pass filter in the feedback loop to filter
oul structurel responses resulting from pilot latersl control commands.

Control with Electronic Compensation for Particular Systems

Compensations were designed for each of the wing/store configurations

using the previously discussed procedure. The particular compensations are

listed below:
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e T e T S

1. 1 1 - .028758
90% Full:  -5.3b (Ty5rems) (T ooBTes)
2 o]
- 2k2g, ,(122.5)° + 2(.1V022.5) 5 + 87
62% Full: 5.46 (i) (255 - )
14 .,0132687 "1 + .2425°% 155 12 L o 7)(122.5) S + 82
. 1 1~ .0C328
MK-Bh EO: 1.8 (T TgmeTs) ‘T 00325
k3
2 2
] 1 1 - .124s5,,100° + 2(,1)(100) 8 + s
MK-82 (3,4): 15.21 (;5—gr7mes) (T iTEns) ¢ )

100% + 2(.7)(100) § + 5°
As stated before the compensations were selected to yield approximately

balanced phase margins at the design condition: 8&0C knots, g = 0,0, and

sea level density. For some of the configurations phase margins were

adjusted slightly toward the positive o~ negative side to achieve reasonable
gain margins. The compensations, as expected, are different for every case, i
Before and after compensation Nyquist plots are given in Figures L2 through Lk E

for the 90% tank, 62% tunk, and MK-82 cases, respectively, Figures 40 ard

OEe X

L1 discussed in the previcus section, present the MK-84 EO Nyquist plots at

Effect of Velocity and Structural Damping on Stability Margins - F.gures

L5 and 46 summarize the gain and phase mergins versus aircraft velccity for

the cases studied using the listed compenssations. Subsonic aerodynamics

P R T P

employing the CLa and CP of Section L4.,1.1.1 were used in obtaining the plots,
Structural damping values of g = 0.0, 0,02, and 0.04 are shown. The stable
gaein variation shown on the plots translates into gain margins greater than

+6 dB for zero structural damping for each of the storec at velocities up

P

to the maximum sea level velocity of the =4 with stores (730 knots). This
is a significant improvement over the indicated flutter onset velocities.
Phase muargins of :§O degrees or greater are shown for zero structural damping
for each of the stores except the 370 gallon tank, For that particular store
the inclusion of structural damping, g = 0.02, creates phase margins of approxi- |
mately +45 degrees when 90% full and more than +60 degrees when 62% full.

The general characteristic evident from the figures is an improvement in

stability margins with decreasing velocity and/or increasing structural

damping. The data given in the stability plots is dependent on the valuc of

fecdback gain. Generally, a gein decrease will improve phese margins while

gain increeses will degradv phase margins. The 62% full, 370 gallon tenk |

case demonstrales this behevior. HNyquist plots for this store at 750 knots
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are given in Figure U7 for teedback gains of 5.46 and 2.73. Halving the gain
increases the phase margins f{rom +21 and -28degrees to +50 and -2h degrees.
The increased phase margin, however, is obtaincd et the expense of the mini-
mum stable gain value. Flutter for the halved gain occurs at & gain de-
crease margin of -%.8 4AB rather than -10.5 dB. Thus, it mokes sense tc
improve the phase margin by gain decreases only if the accompenying gain
margin degradation is acceptable,

Figure 48 shows the effects of an increasing velocity on the Nyquist
plots for the compensated §9% full 370 gallon tank configuration. As the
freestretw velocity increases the Nyquist plot enlarges until the unstable
loop is infinitely large at precisely the flutter onset speed. Thereafter
the plot decreases in size with increasing velocities. Notice how the
unstable loop changes phase by 180 degrees and changes direction (CW to CCW)
as the flutter onset velocity ,at slightly more than 600 knots,is passed.

At sub-flutter velocities an incregsing Nyquist plot size indicates an
increasing tendency toward control system instability (lower margin with
respect to gain increase),., Beyond tlutter onset a diminishing Nyquist plot
size (with any system parameters) indicates decreasing flutter control
capability, Both the gain and phase margine decrease with velocity. Hence
the shape of the stability plots, Figur.s 45 and 46. Notice that the ever
diminishing gain margins with increasing velocity imply that there is some
velocity beyond which the gein margins are zero. This velocity is the
ebsoiute limit velocity for active flutter control with the particular scheme
under cousidersation.

The addition of structural damping is always stabilizing-decreasing
the loop sizes at sub-flutter velocities and increasing the loop sizes at
post-flutter velocities, Figure L9 and 5C show the 90% full tunk for the
various damping values at a sub-flutter and post-flutter velocity, respec-
tively.

Effect cf Supersonic Aerodynamics - The stability data given in Figures

45 and 46 was obtained with subsonic lift curve slope and center of pressure
experimental data, Since it is questionable whether subsonic, M =0,9,

dats applies at velocities exceeding 661 knots all of the wing/store cases
were rerun with compensations unchanged but with supersuonic aerodynamics.
The supersonic data, Cr = L,08/radian and CP = 37%, is shown in Figure 2k

for M = 1,2 flow conditions. Phase and gain margin plots for the wing/store

9k
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configurations with feedback compensation and supersonic acrodynamics are
snown 11 Figures 51 and 52, (The cases with subsonic aerodynamics are
superimposed for comparison.) These analyses were performed with structural
damping set equal to zero, The 62% full 370 gallon tank case is the only
configuration which no longer flutters at 800 knots, The ph.se margins
chtained with supersonic aerodynamics were slightly larger than the
ccrresponding subsonic phase margins., The very slight degradation in stable
gain range experienced by the 90% full 370 gallon tank and MK-8h EO cases
can be eliminated by fine-tuning the feedback gain.

Effect of Altitude Varistion - Decreasing air density degrades stability

margins. The effect can be traced to the aerodynamic damping which decreases
with increasing altitude for a constant equivalent airspeed. Thus, similar
to the effect of decreasing the structurel damping, increesing altitude

will decrease gain margins at sub-flutter velocities and will decrease botbk
gain and phase margins at post-flutter velocitices,

The MK-8L EO wing/store configuration is a good example of what occurs
with increasing altitudes at sub-flutter velocities. With this configuration
flutter occurs within the F-b flight envelops only at =2ltitudes below approxi-
mately 6000 feet. Figure 53 is a plot of MK-84 EO gain margins superimposed
on the F-4 flight envelope. Gain margins of +6 dE are possible only below
2,500 feet. Control is lost (zero gain margins) at about 30,000 feet,

If the galn in the previously designed compensation,

1
+ 014478

.00328)
]

1.8 (l + ,00328

) (3
is adjusted for V = T30 knots, the maximum .-% gea level velocity with stores,
rather than 800 knots, the gain is reduced rrom ..81 to 1.56., The plot to
match that in the previous figure for the revised gain is gi.--wm in Figure
5. The maximum +6 dB control limit altitude has been increased to ©6300 feet
and the maximum control altitude has been increased to about 40,000 feet by
the gain reduction. The flutter control system can give satisfactoery per-
formance for tnis particular store throughout the F-~4 envelope by reducing
the feedback gain at high altitudes.

The 90% full-370 gallon tank case demonstrates the effects of increasing

altitude on phase margins during operetion at & post-flutter velccily.

This particulsr wing/store combination flutters within the F-lL envelope
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right up to the maximum altitude of 45,000 feet. The previously developed

feedback compensstion for this case is listed below:

5.3k 1 1 - ,028755 ___.02658
9% T+ ,017685 1 + .028755 1 + .0265S

Figure 95 schows the variation of phase angle range (twice the phase margin
for balanced phase angles) with velocity and altitude for zero structural
demping and subscnic aerodynamics. The plot indicates a substential degra-
dation of phase margins with increasing altitude., Even if the feedback
compensation could be varied with altitude, phase mergins at zero Gamping
are limited to +20 degrees at altitudes exceeding 10,000 feet., The
inclusion of structural damping improves these phase margins slightly.

Control with Common Compensation Elements - The previously reported

stability studies assumed complete freedom in the selectior of compensaticrn
elements. If the difference in compensation elements could be liwit.d to the
pure lag term and feedback gain, only two adjustments would be necessary

when store carriage was altered. The notch fi
would remain fixed regerdless of store carrisge. Trial runs were made on the
ACF program with the 90% and 625 tank cases. Idcntical notch filters and
high frequency lags were used in the compensations. Stability was again
achieved with mergins identical to those presented previously. With a broader
notch filter similar resulis could be obtained for the other two stores:

MK-84 EO and MK-82.

Wing/Store Flutter Control by Stor: Moment Cancellation

One means of negatirg store pitch monents transmitted into the wing is
to sctuate the eileron to create a wing serodynamic moment which is always
equal and opposite to the store pitching moment. This effectively eliminates
the store pitch degree of freedom from the flatter equations and the flutter
speed would revert to that of a bare wing with a point mass lumped at the

store attachment peint.
A static acrodynamic analysis of the model sketched in Figure 56 was

used to derive an expression for the aileron deflection angle, B, wkich
would eliminate all serodynamic pitch moments al the store attachment point.
The pitch torque due to store action wus expressed as the product of the

pylon pitch spring constant, KQ’ and the relative store pitch angle @.
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Several simplifying assumpticns were made in the analysis which could affect
the magnitude of B required to nullify the store pitch torque, These assump-
tions include omitting effects due to the following:

1. All aserodynamic damping terms

2. Al wing structural and aerodynamic inertia terms

3. Aileron flexure due to airlcads
L. Contributions to the wing twist angle from non-flutter modes

With these assumptions the required B was found to be a linear function of

a and @. The coefficients of o and § are the gains which should be applied

to the feedback signals, a and §, to eliminate the effects of store pitch

e Lo coek

torque. These coefficients are functions of the wing geometry, K¢, dynamic
pressure, and the wing merodynamic derivatives. Since the coefficients in
this anulysis are independent of the store properties, it would be expected
that the flutter of different stores carried by identical pylons could be

stabilized by feeding back o and @ with unaltered gain settings.

Thiz scheme was applied 1o the 370 gallon tank - 9C% and 62% full

B e M Rt T el o O R e

cases, The 90% case was stable at 800 knots, but it was stable already with
either a pure ¢ or o feedback. The 62% case, however, reguired additional
compensation amounting to mcre than 90 degrees cf phase lag. Thus, the

62% full case was stabilizesble for a specific ratio of o gain to @ gain,

but the gain ratio was different from that required for the 90% full case.

L8

This indicates that store characteristics do affect the compensation neces-
sary for flutter stabilization. Apparently a static analysis cannot ade-

quately describe the dynamic situation.

Active Flutter Control Through Structural Feedback

o e PR AK it e it A 1

Section 3.2.2.2 discussed conceptually how g structurel feedback scheme

could be implemented. Structural feedback uses a rigid link to sense wing

twist at one end and to actuate a control surface at the other end.

i

i Mechanical compensators such as springs, masses, and/or dampers can be

{
4
¢
i

incorporated in the link to achieve the phasing of aileron deflection to
wing twist angle required for active gtabilivy.
in order to demonstrate ihe feasibility of suppressiug flutter through

, structural feedback a test case was run with the ACF Program using MK-8iu
%O wing/stiore data. Compensstion of the mechanically sensed wing twist

was acczomplished by incorporating & mechanical counpensation module iato the

}
: .
[
F
i

wing~aileron 1link srm, The mechanical compensations which were considered
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for this demonstration study are presented in Figure 57. The parallel
spring and damper forcing a mess (#L) was selected as the most promising
compensation configuration because of the large phase lags which are possible
and the favorable gein amplification at the rescnant frequency. If the
resonant frequency coincides with the flutter frequency shou’ 9C degrees of
phase lag cen be cobtained at & high gain. The gain pesk serves to decouple
the flutter frequency from its surrounding frequencies. A host of cther
possible structural compensation modules are discussed on pages 10.7 through
10.15 of the Shock and Vibration handbook, Ref:rence 12,

The damper used in the selected compensation module (parallel spring
and damper forcing a mass) is similar to that currently in use with the F-k
rudder. Mass and spring constant values were chosen to match the flutter
frequency and the phase lag required for active stability. The mass weight
was 91.5 pounds and the spring constant was 1036 1b/in. Nyguist plots of the
resultant wing/store feedback control equetions st 750 knots are given in
Figure 586 ror the uncompensated and compensatied coubrol luops. The effscts
of the compensation elements on the free~vibration characteristics of the
aileron were not included in this first-cut analysis. The single counter-
clovkwise encirclement of theoriginin the lower plot of Figure S8 indicates
that active stability has been achieved., Unfortunately insufficient phase
lag was added by the mecharical compensation resulting in only a 20 degree
phase margin in lead. This points out the limited phase compensation capa-
bility of the mechanical compensator - about 110 degrees maximum in lag.
This example required about 13%° in lag, which explains the restricied phase
margin.

Gain and phase versus frequency for the example mechanical compensation
are given in Figure 59, The broker lines show the improvement possible when
the damper coefficient is halved. The phase lag at the flutter frequency is
improved by 10 degrees and the gair is doubled.

The feedback geain of a structural feedbeck scheme can bLe sltered by
adjusting the length of tie aileron actuator arm relative to the wing twist

sencing arm. (See Figure 16 - length 4, and dl’ respectively.) If the

2
twist arm length is fixed, decreesing the aileron arm length will increase

the eilleron deflection angle per unit of wing twist.
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The potential. advantages of a structural feedback fluttier suppression
scheme over an electronic compensation - hydraulic actuation scheme result
from the elimination of all hydraulic and electronic components. This drasti-
cally lovwers cost and improves reliability. Since structural feedback is
not dependent on hydraulic gctuators it does not suffer performance limita-
tions at high frequencies.

The shortcomings of structural feedback, however, are sericus when
coumpared with electronic compensation~hydraulic actuation schemes, Structural
feedback lacks:

1, Versatility in handling different stores

2. Phase characteristics which vary graduslly with freguency

3. Tectal decoupling of low frequencies or non-~flutter modes

A store configuration change necessitates switching heavy weights
and springs while an electronic compernsation may be adjusted through a
potentiometer setting., The desirability of achieving a gain "peak™ at
the flatter frequency forces small equivalent damping for structural feed-
back compensation, This in turn causcs large phacze angle changes in the
vicinity of the flutter frequency as shown in Figure 59. Large phase mar-
gins are thus required to accommodate flutter freguency uncertainty. The
gain "pesking" at the flutter frequency does not decouple low freguencies
from the flutter control loop nearly as effectively as the high pass filter
in an electronic compensation which pssses zero signal at zero fregquency.
Greater interferences with pilot control would thus result with a structural
compensation scheme, Finally, the presence of resonating non-flutter modes
would require the difficult (if not impossible) task of generating the
mechanical analog of an electronic notch filter,

The structural feedback concept has been tested analytically for a wing/
store configuration, It is equsally suitable, however, for bare wing flutter
control. For that application the control system components cculd be designed
specifically and permenently for a single well-defined centrol requirement,

Flutter Control Through Sensor OQutpu® Combinations

As discussed in 3ection 3.2, two out-of-phase wing motions can be

added together in such a manner that wheun the sum is used as a feedback signsl -

active stability occurs. It is possible, for example, to control flutter by
using a feedback signal of the form #B (oarA3) where o and o are the wing

twist angle and rate, and A and B are constants, However, additional

b sl il
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electronic networks, such as high pass filters, notch filters, eand high
frequency legs, are still required for a practical control system design.
The varisbie signs on the feedback gain constants B and K are necessary
to account for the different phase requirements of different stores for
stability. The four possible combinations of sign. are illustrated in

Figure 60.
Figure 61 illustrates the design procedure, The uncompensated Nyquist
plots with displacement and velocity feedback are determined individually.
A vector 1s constructed on each of the plots from the +1 point on the resal
axis to the flutter frequency point (Step 1). The constant A is equal to
the negative of the imaginary part of the displacement feedback vector divided
by the imaginary part of the v2locity feedbaczk vector, A = - %%. This
ensures that the weighted vector sum (o+Aa for plot type 1, see Figure 60)
! lies along the real axis, since the imaginary parts cf the two vectors have

been equated (Step ¢). ‘he constant B is increased untll an encirclement

of the origin is achieved with the desired gain margins (Step 3). A

Nyquist plot for the 370 gallon *tank 90% full case compensated in this manner
is shown in Figure 62.

. Load Suppression with Active Pylons

This potentially promising scheme for wing/store flutter control,
described conceptuelly in Section 3.2.2.3, has been investigated, Passive
flutter analyses were conducted with the subsonic aserodynamic data, for the

370 gallon tank-90% full configuration. These runs vere made to demonstrate

that decoupling the wing/store system can cause the wing to revert to the E

bare wing flutter mechanism and speed. The results, shown in Figure 63,

indicate that for total suppression of the tank pitch inertia the wing %

does, indeed, revert to approximately its bare wing flutter velocity. For i

partial suppression of the tank inertia, however, the bare wing flutter ?

velonity is not achieved. i

Additional studies were made to determine the hardware requirements for >

total suppression of the pitching moment for the 370 gallon tank - 90% ]

full., Support-actuators were assuwed to act as shown in Figure 17. The ;

total hydreuilic fluid flow rate required for four such actustors per aircraft é

‘ is shovn in Figure 64 as a function of the amplitude and freguency of the %
! store pitching motion being controlled, It is seen that only very small §

amplitude —~ low frequency moticn can be achieved even using the total hy- ;

draulic flow rate capacity of an operational F-L (100 gals/min). Store inertial
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loads in the frequency range of flutter would thus be passed into the ving
and the promised benefits cf load suppression would not be resalized.

4,1.2.4 Time Domain Studies — Time domain studies wer: conducted using

the compensated control loops listed in Section 4,1,2.3. Such time domain
studies are useful not only in verifying the stability predictions of the
frecuency domain analysis but also they yield the following new information:

o Actuator hardvare requirements for active stebility

o The effects of hardware limitations on system performance.
The previous frequency domein studies have presumed unlimited aileron
rate and displacement capabilities. Once the feedback gain was determined
it was assumed that the aileron power actustor and secondary actuator could
deliver the ccmmanded deflection at the flutter frequency. Practically,
however, both the ailercn displascement and velocity (displacemert-frequency
product) are restricted, The first question, then, is "ere the aileron rate
and displacement capabilities higher than the maximum vilues commanded?" If
s0, there is no problem. If not, then the aquestion becomes; "Can active
stability be maintained even though the ailercn actuators are rate and/or
disrlacement limited during some portion of their deflection cycle?" 1In
additiorn. to rate or displacement saturation, the effect of other nqp-linear
phenomene on active control can be evaluated, such as:

o Aileron-Spoi Fiutter Control

0 Actuatcr Dead Space

o Aileron Free Play
Time domain studies, thus, considerably enhance the realism of the simulation.

Linear Studies

As discussed in Secticn 3.5.2 and Appendix IV, & special computer
program was developed for simuleting the flutter control loop equations in
the time domain. Aercdynumic data generated by an Indicial Lift program
was used in the programs, The time domair .tudles were limited to four wing/
store modes: the first three vibration modes and an aileron rotation mode.
Recall tnat tie basic flutter mechanism involved the interaction of the
2nd and 3rd modes. The nunber of modes was limited for twe reasons:

1, To avoid excesgive computer time usage

2. To avoid integration errors arising from the presence of high

frequency modes.,

ok o
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Excitation of the time domein equations was achieved by means of a gust

S RN S
LT

force of the form:
(10000/2) (1 - cos ((2n)(mF) %)) pounds

This gust iorce represents the equivalent force excitation at the flutter

wpyiant Py ,:,.'-.'_',._,; P L L

frequency, Wes experienced by a minimum weight F-U flying through a thunder-
storm at Mach 1.0, sea level conditions, The 10,000 pound ampliiude was
obtained by integrating under a power spectral density curve for a 13.38
ft/sec (rms velocity) thanderstorn over the half power bandwidth of the
flutter mode frequency (8.0 to 8.7 Hz for the 90% full 370 gellon tank).

The PSD plot for this thunderstorm, presented in Reference 13, is typical in

e e T L o3, T

that its energy content is constant for low frequencies and falls off rapidly

after about 1 Hz. Discrete gusts derived for the same thunderstorm at sub-
flutter frequencies as well as aircraft maneuver loads produced rather mild
system responses when compared with the flutter fregquency gust as reported

in Reference 1lhi. Thus, only the flutter frequency gust results are reported

here.

s m—wat. P

Verification of System Stability - The stability of the aeroelastic

active control looup equations can be verified by obtaining a printout of
mode response as & function of time from the time domain computer prcgrem.
Stability is indicated by a response whose amplitude diminishes with time
after the initial transient response. Suck time history rprintouts were
obteined for each of the four cowpensated wing/store configurations at 700
knots, g = 0.02, sea level conditions. The 10,000 pound gust loading at the
flutter frequency was used to excite the structure. All responses vere
found to be stable. Additional runs were also made to check the gain
margins previously derived from the frequency domain studies. That is,

feedback galn was set at its predicted maximw and minimun stable values,

. e mae

The geain margins for each store were verified in this manner,

Aileron Retes and Digplacements with No Limits - Aileron rate and dis-

plecement a&s a function of time is an output of the time domain computer
progrom. Thus, if it is assumed that the aileron response is not restricted
in rate or digplacement, maximum values can be read from the time history

plots. Figures 65 through 68 are time history plois for each of the wing

; store configuraticns, The data shown includes response of each vibration
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mode, actuator displacement and rate, and aileron rate. Again the 10,000
pound I-cosine gust at the flutter frequency is used for excitation, In
each cese the meximum flexible aileron rate is in phase with but slightly
less then the meximum actustor rate. This results because the fléxible aileron
"gives" under airloads and so is not as effective as a rigid aileron., All
of the configurations are stable at the TOO knots, g =0.02, sea level condi-
tion as evidenced by the converging flutter moce (3rd mode) response. Control
system instabilities are also non-existent since all traces possess converging
characteristics. Figure 69 swmnarizes maximw aileron actuator rates and the
equivalent damping of the flutter mode obtained fram the previously shown
figures. Recall the feedback gain used in compensating each wing/store:

90% - 370 gallon tenk - 5.3k

60% - 370 gallon tank — 5,46

MK..84 EO - 1.8

MK-82 (3,4) - 15.21
The figure shows that the store with meximum’ feedback gain, the MK-82 (3,L4),
also has the maximum aileron actuator.rate, This makes sense because the

povwer actuator is asked to respond 1o a higher feedback displacement command.

Rate is the product of displacement and freguency. Hence an amplified displace-

ment, signal results in a higher alleron rate requirement. Tne rates shown

in the figure, however, indicate that the maximum rate required for one store
relative to snother is not Just equal to the ratio of feedback gains. Otner
factors such es the relative explosiveness of the flutter mode also came into
play - the more vioclent the flutter mode, the higher the aileron raie and
displacement requirements. Rates decrease drastically for all configurations
if the system is designed to tﬁ dB gein margins at g = 0.02 rether than

g = 0,.G. Increasing structural Gamping increases the maximum gain margins
for a constant gain settiug. Thus, a smaller gain is requirea to obtain the
6 dB margin.

For a given store the maximum aileron rate is proportional to the
feedback gain., The alleron rate also varies linearly with the rms gust
velocity, provided that the gust velocity is small when compared to the
aircraft velocity. When these two facts are Known a plot showing aileron
rete as a function of feedback gain and rms gust velocity can be constructed
based on one gain-gust velocity design condition. This has been verified by

test runs with the time domain program. Such a plot is shown in Figure {0
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for the 90% full-370 gallon tank case at 700 knots, g = .02, sea level con-
diticns. The plot indicates a maximum aileror. rate limit ror the ¥F-k at
T00 knots of about 100 deg/sec. 'Thus for the normel gain setting, 5.3k,
the flutter system can cope with abovt a 7 ft/sec (rms) gurt without rate
limiting.

Nonlinear Studies

Stability with Rate Limits - Deflecticon limit cases were run with the

90%-370 gellon tank case for pure aileron and aileron-spoiler contrecl surface
systems. The 700 knots, g = 0.02, sea level, 13 fi/sec gust conditions
were used in these time domsin studies.

Aileron Control Surfaces -~ Results from runs with rate limits of 100 deg/

sec and 60 deg/sec are shown in Figures 71 and 72, respectively. Active
control is maintained in each case even though the actuators are rate saturated
over a significant portion of each cseiliation cyecle. The crucial factor is
that there is a net dissipation of airstream energy over each cycle. These
results show that this is possible even though the aileron displacement rate
does not exactly conform to the command signal. There is, however, some
degradation in how tast tne excitabion is Jamped out as evidenced by the
effective damping(uoefficients:

0.033

0.032

60 deg/sec 1limitv - g = 0.023

No Limits ) - g

100 deg/sec limit - g

Alleron-Spoiler Control Surfaces - These studies were conducted to

give a wealistic simulation of the zctual F-4 ajrcraft. The spoiler deflec~
tion was muitiplied by a factor of 1-1/2 to match the F-L gearing -

5 degrecs down sileron on left wing causes a simultaneous T.5 degrees up
spoiler command on the right wing. These runs were conducted before the
final control loop design was specified. The studies used a compensation
based on actual unimproved F-l actuator hardware:

3

. 1
Aileron Actuator: T+ 315

Spoiler Actuator: T—;l—5€§
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This system was found to be unsteble for aileron authority limits of
3 degrees and 60 deg/sec. For the F-l aircraft at sea level density condi-
tions the aileron deflection and deflection rates are limited to about 10
degrees and T5 deg/sec, respectively, The system was found to be stable
for aileron limits of 10 degrees and 110 deg/sec combined with spoiler
limits of 15 degrees and 150 deg/sec.

Dead Space Evaluation - Dead space, as defined in these studies, is

the result of hydraulic actuator cont:ol valve spools designed with overlap
sc a5 to eliminate lesage flow for zero signal commond. The F-L aileron
actuator contrcl valve is designed for zero overlap so that a finite
response occurs for any non-zero command signal. Time domain ruas have been
made, however, with the F-L4 wing/store data to determine levels of limit
cycle motion resultiang from rather large values of dead space.

Tre modeling of the actuator in the time domain progrem is described in
Figure 73. “he original formulation for the actuator transfer function in

ihe Leaplace notation was not suitable for this purpose since varisbles

deseribing the resl hardware components were nobl present. The mors physicsl
leop shown in Figure T3 gives vhe same transfer function and also allows

for the efficient evaluation of hoth dead space and fluid flow limits. The 3?

case choasn ig the 37C gallon tank 90% full, PRuns were made for dead space

=

up to 1% of the full velve travel, The resultant limit cycle motion
arplitudes saawn in Figure Th for all of the system coordinates are very small.

The waplitude ab the wing tip in the flutter mode is less than 0.3 in. end }

the aileron dellection iess thaa 0.1 deg. for dead space as large us 10% of
full valve travel.
Free Ylay - Free play introduces legs in the response, The phenomena

aris+s becaust of "glop" in the iorce producer system outboard of the power

vranslation actustion device sketched in Figure 75. A positive input command

| at block A doeg not restlt in & traasslation of bar B until the "slop" distance,

fau

b
N . . [
actuntor contrel valve, The phensuena can be explained in terms cof the simple ‘»
, is exceaded, Yo far the situation luoks deceptively similar to dead space. i
- . |
AL meslintm wwmpritude command:, however, the phenomena is different. When
Block A reverses dxrection it must first cover a distance of 2d before trans- ¥ |

tuticn of bar B ic initiated in the negative direction, Sketch (b) in the

figure shows o time history of block A input translation versus baer B output
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translation. Jt is seer that the net effect of free play is a constant time
lag, T of the output amounting to the time it tskes btefore an actuation
command results in sn output in either direction. The meximum displacement
is also reduced somewhat as shown in the figure. Sketch (c) is a time
history dre-ring of the dead space phenomena showing how its effect is
different from free play.

A test case for the 90% full 370 gallon tank configuration with what
amounted to a 3 degree lag free play effect was run on the time domain
progrem. Stability was meintained with no significant performance degrada-
tion. The free play of the F-lk sileron has been undetectable in ground
vibretion tests and is much less than the military specification rvequirement
of 1/30 of a degree.

h.1.3 Compariscn of Passive-Active Control Schemes - No single flutter

control scheme will stabilize flutter for several different wing/store

configurations. Tf the store mass properties ve

active compensation will alsc vary. Active flutter suppression has been
shown to offer the following advantages:

1. Ease of adjustment when stores sre changed

2. Lower weight penalty

3. No redesign of the aircraft wing or store structure
Mass ballast fixes require that heavy weights be switched when the store
carriage is altered. This involves either switching heavy wing masses
on tre order of 1000 pounds per aircraft or redesigning stores with new,
ané increased, mass characteristics, An active flutter control system,
on the other hand, involves making two adjustments (when notch filter and
high frequency lag are fixed); feedback gain, and lag phase angle, Such
a system would add about 200 1b to the aircraft weight. This weight estimate
is devecloped in Section %.5.

The active flutter suppression scheme which utilizes a generalized
electroni compensation network is the most easily adaptaeble to store

carriage changes. The scheme will work with adequate stability margirs

for the full velocity rsange of the F-L4 at sea level, 1If the compensation

is fixed during flight, the flutter control system performance will be limited
to altitudes belew about 10,000 feet.
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L.2 Advanced Aircraft Horizontal Tail Flutter Control

The main purposes of these horizontal tail flutter control studies were
to investigate both the potential payoff of active flutier conirol in future
aircraft and to determine if active control is possible vhen the control
force producer motion is an integral pert of the flutter mechanism. The
vehicle for this effort is the advanced aircraft of Figure 6. The description
cof the horizontel tail mass, inertia, stiffness, and vibration properties
is given in Appendix II.

4.,2.1 Passive Flutter Studies - Since it was desired to evaluate

active flutter control using the pitch actuator, a search was made to establish
a candidate horizontal tail configuration with a well defined pitch-bending
flutter mechanism. Studies were simulteneously performed to determine the
optimum passive flutter solution.

L.2,1.1 Optimum Passive Flutter Solution ~ Studies were performed to

determine the minimum weight passive flutter fixes resulting from:

1) Stiffness changes

2) Balance weight additions

3) Combined stiffness changes and balance weight additions

L) Pitch restraint variations for each case,

The COPS (Computerized Optimization Procedure for Stabilators) program,
described in Refercence 4, was our first attempt at sutomation of the steps
in stabilator design. This program development considers all significant
design constraints, including the eercelastic constraint of flutter, at
each step of the design process. Cne of the approxirations built inte

the program is & torsional stiffness increase proportional to the fourth
power of the local chord (Ch). This stiffness distribution, which has been
partielly verified through usage on similar stabilators, is, however, not a
universally applicable optimum distrivution,

A miaiuum modification was made to the COPS program to allow individual
stiffness changes at each station along the elastic axis. The mbdified
program was then run, in the beich processing mcde, to obtain several vsiues
of the change in flutter dyramic pressure (4Q) for sssociated stiffness
levels (GJ) and weight increments (AW) at each elastic axis station, It
wes determined from these runs that the highest efficiency (4Q/oW) results
from initiel stiffness increases in Secticn T of Figure 8. The rext most

efficient section is the tip section. Sections inboard of T are progressively

Jess efficient.

P i T -
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A CJ stiffness distribution, based on these COPS sensitivity studies,
is shown in Figure T6. A weight increase of 20.7 lbs is required for the
indicated Stiffness Sensitivity Design level to achieve a speed of 575 knots.
The basic COPS program, using the Ch distribution, predicts & weight increase
of 26 1lbs Tor the same improvement in flutter velocity. The Stiffness
Sensitivity Design is lighter by 8 lbs primarily because the inboard stations
are not stiffened unnecessarily. The GJ levels are obtained by adding layers
of boron/epoxy composite material with fibers oriented at +45 degrees with
respect to the elastic axis, The bending stiffness (EI), resulting from
GJ increases, is shown in Figure TT.

Parametric flutter studies, based on the stiffness and weight data
generated by COFS, were performed using an Indicial Lift computer program.
Tne classical serodynamic derivatives were modified for Cp = 3.48/radian
and center of pressure at 25% chord.

The results for separate variaticns of stiffness levels and balance
veight additions using an Indicial Lift program are shown in Figure 78.
ilar Lo previous resulfs Trom the CUPS program shewn in

Reference L, The results indicate that the balance weight solution branch

gives the minimum weight passive flutter solution (2 37 1lbs). The target
flutter velocity is 760 KEAS., The basic COPS program had previously been
applied to & stabilator with the same geometrical characteristics. Those

runs decermined that the bglaince weight located in the leading edge of the

T e K R

outboard section 8, as used in these more sophisticated studies, leads to
the minimum veight passive flutter solution.

The effect of combined stiffness and balance weight as a function of the
pitch rotational restraint is shown in Figure 79. The most important effect
shown in this figure is the rapld increase in flutter velocity with pitch
restraint for the Candidate Design. For the nominal pitch frequency of

20 Hz the flutter velocity for this case is 587 KEAS at a frequency of 12.5 Hz.

h.2.1.2 Candidate Design for Active Flutter Control - The Candidate

Design was chisen for further study of active contrcl because the pitch
restraint dramaticdliy affects flutter and beceuse of the relatively low
flutter frequency. A significant characteristic of this configuratien is
that for a pitch frequency ot 20 Hz there is only cne flutter mode, and for

a pitch frequency of 30 Hz the surface is completely fiutter-free, fﬁ
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The slope of the flutter mode crossings on the V-g plots are compared
in Figure 80 for each of che tail configurations with the pitch freguency
of 20 Hz. Slopes tor the sadvanced wing (covered later) and wing/store study
configurations are also shown in the figure for comparison, The slope
for the Canlidate Design lies between those for the advanced wing and the
370 gallon tank ~ 90% full wing/store cases. The implication here is that
a greater improvement in flutter is vossible for the Candidate Design than
for the other tail configuratiors.

The Candidate Design was chosen as the most promising candidate for
active fiutter control based on the following reascns:

1) flutter is a function of pitch restraint

2) frequency of flutter is relatively low

3) V-g crossing is relatively shallow

4) there is only one basic flutter mechanism.

.2 Active Flutter Studies

2
.2.2,1 Frequency Domain Studies - Active flutter control studies were

ceonducted for the Candidate Design and also for most of the other designs

{0

which were tested in the search for the Candidate Design. The studies used
the same data that was used in the Indicial Lift passive flutter analyses,
described in Section 4.2,1.

The results of these ective control test runs are summarized in Table 5.
The most significant aspect of {ihese results is that the Candidate Design is
controllable with exceptionally large stability mergins for the nominal
pitch frequency of 20 Hz whether the bandwidth of the hydraulic actuator is
extended flat to the flutter frequency or not. When the pitch freguency is
reduced to 10 Hz, however, the compliance of the system causes only about 30%
of the commanded stabilator deflection tn be achieved, and flutter control
is not possible., The case with 10 1lbs ballast at the leading edge of Section 8
is controllable to sbout 650 KEAS with phase margins of 195 degrees or greater.
The Strength Design and the Stiffness Sensitivity Design both show little
promise of control. They are good examples of very small rapidly dissppearing
Nyquist lcops which are characteristic of explosive flutter mechanisms,

The common control. loop for each of these test runs included 6 degrees of

freedom; the four lowest normal elastic modes, the stabilator rotation mode,

and the pitch actuator deflection. A high pass filter which nas unity gain
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tbeve 10 Kz (.0159S/1 + .01598) and e first order lag exjression for the
per actuaior of the form (1/1 + TS) were the only controi system components.
The open~1oop gain was set ut 5.0 to gusrantee good visibility with the computer
generated Nyquist plots.,

Consideration was given to both the location and type o senscr. The
nost feasible feedback signel was determined tc be either the horizontal
tail pitch angle or the pitch angle rate. Pitch angle feedback was chosen
for the test runs of Table 5. It was ohblained by double integration of the
output of an angular accelerometer located at the hinge iine near the hori-
zontal tail root chord.

Nyquist plots ere shown in Figure 81 for the Candidate Design for
power actuator frequency response bandwidths of 15 Hz, 10 Hz, and 5 Hz,
There is no signitficant difference between these cases except a somewhat
reduced effective mechanicel gain for the smaller bandwidth case and a smell
phase difference, among tle cases, for balanced flutter control vhase margins.
About Uy degrees of phase lead is required to center the loop on the negative
real axis for the 15 Hz bandwidth case, It takes about TS5 degrees lead
for the 10 Hz case and about 90 degrees for the 5 Hz case. "This would seem
to favor the 15 Hz case since the large phase lead angles are difficult
to obtain. If we change the sign of the feedback, however, the 5 Hz cas:

will require 90 uegrees phase lag while the 15 Hz will require 135 degrees

lag. From this viewpoint the 5 Hz case is preferable. The contrcl system
gain can be as large as desired for each of these cases since there is no
potentinl coutrol system instability to avoid., The open-loop gain, instead,
will only be constrained by the rate reguirements for the hydraulic actuator
in a turbulent environment.

Additionss studies involving compensation and pitch rate feedback were
made for the Cendidate Design with the actuator break frequency at 5 Hz
and the pitch frequency at 20 Hz, A Nygquist plot for this case, after
compensation, is shown in Figure 82. The indicated control system gain
gives 6 A3 margins against flutter for g = 0.0 at 750 KEAS and g = 0,02 at
800 XEAS. The phase margins are large for this configuration, Pitch rate
was chosen as the feedback signal for the r ur of Figure 82 since the test

run for this case had indicated the need for 90 degrees phase lead with

pitch angle feedback. This cese eesily satisfies design goals for active
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flutter control. systems of +6 dB gain mergin and +60 degrees phase margin.
This case was thus chosen for further evalustion in the time domain.

4,2,2,2 Time Domain Studies -~ Runs were made using the time domain

progyam, described in Section 32.5.2 and Appendix IV, for both velocities of
750 and 80" KEAS with g = 0,02 structural demping iu each of the aeroelastic
modss. The response of the system at 750 KEAS to a 5000 1lbs (1 - cos wt)
discrete gust at the flutter frequency of 11.2 Hz is shown in Figure 83.
This gust force level is equivalent to the energy content in the bandwidth
of the flutter mode for a typical random gust with 13 ft/sec rms. The motion
is suppressed to near zero in about 0.5 seconds. The maximum unlimited
actuator rates shown for this control are 60 deg/sec at 750 KEAS and
80 deg/sec at 80C KEAS. These rates are reasonable requirements for the
short periods of demand for control surfaces of this size. As iundicated
in the nonlinear studies which were performed for the F-L wing/store
flutter control cases it is realisticelly expected that continuous control
in this type of turbulent enviromnment would be possible with rate limits
as small as 30 to 40 deg/sec.

1D D O amd .

4,2,3 Conparison of Solutlons

93}

h.2.3,1 ¥eight for Optimum Passgive Flutiter Control - The minimum

welght passive flutter sclution uses s non-structural balance weight at the
1eoding edge of the outermost section as shown in Figure 78. A balance
weight of about 30 lbs per side added to the Strength Design will satisfy the
required fiutter velocily cf 760 KEAS if the pitch rotation frequency is

€ noninal value of 206 Hz., The passive solution would only reguire 20 1bs
per side, as shown in Yigure 79, if the pitch frequency were to be as high
as 2 Hz. The F-U4 slotted leading edge slsbilator rotation fregquency is
about. 23 Hz. A survey of scveral other practical horizontal tLull designs
irdicates & Likely value for pitch frequency somevwbere betysen 20 and 25 Hz.
Thus, M0 to 650 1bs per aircraft shouwld be sufficient to salisfy the flutter
reéquirements for this particcler horizoptal tall, starting with a Luseline
Strength lLesign.,

If structural stiffress increases were to be chosen as an alternative
pussive flutter scluticn the expscred weight addition would be significantly
grzater, Even with the must advantsgeous use of compozite material, as
attempted in thess studies for the Stifltness Beanszitivity Design lhe total

o

weight gddaiticn per aircralt would te in the neighborhood of 100 lbs or more.
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b,2,3.2 Weight for Active Flutter Control -~ An evaluation of the weight

required for active flutter control of this horizontal well should. in &l1
*airnass, consider only those componenis which wculd not otre.wisa be
present in the aireraft. For example, the advanced aircraft buing considered
in these fecsibility studies, can be confidently expected to have Jull-time,
highly-redundant, fly-by-wire flight control sysicius which wculd ve availsble
for cocperative use by active rlutter control systems.

If we assume & triply-redundan® horizeontel tall fluster control system,

the additional weight items listed below would be required,

Weight /Aireralt
Sensors b x 2 lbs each 1z
Computers and Voters & x 3 L&
Cockpit Displays 1 x 5 5
Wiring and Installation 1 x 10 15
= H; lbs

This welght is an estimate of the bere minimm welght wirich would be required
for active control of = controilehle surface such as the Candidate Design,

It was determined in tuess gtudies, however, that & 20 1b balance
weight per side was required to srrive al fne Candidate Design from the
Strength Design, Comuwerac with *ale 8% 1vs  total penaity for active control,
it was found that only 60 lus per aircreft was required for the optimum
passive flutter soluticn using oelance weights. The active solution welght
of 85 1bs is very competitive, hLiowever, when compsred to the passive

stiffness solution which required more than 100 1lbs per aircraft.

4.3 Advanced Aircraft Wing Flutter Control

The main purpose of these advenced aircruft wing studies is to demon-
strate the feasibility of active suppression of barz wing flutter. Both
leading and trailing edge control surfaces acting singly or in combination
are avaeilable for active flutter suppression. Parameters such as sensor
loucation end type, control surface size, and control surface location are

varied t» obtain the meximum stability margins.

150

n e i, ) ’
= doas i d P v gabga

““M!.




—_ -

USRI SO

4,3.1 Pessive Flutter Studies
4.3,1.1 Baseline Design - The descriptlon of wing mass, inertie, and

stiffness properties is given in Appendix III. The wing hes weight additions
for 15% chord leading edge flaps esnd 35% chord ailerons running along the
entire ving span. Thece weignht additions in each section re-ult from control

surface hydraulic lines, actuators, and local structural beef-up. Both
lesding and trailing edge control surfaces in any comtination of wing sections
are available for active flutter suppression. Two-dimensional strip theory
gerodynamics with experimental serodynamic coefficients on the eight section
wing were used to model serodynamlc characteristics, The aerodynamic coef-
ficients, Cp = 3.98/radien and Crq = 2,81 /radiar, were obtained from sub-
sonic data. The canter cf pressure wacs set at the quarter chord.
Classical V-g and V-u plots generated by an Indiciel Lift computer program
ere shown in Figure 84, Flutter occurs in two critical modes, Mode 3 is
the unstable mode in the primary flutter mechanism occurring at ShO knots,
mode 4 is th: unstable mode in the secondary flutter mechanism at ThO knots.
An aileron with a rotat.on mode frequency of 60 He was located in Section T
with its hingeline at the 65% chord. The eileron rotation mode dous not
participate in either of the two basic flutter mechanisms,
The baseline design exhibited the following characteristics:
1. Flutter of the bare wing 1s significantly more explosive than the
F-L wing/store configurations.
2, To achieve active stability beyond T7--0 knots two unstable modes
must be simultaneously controlled.
On the average the g/V at fiutter onset for th« bure wing configurations was
gbout three times thatl for the 90% full-3T0 gallon tenk configuration, the
pinimum stability mergin wing/store case. Figure 80 shows the g/V values
for the wing/store, horizontal tail, and bare wing configurations, In
order tc control two flutter modes simultaneously, separate control surfaces
must be actusted, each with its dist .nct feedback cowpensation. Multiple
mode suppression, thus, doutles the number of components - hydrauliec and
electronic required by an active flutter coutrol syastem. For these feasi-
bility studics it was judged inadvisable to attempt multiple mode control
before the practiculity of single mecde control was thorcughly established.

The cnset velocity for the second flutter mode theu becumes the upper velociiy
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limit for active flutter control. The maximum velocity was found to be
considerably lower hecause cof liwitel stability margins.,

L.3.1.2 Optimum Passive Flutter Solutions - Passive flutter studies

were conducted to determine the balance weight additions and wing stiffness
increases required to raise the flutter speed of the advancea aircraft
wing. No combined balance weight - stiffness increase cases were examined,

Table 6 summarizes the balance weight studies. The advanced aircraft
ving can be stabilized through 740 knots {the maximum practical active
control velocity) by the addition of about 200 pounds at the leading edge
of Section 7 (Configuration 3). "(Chord to the fourth" stiffness increases
vere used to determine a "stiffness fix". The stiffness increases needed
to reach a flutter speed of T40O knots added about 67 1lbs to the half-wing
weight. This fix involved small increases in the EI and GJ values for the
three wost outboard wing sections,

1 2 Aoalen T
Yrdec Active Flu

%4,3.2,1 Trailing Edge Control - Initial fregquency domain studies were

run with an aileron (60 Hz frequency) in Section 7. The feedback signal

was the angle of twist in Section 7. This sy.tem corresponds to either a
doubly integrated :erfect angular acceleromeier or & structural feedback
concept, These yielded the result that flutter could not be controlied
beyond sbout 600 knots (onset at 540 knots) at sea level. This occurred
because of a very rapid collapse of the unstable (CCW) loop on the Nyquist
plot with airspeed, Bevond 600 knots the unstable loop vanishes, precluding
filutter control through feedback compensation, Nyquist plots at several
velocities are shown in Figures 85 through 87 for a feedback controi lcop
consisting of only an uncompensated feedback gain.

The system can be stebilized et 500 and 550 knots by decreasing the
feedback gain. The system is unsisble at 600 knots and cannol be stabilized
by changing either the gain or phase of the feedback signal because of the
higher mode encirclement of the origin. Control of flutter is lost for this
case between 550 and 600 kunots., Notice the very restricted size of the
unstable loup at €00 knots. Even if a notch filter or high frequency lag
vere used Lo elimir ‘te high frequency modes and a 30 degree lead compensu-
tion were added, the maximum phase margins would be on the order of +5

degrees, Additional runs were made with pure feedback for perfect sensors

153




G0
¥’z

cel
199

1510

£
34

p: A

800
1 X4

£8l

o

[ 4
561

L2514

190
¥

gzl
65L

v'e
1’8l

viv

80°C
Zte

9/l

196

voL 0

Sy
t'te

£Z0
¥'e

L6t

SSL

5t

2
g6

6t°0
v'T

'8t

0Z0

£'C
LEL

ovS

{SYax gel/1)
AB

PO

(24}
Adxuanbez4

ISYIN}
Alsao@A

(Svax ogt/t)

ERITIEYON

9

Gjo 3L e qOGi
S

§io 371389 002

¥

13037312 Q1002
£

L4031 QGO

{4

pappY ssejy ON

{

T o oy i gl nprmn,

uoneinbi oy

S3IANLS LHDI3IM INVIVE ONIM LIVHIHIV GIDNVAQY 40 AHYWHNS 8 319V.L

busssorn
puodag

buissor)y
sad




TR 00 T O Y T T T AT . -

SYIN 005 =A-3SVI
JONIHIAIY - ONIM LIVHIUIV T3TNVAQY HOZ LO'Id LSINDAN S8 3HNOIS

gL 324°¢ [LIVIF T4 | 10-3C0°s 12-30)°* 5~ J) 39371~ 0r 2062~
. . * - . *
0000200»000000000000000000000506oo¢o¢u\o‘oono:.bo:a;‘lvooc. POV IR0 4443F IO IITHIC 2200000000450 040 [ ICD"E-
- m— —— - == e e e T s T iy -
2 H
N 1091 ZHg9L MTLs . i
. . i ¢
* i i *
. ‘oD =8 i 1 - . -
. 1SOD= | i * L0 3Cs°1-
. SITD RN SR FHULIHDY m. - --- . - - - r
. M PIOQD) %S0 & sutsBury ﬂ ! .-
.
: L YORIMS U1 FoWNS (O1U0D . .
. 08 =M i - st + o -
¢ A0 uRD XBAPW ) i s CC 321~
: £ uonses w1 I erues I . :
IHZ'SL » Suipg }R3Iy PENEADY ! 1 .
¢ 112906t v
. moee of 00 - . —
. . ¢ B30 v
& e e e R . e e ————— - e e —— a1 .
¢ ¥ 2H 0°0Z *
+ 1 h - T = T -
L] *
* ) « T -
Pttt et bl T i e ittt —————— o o e —o—— G410}~
< e - T
* . +
| : 2H 05 - N —
| * >
| + . -
: . ¢ ((=3C00°s
| . Tt T T e .
4+ *
+ « T TTTT
* .
» ot ¢ T
* - T ¢ CC 4C0°1
4 . +
. . ! .
¢ * .
L] *
i . +
. . B . i ¢ LG 3088
: WMyg — - - T
_ * L d
i * *
; . SYAMNC0E= A .
. +
+ . AR ] e e e ¢ O 400t
ZHO'SLFrL * IHZT¥L ZHO'¥L IH9TI *
GOV CRSEERIT4 QISR P0 000 PRP PR 00 0P v 020002000 000000000 R0 UEPRRE VR RN R R I P04 0424000000080 04000bb000 000 O 212




SV3N 0S4 = A- 3SVD
JON3HIZIE - ONIM LAVHOHIV QIONVAQV HOd LOTd ISINDAN 99 3HNDI

03 19%°¢ v Juscl tu=-300°3 [ RV Rl a2 1% - €C 405 ¢-
’ + +* > + +
E X R T R YRR R LA R X A RS RS R A A XA S L) X XL AR P TS R BRI R AN X BOED Y IRELINPOIEVEITOIPIICEI PP IPIEEE It P (bbb (¢ svC"2~
T m s e e - B sk w - b TTT RS WE T ERLRER Y
. +
- . — . - —m
1 .
. - 1 N .
1 ¢ Cu d4C8° 1=
e e Rt S . .- - +-
1 .
. 1 N I
i .
i + ) -
] ¢ 0 30CT -
- B e S I | TT T +
[ .
o + -
| B ®
t - N i
i e [u-3{0"s~
C = femim i ¢ —— o m = b en . i e —— - —
5 N \O
' + N
1 + ~
3 + -
RS U RPRS TU R, P P e P PR L SR L

e e e i

HG2Z * ZHOLT

AjuQ uted ¥eqnes4
L UCIIZ0G Ul D asues
BUISA 3JEJDIIY PROURADY

(3
<

ue*1l

1
——— ¢ 12=3C0*%
e e e e e e e e 4
1
1s‘00=6 i -
e e = m-.o- . 9%BD IBUINIJ'SIR4 BOURIGJRY - h cCoacen?
PIOLD %G9 D 2utjedBul L
L UOII0ag Uil IBHING JOJIUOD 1 -—
0g=> ; _
1
i
1
1
1
!

0‘0000000ébo‘ooto¢0»0ooo~a-&-|60&6*000004‘0,»4&«0000@

LR I B ISR R 2 R R - P B A S

P T I I T T R T R R Ty Ry Ny R Y R A AR R R R ) RIS 4

e o e A - ¢ s




‘..QOOQ-QOQOOOOOOQOO\.‘IO

- ey . T — ey o .
, n:um@n!waﬂ‘. ST - e ARt 00 Rttt il

SY3IN 006 = A - ISV

FONIHISTH - ONIM LIVHOHIY GIONVAQY HO2 L0Td LSINDAN L8 IHNDIS

0o 338*2 W sus L Fam30u’s 16-305%- 3 a8at1e of iyeze t2
+ M L IRZEL HBYI * . .
PEISCIPII RSO0 LIEIDIINOIEORNIOLTEGIIRIIL LR e 9P H A O a oLy PPt PRIOCUI NI O IOrtinv bt Iadia et setetitereten { (O°Z~ 4
e AAAASAdAd hadANASS AR g2 rreel ARRAN - g
* _ B . _ . e ¥
. i IHOEL . - * .
4 “ *
¢ [ - " T e -t
M R ¥4 + GF L6670~
e e o .. - +
* *
L) . - oot - - T - - * -
¢ - .. ZHOTL e —ee ! e—
- .
e L. L2 R - o S s sLh -
* 2H ¥ZI ¢
* *
. - STttt . -
N Mz - N
* 3 *
+ 1 ¢ ((=17)%%=
. - [ —— e T
: H LT -y —_— =
. R . ZH Q0L . :u
. ZNGLE N - --- "
Ll el Attt intminteiuhirb i diietyaabidat i iethtiety ittt AUk N i Endetuhatuteduhuingetuluvininininiedintisheininiishniiodiuiuintein |..-|ﬂ|||u_0-l
! AT v
- W ZZ - - -
+
*
~ .
e e e . b ozy )2 ¢ 1C--CD°S
- . — e e - et 2.
i .
I T * -
i -
e 1 . -
1s0o=23 1 s CU aCL "
= oem mme e 087 MALiN|d IR WDUBIN;eY S - - 0 -
PIoyD %50 @ Buseduly [ . ]
£ 4DIIET UY SILING (0:3UO) " .
05 = 1 . R
- - A0 LIRS eGP 4 | e o i o + sl _zisty
¢ VOIS ! D PIUES _ :
Buim 101y PEXIBADY 1 .
! SVIN 009 = A :
i . 4 L . ~ N
n ] - ¥

BUPAAPEPCRI0L04C 0040004 ¢4 000 RO ICHEI PR RRRARL ORI INCE | 9000003900040, o

FTEMTR VIS R ke s B LT B,

-p -

BT Y EENIRAEEREE XA LES Y 4

tee Co T




]
1
i

O . xre ——

located in Sections 4, 5, 6, end 8, and wita an slleron in Section 7. The
situation for each of these cases is similer to that for the Sectlon 7
feedback sensor.

The incorporation of structural demping into the advanced aireraft
wing analysis, as with the wing/etore configurations, delayed flutter onset
(about 10 xnots) and improved stability margine, Figures 88 and 89 show
Nyquist plots for the advenced aircruft wing using structursl damping coef-
ficlents of g = 0.00 and g = 0,02 with idertical control loops. ‘The addition
of 1,02 structural demping increases phese marginsg by atout S0% et 560 knots
(sea level)., The addition of demping, however, does rnot improve the maximum
velocity Cor which active flutter control is possible, The unstable loop
cf the Nyquist plot still disappears near 600 knots regardless of damping
level,

The rapid dlszeppearance of the wnstable loop wiih increasing velocity

might be explained by eitliar or boith of the reasons bslow:

1. The proximity of the two lcwest flutter onset velocities {540 knots
3rd mode and Th0 kncts - 4th mode).

Y
.

The explosive nature of the flutter requires more ene:gy dissipa-
tion capability to contrcl the flutter than is possibie vwith a
35% chbord aileron in Section 7.

Flutter Mode Elimination Study

The first explanation was checked out by setting up a four mode study
- first three elastic modes plus & 60 Hz, Section 7, asileron mode., This
eliminetes the second flutter mechaniem resulting from the interaction of
modes 3 and Lk, 2 high pass filter and a pover actuator of the forms:

Highk Pasa Filter EPREICE 7 I in at 10 Hz
1+ .01595°

Powver Ac.uator - breaks down at 15 Hz

T
were alsc incorporated in the control locp for these limited mode studies.
These elements were edded to the control loop to emphasize the 13.7 Hz
flutter frequency. Figures 90 thrcugh 93 show the Nyquisy plots for this
limited mode study with no structural damping end a gradually increasing
flow velocity. Agaln the rapld coilapse or the unstsble mode is evident,
even though the second fiulter mechanism has Leen eliminsted. Control

capability is still lost uear 60G knots.
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Alleron Sizing and Locat on Gtudies

Both the location and size of the aileron were vuried in an effort to
achieve flutter control beyond 600 kuots. Ailerons with 357 chord depths
were tried individually in Sections 8, 4, and 2. There was nc improvement
in tke maximum stable velocity with active control. ¥requency dorain
studies were slso conducted starting with an aileron in Section 7 only and
then progressively enlarging the control surface by first adding a Section 8
gileron and then adding inboard sections until the sileron ran the full
wing semi-tpun. The wing twist at Seztion 7 was used as the feedback signal
for all of these aileron coafiguretions., No improvement of flutter suppression
capability was achieved by enlarging the spanwise aileron dimension. The
full semi-span results were actually worse than the results with the
g..eron in Section T only. A large span aileron has the problem of
generatitg compensating aerodynamic forces and moments based on the sensed
motion of a single section, sy wing twist in Section 7. The wing motion

at Section 4 may be out of phase with that in Section T, especially if

2l

gizable zuatcibutiung form the higher mudes ure presenl. Thus, Lhe best

L

aerodynemic force and moment coumpensation at Section 7 may worsen the situsa-

5

tion in Section 4.

Aileron Aerodynamic Force Ernlarpement
Hl i B

Ot Ve i

In order to evaluate increased ailleron effectiveness at a single

Lo

seclion a frequency domsin run was made using aileron aerodynamic
coefficients wnich were 10 times larger than their previous valuez, The
&ir2oil cenver of oressure was mainteined at the quarter chord. The ten~
fold increase in s leron ccefficierts is equivalent to enlarging the

sileron serodynamic forszes 10 times with rerrpect to ibLe Inertia forcec,

k. The results of this run, given in Fignre 94 in Nyquist plot form, show

| significant improvemeny over the Nyquist plot shown in Figure 9% for normal
|

P eileron ceefficisnta. It 3uould be noted that the scele ir Figure 9L is
|

10 times laryer tian that ie Figure 5, Yhe enlarged coefficlent

PR OUURIY S TYPRTT PR, RN WP

T run shows a8 Ow.g . Improvewent over the normal coefficient run, The Nyyulst

i i S . . i
; : plol in Figuve 9% cen be compensated sbove 620 knots with the addition of ﬁ 1
;' ohuse leag . & ncteh fi'ter at ubout 16 Hz, ana a feedback pain dec.oease, 3 Y

The mogt rignificant improvement as indicated by the ealarged 7CW loop

[

5 the maximar phase margin range whizh has been increas=d Zror 10 acgcees
to abcut 120 degre.s. Thus, by increasing the control surfuce effectiveness,
flutter suypression can he achieved t-.~ velocities greater than GC0 kaots., )

195
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Aileron effectiveness can be improved in the chordwise sense by two
methods: leading and treiling edge control surfaces in the same wing section
or an all-moveble tip both <f which chauge the relation of 1lift to mument
from the above resulvs,

h.3.2.2 Leuding Edge Control - ACF program runs were made with a 15%

chord leading edge flap incorporated in Gection T of the baseline advanced
aircraft wing. + 1i ft-curve slope (CLa) of Zn/radian vwas used in the
analysis rather than the previously used 3.983/radian since the currently
available two-dimensional strip theory aeradynanics program with leading
and trailing edge contrel surface capability hes no CLa input option.

Using “he leeding edge control surface program required that the ACF program
be used in a form which accepted classical R + il aerodynamics rather than
the serodynamic matrices generated at velocity by the Indicial Lift Program.
This version of the ACF Program is described in Appendix IV, Section IV.2,
Frequency domain studies of both leading and trailing edge control surfaces
acting separately were conducted with CLa = 27 sgerodynamics. Both control
surface frequencies were specified at 60 Hz., The flutter onset speed or
the advanced zircraft wing confiziration was lowered to 390 knots at 15.54
Hz because of the increased cLa' The new cLa did nct affect the {lutter
mechanism: modegs 2 and 3 interacting explosively. Using a control loop
consisting of the wing equaticns and an uncompensated Section T twist feed-
back, only about a €0 knot flutter speed improvement was possible with
either conlrol surface. Leading edge control appears subject to the same
stability margin restrictions as trailing edge contrcl in suppressing the
explosive Tlutter of a bare Jing.

4,3.2.3 All-Movable Wing Tip Control - This snslysis used a wing

identical to the baseline edvanced aircraft wing for the first five sections
in stiffness and inertia characteristices, The sixth wing section was
different from the correspondirg baseline section because 37 lbs. vere

added to the torgque box tc model the wing tip conlrol actustor, The weight
of the actuator currently in use on the F-I stabilator is 37 pounds. The
inertia properties cf Sections T and 8 were those generated by the COPS
program for these sections with no leading or trailing edge control surfaces.
Azpendix I1I summarizes ihe inertia and stiffness data as gencrated by the
COP3 program for & wing with/without control surfaces. 1In order to maxi-

cize the flutter control capability of the wing tip, the twe oulboard
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sections were treated as a rigid (infinitely stiff) extension of Section 6

for the first six wing modes. An wuicoupled pure tip mode consisting of
Sections 7 and 8 rotating together about the elastic axis (EA) witn no EA
translation completed the 7 mode analysis. A high tip mode fre,  necy,

30 Hz, was specified to avoid creating & new flutter mode through inter-
action with the lower wing modes. The consequences of assuming Sections 7 and
8 to be rigid are an increased flutter onset velocity anc = better fiutter
control capability.

The aerodynamic simulation for this all-movable tip configuratior
employed CLa = 3.98/radian and CP = 25% chord. The flutter onset velocity
is 692 knots st a frequency of 11.h Hz, The passive flutter speed incresse
over the baseline wing configuration can be traced to changes in the mass
and stiffness characteristics of the outkoard sections. Active control is
possible up to about 900 knots when the included angle of the unstable loop
of the Nyquist plot is reduced to 9 cegrees {phase margin i_h.S degrees) .
This is a 30% flutter velncity nenetration.

A similar configuration with a tip section aileron was also examined
to provide a basis of comparison, The tip ailleron analysis was altered
cnly in the control surface mode. An aileron ir Sections 7 and 8 beginning
at the 65% chordline replaced the movable tip. The wing surface portions of
Sections T and 8 were treated as rigid extensions of Section 6. The aileron
rotation mode frequency was specified to be 60 Hz. This configuraticn began
fluttering at T2 knots and 12.h49 lz without active flutter suppression.

The higher passive flutter onset velocity probably occurs because of the
highzr control surface frequency. Active control with an aileron suppressor
is lost between 850 and $00 kuots.

Nyqulst plots of the wing aeroelastic, feedvack control equation are
given in Figures 96 snd 97 for the all-movable tip and ailercn control sur-
taces. The most striking contrast is the much larger plot wiien the movable
tip is used as a flutter suppressor. A more crucial difference is the maximum
included angle of the unstable locp, since this is equal to twice the maximum
balanced phase margin. The included angle, though significantly larger with
the all-movable tip case for similar flulter veloecity penetrations, still
allows phase margins of only +45° after a LG knot flutter penetration, The
reasonably large flutter pernetration capability for the sall-movable tip

scheme 13, thus, offset by restricted stsbility margins. This rapid reduc-
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tion in phase wmargins with increasing velocity seems, once again, to corre-
late with the relative "explosjveness" of flutter, The g/V at flutter onset
for the moveble tip cases was about five times thet of the worst F-h wing/
store cas:z.

Heither the nse of leading edge control surfaces nor an all-movable
tip permicted the realizavion of the large vhase wargins during flutter
penetration suggested by Figure 9L4. Apparently, it is crucial that the
control surface (P be maintained considerably aft of the wing elastic axis
when tae aerodyrumic effectiveness nf the surface is increased. A reaction
Jet with a large thrust capabllity mounted aft of the ZA could generate
(by maintainirg en aft control surface CI') the mom .ts and forces necessary
Lo Lwmprove the flutter coatrol yhase margins.

L,3.2.4 Coantrol of Modified Configurstions -~ The relative "explosive-

ness” of flutter as measured by g/V appears to pe a fundamental parameter
in determining the amount of penetration possible witn a flutter control
system, When 200 pounds were added ©s the leading edge of Section 5 the
resultiug passive study confimuration had & g/v of guout 1/2 of the .2/100
saselipe coniigwation. The 200 *b mass
s8dition configuration lowered the flulter onset velocity 1o LTh knots but
flutter concrol was still possible to about 600 knots, a 26% flutter pene-
tration with zero stability margin. Although the 200 lb mass balance is
an unacceptable flutter fix since it lowers the flutter onset speed, 1t does
“llustrate that explosive, virtually uncontrollable, flutter mechanisms
can be calmed through mass addition to permit betiar control. For scme
future designs o comuination of mass addition and active flutter contrcl
may be the most elticient flutter fix.

4.,3.3 Advenced Aircrart Wing Concluding Remarks - An active flutter

suppression scheme for this configuration could provide control up to about

an 11% flutter velocity penetration with very limited phuse margins. The

most efficient flutter fix for the aircraft wing uncer study is a stiffness
increase of the outhoard wing sections costing sbout 67 pounds, This com-
pares with a target active system weight of 200 pounds per aircraft.

The relative "explosiveness” of the flubter mode at onsel is the deciding

factor as to vhether or not an uactive system mekes sense. A flulter

mechanism with a velue of g/V less than .1/100 knots appears to be a pre-

requisite for sizabie flutter velocity penetrations with an aclive system,
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Some improvements in penetration can be achieved by increasing the control
surface cffectiveness but significent velocity improvements can be realized
only if the flut.er mode is first "tamed" through wing stiffening or balance
weights. It should be emphasized that even though an active system is
impractical for the particular study configuration; other, lcuss explosive

advanced wing configurations may be suiteble for active control ~f flutter,
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5. IMPLEMENTATION STUDIES

The vehicle considered in these active flutter control implementation
studles is the F-h Phantom and a significant amount of data is based on
the SFCS (Survivable Flight Control System) fly-by-wire aircraft. The F-L
was chosen as the study vehicle rather then the advanced design a.rcraft
because the use of a real-world data base permmits a much more thorough
investigation of aircraft control system components., Though the comments in
this section concern the F-k lateral control system components they should
be generally applicable &lso to the control systems of other aircraft
such as the advanced design aircraft used in the horizontal tail and wing
studies.

5.1 Existinpg F-L Lateral Control System

The lateral control system fcr the F-b aircraft is shown schematically
in Figure 98. The lateral control system allows control of the aircraft
ghout its longitudinal axis by a combination of aileron and spoiler

deflection, The system consists of one slleron and two spoilers hinged

o+
O

each wing, Power is supplied by two primary 3000 psi nydraulic systems
(PCL end PC2) and one utility hydrsaulic system. The aileron is actuated

by a single hydraulic power actuatcr and servo control velve, while each
spoiler is positioned by a tandem hydraulic power control actuator with a
remote dasal control valve, Fach slleron and spoiler power actuator is driven
by a dual independent hydreulic system: +1he left wing asctuastors are

driven by the PCl and utility hydraulic systems while the right wing
actuators sre driven by PC2 and utility. If one hydraulic system fails, the
remaining one is capable of driving the actuator. Also, if both hydraulic
systems in one wing fail, the third hydraulic svstem will be available to
drive the lateral powver actuators in the opposite wing. The control stick
is connected to the aileron power actuator and dual spoiler valves by a
series of push-rods, bellcranks,and safety springs. The safety spring
cartridee is contained in both the L/H and R/I system so that binding of

the controls on one side will not prevent pilot inputs teo the other half of
the system. The output motion of the aileron actuator produces a maximum of
one degree up aileron sad vhirvy degrees down aileron, The ianhoard and
outbe. 4 spoiler surfaces have a range of flush to forty-five deprees up

motion available, The surfaces are synchronized such that gll surfaces are
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at streamline condition simultaneously, while thirty degrees down sileron

o one side is reached at the same stick deflection as forty-~five degrees

up spoiler on the opposite side. Aileron and spoiler motion can also result
from inputs froum the series servo actuator. This element implements the
conmands of the stability augmentation system., The series servo is powered
by only the utility hydraulic system. Feel forces for the pilot are
generated by spring cartridges in each wing. The feel system breakout

force is approximately 2.3 pounds with full stick throw requiring approxi-
mately 12 pounds. Trim 1s achieved oy moving the backup point for the spring
cartridges. OSynchronization of trim 1s accomplished by using a single
electric actuator that simultaneously drives a screw]ack ip each wing through
& Tlexible shaft. The feel spring cartridges are mounted in the wing to
provide maximum backup for the serve actuators.

The alleron power actuator, shown in Figure 99, is s four barrel
actustor, with the four side-by-side plstons powered by two separate
hydraulic systems. The two inner pistons of the left wing actuator are
powered by the PC1 system while the two outer pistons are powered by the
utility system, In the right wing aileron actuator the utility system
vowers the inner pistons while PC2 drives the outer pistons. The connection
of separate hydrenlic systems to the lnner and outer piston pairs prevents
surface warpage in the event of loss of one hydraulic system, Position of
the actuator is controlled by a servo valve mounted on the side of the
actuator body. All inputs, manual and sutcpilot, are summed mechenically
in the control system prior to the point at -thich the motion is split to
control the spoilers and th: eileron, therefore nc electrical connections
are made to the aileron actuator. Motion of the valve channels fluid to
the pistons, and the resultant pressure differentials cause actuator case
travel. This motion in turn balances the input and shuts off flow at the
commanded position. For inputs which would result in motions above one
degree up aileron, the ail:ron dempers bottom out and the aileron cylinders
hold system pressure until & lower position is commanded.

The spoiler power actuators are tandem actuators powered by iwo
hydreulic systems each: PCl and utility power the left wing cylinders and
PC2 and utility power +the right wing cylinders. Both inboerd and outboard
actuators are required to prevent surface wurpage. Motion of the two

actuators in each wing is controlled by s single valve which converts
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lateral contrel linkage motions to tvdraulic flows. Surface position link-

———
s -m}.aﬂuvm;;‘

P e

ages shut off the valve st the point where surface position corresponds to
stick position. Valve openings commanding down spoiler result in a static

pressure in the eylinders which holds the spoileres against the wing

S RO e

structure.

5.2 Control 3ystem Interaction Study

Integration of an active flutter control system with other flight

l control systems is desirsble from many viewpoints as described in Section

Pmte e WRan de o vl o

3.3.2. The principal bhenefits are & reduction in bcth weight and cost

compared to & dedicated flutter control system.

PN

|
l The general approach we have taken in the design of a Fflutter control
/ system is to share selected portions of the existing aircraft flight control
i system. All of the flutter control elements are lo. :ted in the feedback
branch around elements in the forward loop which the flutter control
system shares with the flight control system. The flutter control feed-
X ) back icop may thus be opened at any time during flight at sub-flutter
velocitles with no effect on the performance of the aircraft. A high pass
filter is present in the fluiler feedback loop 4o offectively decouple the
two systems for low frequency signals, such as pilot commands, when the
loop is in operation.
5.2.1 Root Locus Studies with the F-lL Stability Augmentation System -

Root locus runs were made to evaluate the interaction of the flutter control .
system with the F-U4 Lateral/Directional Stability Augmentation System (SAS).
The MATLOC computer program described in Appendix IV was used for this
study. The control system block diegram is shown in Fipure 100,

The lsteral chaenrel of the SAS uses roll rate signals from a roll rate
_ gyro to ndd demping to the basic aircraft eserodynamic damping in roll. The i
’ channel is interrupted whenever the pllot maneuvers in roll so as not to ;
| obtain roll fighting action from the SAS system. The gain associated with
the roll rate loop is fixed.

The directional channel of the SAS uses signals from a yaw rate gyro

to add damping to the aircraft dutch roll mode. These signals are passed
through a canceller {a high pass filter), which removes the low frequency

- e

vortion of the signal, so the system does not oppose the pilot during

meneuvers, Signals from a leteral accelerometer are used to previde

3
i
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Definition of Symbols

a Aircraft Yaw Acceleration
p Aircraft Roll Rate

r Aircraft Yaw Rate

o Wing Twist Angie

5a  Aileron Deflection

ér Rudder Deflection

Improved
3FCS Secondary Actuator Power Actuator
8a . 1 i da :
2 ‘ ’
1+.0076S + .0000196S 1+ .016S

—______-__-__—_-__-'--ﬂ

High Pass Filter Compensation I

02655 1 —.02378 o

e —6 34 (hoand 7
| 1+ .0265S 1+ ,0464S + 0005085 I
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Rate Gyro

: .
265 = - >
1+ 00675 + 0000452
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Equartions
Power Acti:ator a

KFlex 8 ¥
1+ .05S
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FIGURE 100 BLOCK DIAGRAM OF F-4 LATERAL/DIRECTIONAL STABILITY
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coordinated turns. the pains ussocialed with the yew rate and lateral

o e

acceleration locps are fixed,

The flipglt condition chosen for these runs is Mach 0,BL st sea level.
The rell ragte loop pain is the root locus gain porameter. The vwnmodified
opecrationa’ ®-b laterul/directional SAS root loci are shown in Figure 101,
The noningl roll rate goain for the system is Kp =(,265, These data are as
used in F-L control dynamics analytical models. Figure 102 shows the root
leci when the Fed serics servo actuator is replaced by the UFCHS secondary
actustor described in S2¢tion $.5.1 and when the aileron power actuator
bandwidih is exteuded tlat to 10 Hertz. The oper-tional F b requires these
changes as the hase for an aclive flutter supvression system, The new nhigh
frequency pole for the power actuator noves the branching point to the left
or. the negative real uxis. The system is highly damped and very slsble,

A third run introduces the flutter contyol system as an inner controux
lecop. The 370 cal-90% case with 3 elastic modes was chosen for this test
case, The flutter equalions of motion were expresseu in terms of the
Laplace variable. These equaiions, aleng with the flutter control systen
have the effect of ~hangiag the overall conirol system characteristic

equation frem one with 11 zeros over 17 poles o one with 26 zeros over

e e D A

32 polec. Figure 103 shows the root loci for this case. The situ.iion is
very similar to that shown in Figure 102, with the flutter control system

turned of T, except that some locul pole-zero action has teer introduced on
the nerative real axis. The system is still highly damped ~nd very stuble.

The elastic modes, all of which have negative real parts, are not shown

in this figure, since the primary concern here 1s the effect of the flvtuier

193

control system on the airvcraft flying qualities, These rune illusirele that
the flutter control system may he effectively decoupled firom the flight

contrcl gysten, al least for fighter tvpe alrcraft with large froegqency
& ) 4 N 4 1

-ﬁ.‘:}.m‘:h-wmk.___;.&‘ e e

TR

sepsration, even thouph the forvard locp control elemacnis are shared,
There may, hovever, be significant offects on the lijht control systen
design if the bandwidth of the common forvurd contrel Joop is lucreased as

ascumed in these studies.

L an - N S

5.2.2 FEffects on Flight Control Svstem Desipn ~ First, let us define
L o1 >

sone terms., Eleclrical sipnals will be gencrated by the sensors (i,e.,
rate gyros and eccelerometers) in a typical aircruft flipht control or

stability aupmentaticn system. These sensors, which are generally mounted
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in the fuselagn, will sense both rigid and ¢lastic motion.,  Both types of
‘motion sigrals may potentiully:destabilize the control syStém and thus
create divergent oscillations. L : o e

.For significant elastic nodes in the low frequency'range of the rigid 4
aircfaft modes it is net practical to attenﬁatevthé'unwanted elastic signal
since the desired rigid aircraft signéls:would aisb be a4ténua+éd The
normal design procedure insghead is +o use "phase stabilization” of the
control system with resvecht to the e¢lastic modes This Dha?n control
procedure aliows for the othervice desirable high apen—;oon gains. It
suffers, however, hecsusc aceourate knovwledge of the nhd¢1ng of the
elastic modes is required and this is wvery difficult to obtain without.
testing with the actual hardware.

If the significant elastic modes heve *"pcuencnes whlch are well
separated from the rigid aircraft modes it is p solble to attenuate the
unwanted elastic mode:response by the use of clectronic compensation such
as uotch filters and lag-le&d networks. This procedure is called "gain
stabilization,”" The elaustic modes msy have any phase whatsoever and the
control will still be stable.

‘Active flutter ccn*rol is inherently a "shase stabilization" process
since a positive controlling force must be used. You may not "gain stabilize"
or "hide from" the flutter jou are trying to control. ‘

‘The F-h (and most oth r contemperary fighter type aireraft) is
relatively stiff and its elastic modes sre well separated from the rigid
aircraft modes.. The F-4 flight ccnirel and stability augmentation systems
are gain stabilized with sespect 1o the elastic modes. One of the
easiest’methods, which is customarily used, to gain stabilize aircraft
flight coutrol syvstems is tec specify the lowest vractical hydraulic
actuator bandwidth. This, cembined with the placement of the body mounted
sensors near minimum elastic mode response points, will minimize the need

for additionsal electronic filtering.

a e

The Bode gain dispgraem of Figurc 104 illustrates the effect of actuator
mandwidth extension on a tyypical tlight control system design which required
a notch filter to gain ctabilize an ciastic made zignal. If the actuator
bandwidth is extended flat “o 10 iz, as shown in the figure, it is

readily apparent that o sizable spopresse in tne depth of the noteh filter
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will be required to prevent control system induced insiebilities at the
elastic mode frequency. If the aircraft control system is manual or if

a stability augmentation system is present, but disconnected, the problem
elluded to would not exuist; the pilot deoes the filtering naturally. Any
closed-loop flv-by-wire system as implied here, however, should be designed
as an integrated packape with a1l of the interacting control systems and
all significsnt ripid and elascic modes considered simultaneously.

5.3 BRBeasic Active Flutter Coulrol Svsten Considerations

"his section describes the characteristics of a basic flutter control
system a5 it mipght be expected to be implemented on an F-b aircraft.

5.3.1 Hydraulic System Modifications

5,3.1.1 TIxistineg Hydraulic System - As described befcre, the hydraulic

pover for the F-L js furnished by three 3000 psi systems; PCl and PC2 and
utility. The pump capacities are 25 gals/min for both PCl and PC2, and
50 gals/min for the utility system. The pump flow rate is essentially
linear with engine rotational speed (RPM),

Alleron Defiecllion and Ra

The naximan aileron deflection limils are shown in Figure 105, These
data, from published F=-h documents, show that up to 1C degrees of alleron
deflection is possit 2 throughout the entire F-h flight domain.

The maximum “ileron rate limits are shown in Figure 106. These rates
were calculated for an silercn surface actuator when in the act of extend-
ing apeain ¢ the acrod/mamic hinge moment at the given flight condition.

In additicn to the aerodvnamic hinge moment these data include the char-
acteristics of the actuator master control valves and the losses in the
hydreulic lines between the pump and the actuatosrs. The analysis is con-
servstive in thet the active stroke of the master control valve was usad
to determine the moximum actuator rates. The aileron actuator specification
indicates a small rate incresse for master control valve overtravel,

Figure 107 shows the substantial improvement in aileron rate limit (about
LO% at Mach 0.6) which is possible when hydraulic line losses are eliminated.

The deflection and rate 1limit plots show the common clraracteristics of
decreasing capability with increasing Mach number. The abrupt decrease of
maximum limits between Mach 0.8ana 1.0 is due to & sudden rise in the

aileron hinge moment coefficient iu the vieinity of Mach 1.
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Spoiler Deflection and Rate Limits

The deflection limits for the spoilers are given in Figure 108.
These data show thet the spoiler deflecticn of up to 30 degrees is possible
throughout the entire F-i flight domain., Figures 109 and 110 give the
spoiler rate capabilities calculated in the fashion described above for
the ailerons.

Aileron Freguency Rzsponse Characteristics

The experimentally determined frequency characteristics for the
aileron power actuator are shown in Figure 111, A transfer function of
1/1+.1S has been used in F-4 control system analyses to represent these
chara.ceristics, This transfer function which breaks down at 1.6 Hz is a
good approximation to the small signal characterstic (.49 degrees double
amplitude, D.A.). A slightly larger bandwidth transfer function would hetter
match the larger signal characteristics (2.9.degrees D.A,).

5.2.1.2 Improvement Required for Hydraulic Systems - It is

emphasized that the improvements nresented here are based on the good
engineering design rules discussed in Section 6.2, However, the

absolute necessity for these lmprovements for a practical flutter control
system is still an open question. It is unlikely that a final determination
can be made without subsequent wind tunnel and exploratory flight testing.

Aileron Power Actuator Bandwid h Extension

The control svstem desipgn studies of Section L.l use a power actuator
frequency response transfer function of 1/1+.010S which is flat out to 10 Hz.
One of the possible methods of achieving this bandwidth extencion is
illustrated in Figure 112, An electrical feedback loopn containing an
LVDT (Linear Variable Differential Transformer) has been added around the
F-L power actuastor. An effective feedback gain of approximately 5.0 would
give the required 10 Hz bendwidth (6.0 x 1.6 = 9.6).

Aileron Rate Capability Increases

The control surface rate limit is the single most critical design
constraint for a practical flutter control system., Every reasonable
system improvement which will improve these rute limits should be employed.
Some of the various system improvements possible are,

1) An accumulator

2) Orifice ares increase

3) Valve redesign for' larger pressure drop
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L) Larger hydraulic linet

5) Increased horn radius

6) Pump gear change

7) ZLarger pump.
These improvements are listed in a decressing order of desirability. An
accumulator, power actuator control valve redesign for a larger pressure
drop ,and increased orifice area are the most likely improvements which
would be required for an operational flutter control system.

Replacement of Series Servo Actuators

For flight safety it is necessary to replace the F-I series servo
actuator (which would be shared by both the flight and {lutter control
systems) since it does not possess the redundancy/reliability required for
active flutter control, A suitable substitute for the series servo
actuator is the secondary actuator developed for the SFCS aircraft.

The secondary ectuestor is shown schematically in Figure 113. This

actuator is a quadruplex, force~swmning hydraulically powered actuator which

controls the wileron powcr actustor control valve in response to electricsal

signals from both the active flutter control system and the aircraft
stabiiity augmentation system. It also provides electrical information

for off-line monitoring and comparison. The secondarv actuator is comprised
of four individual elements whose force outputs are summed through a
rotary lirkage as shown in Fipure 113(a). This unit may be operated with

three systems as considered in these studies with the F-b aircraft. A

cross section of a typical elemen’. is shown in Figure 113(b). The element

is driven by a single stapge jet pipe servovalve., The element has an LVDT

to provide a position feedback signal.
The differential pressure across each element's piston head is

monitcred by a differential pressure sensor. The differential pressure is

converted into an electiric signal which is transmitted to the off-liune

When an element is in error, it will fight the other elements
When

mcnitors.
and its differential pressure will increase relative to the others,

the differential pressure exceeds a predetermined level, the monitor logic
will indicate that the element has failed and iritiate a shut down by
de-energizing the element's solenoid opcrated shutoff vaive. A more
complete description of the secondary actuator is presented in References

S and 15,
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! 5.3.2 Structural and Flight Control System Modificstions - The

structural and flight control system modifications for the implementation

cf flutter control systems in contemporary aircraft can be expected to be
restricted to local structural beef-up's and control system linkage changes.

In future aircraft, with full-timc fly-by-wire power-by-wire flight control
systems, even these structural modifications may not be required. As developed
previously the secondary actuator of the SFCS aircraft could be used in the
flutter control system for an F-b aircraft. The lateral control system
arrangement for the SFCS aircraft is shown in detail in Figure 11Lk., The
secondary actuator, because of its bulk, must be located away from the

power actustor, New linkages are present between the secondary sctuator

and the alleron power actuator. If a fluiter control system uses this

lateral contyrol system it is imperative that th.re be no structural
resonances in this linkage in the frequency range of the flutter mode. Free
pley in the linkage should be kept to a minimum. The free play outboard of
the F-lU aileron puwer actustcr is virtually zero because of the efficient
planc hinge attachment to the control surface gnd the relatively stiff
actuator support structure.

The feel spring cartridge has been moved to the aft cockpit area in
the SFCS aircraft as shown in Figure 114, For an active flutter control
system the feel spring should be as stiff as the pilot will accept. It
should alsu be located in the wing as close as possible to the summing
Junction of the secondary actvuator. These feel spring constraints are
required to prevent the diversion of secondary actuator mechanical signals
back to the pilot's stick instead of tc the aileron power actuator spcol as
dcsired.

Several possible control surface force producer concepts have heen
shown to be feasible in the studies reported in Section 4, For implementa-
tion on the F-h aircraft, the following four separate concepts shcw promise;

(1) Dro~ped aileron ( 25 deg.) oble to move in both directions,

| (2) Existing aileron/spoiler combinetion.
{3) Aileron modified to move both directions with the spoiler dis-
abled,
(L) Ailevon modified to move a limited amcunt of travel in the upward

direction ( &4 5 deg.) beforc the spoilers are activated.
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The drocped eileron concept is the easiest to implement but is only
practical for test flights, because of aervodynamic drag. The existing eileron/
spoiler combingtion is feasivle as an overagtional solution. It can bhe
expected, however, to require improvements in both backup structure and
actuator hvdraulics for two spoilers and one aileron actuator per side. The
use cf spoilers to control flutter may cause problems because spcilers
possegs highly ncnlinear completely unknown oscillatory aerodynamic char-
acteristics. The remaining two concepts reouire sore structural modifica-
tions but ctherwise are very promising es an cper~tional solution since
only the gileron is used in Lne flutter control system,

The deteailed e-rgiuation ¢f cach of these promising concepts is
beyond the scope of these studies. A design engineering trade stuly needs
to be performed tc determine which concept is the preferred solutaon.

5.3.3 PReajiization of Llectrenic Components -- The electrenic com-

rensation ne*works used in the wing/store control system designs are

easily assembied from passive elemente svceh as resistors and capacitcrs and

simplie £clid state onervativiial anplifiers. Tue pure phase Jag netwarx

It}

vsed ir these designs is shown in terms of operational amplifiers and
potentiometars in Fipure 215. The other control system components can
be asscembled from passive elements only and are not shown since they are
adequetely described in the literature for anclog computers,
Tne detail deczign of the flutter control system Computer Voting Unite
is beyond the scope of these studies, They will contain, however, at
least the following items:
(1} Anslos computer circuitry to implement the flulter system control
laws.,
(2) Voter units,
(2) Serve emplifiers to interface with the electro-hydraulic secondary
sctuators.
(&) Pever supplies, oscillstors,snd couverters to generatc all of
the required electrical signals for the entire flutter control
syoterm,
(5) Provizions to interface with both pilot initiated and groand test

circuitry.
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(6) Comparatcrs to monitor the voter units and apprise the pilot of
any system failure.

(T) For #light test only, the electronic buffers required for
interface with the flight test instrumentation.

5.3.4 Phase Margins and Sensitivities - MCAIR expericnce with fighter

aircraft control systems indicates that phase margins of iﬁS degrees sre
Justified design criteria when enalytical studies include control system
nonlinearities, For linear anslytical studies a phase margin of :60
degrees can be justified, These phase margins have been considered as
preliminary design pguidelines in these flutter control studies.

Phaese stsbilization in one form or another is required for active
flutter contrcl. By phese stagbilization we mean that a feedback signal
commands a force producer with phase characteristics 3¢ that the
response to the force producer hes a stabilizing effect,

5.3,4,1 Control System Phase Uncertainties - The phase sensitivity

to parametric variations in conirol system components was detiermined
& typical flutter control system of the general type presented in Figure
15. To guarantec a conservative evaluation, the following pessimistic
tolerance vglues were used:

+ 10% on gains

+ 20% on time constants.
The control. lcov for the particular case considered is given in Figure 116.
This is the improved power actustor case of Reference 1k, The accclerometer
{80 Hz), secondary ectuator (36 Hz) and the lag compensation numerator (202 Hz)
vere not varied in this study since they are outside the frequency range of
interest (0 - 2% Hz). Fach parameter in the control loop was varied and
the devistion from nominal of the open-loop frequency response was determined
in both gain and phase. The RSS (Root Sum Square) value for these
individual deviaticns was found to be less than 19 degrees in phase and
1.5 dB in gain for frequencies up to 25 Hz, RSS implies thai the error
sources are independent snd hence the variance of the sum is the sum of the
variences. These data indicate that somewhat less than 20 deprees phase
uncertainty should be easily achieved for the general type of control systems
being considered if quality componenis are used in the control loop

electronics.
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5.3.4,2 Dower Actuator Sensitivities to Signal Size ~ Experimen‘al

frequency response test results are shown in Figure 111 for the F-b

aileron power actustor. Phase lag and amplitude ratio are shown for bhoth
small (.49 degrees) and large (2.9 degrees) double amplitude motion. The
maximum phase variation with signal size is on the order of 15 degrees over
the entire frequency range from 1 to 10 Hz, This effect is in addition to
the previously defined RS8 phace uncertainties, that is 192 + 152 = 2,2
degrees. Thnis value is still well within the study desipgn puideline of
+45 degrees phase margir when nonlinearities are included in the analysis,
The corresponding gain variation is or the order of 1.5 dB at L Hz but
near zero in the vicinity of the flutter frequencies at 8-10 Hz,

5.3.4.3 Flutter Mode Frequency Uncertainiies - Phase uncertainties

in a flutter mode can be adequately compensated for by control components
with slowly changing phase over the frequency range of the flutter mode.
For a parcicular dynamic configuration at a specified flight condition,
the trajectory on a Nygquist plot would be in rougnly the seme locatd
whether the flutter occurred at say 8.5 Hz or 9.5 Hz, assuming all other
components in the control loop have approximately the same phase angle at
both 8.5 Hz and 9.5 Hz.

A test computer run has been made to evaluate phase uncertainties cavsed
by flutter mode frequency uncertainties., TFor this tesc run, the zero air-
speed frequercy of the mode which goes unsteble was changed from 8,78 Hz to
9.78 Hz, The control system was the design of Reference 1k with the
improved power actuator and with g = 0.0, Flutter occurs for this modified
system at a frequency of 9.05 Hz compeared to 8.33 Hz for the nominal case.
The appearance of the Nyquist plots is essentially unchanped and indicates
stability for all velocities through 300 KEAS just as for the nominal case.
This run demonstrates thut active flutter control is feasible even if the
flutter freguency is not precisely defined provided that it is the only
unknown varisble in the system. It has been previocusly established in
Reference 14, Figure 7, thati precise knowledge of the flutter onset
velocity is not required in any case,

5.3.4.4 Aercelastic System Phase Uncertainties - As devcloped above,

the contrcl system elecironic componente can be easily made to have a very

small phase uncertainty. In addition, full-scale ground test date for both
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the electronic and hydraulic components can be credibly related to flight
vehiclic hardware, The only unresolved rhase uncertainties are thcse which
are genersted by the variable and unknown aeroelastic characteristics of
the aircraft.

There is, however, a particuler characteristic of the control system
open-loop frequency response functién which is suitable for use in elimina-
ting virtually all of the remaining aseroelastic phase uncertainties in foth
wind “unnel models and operational flight vehicles. This characteristic is
illustrated by the Nyquist plots of Figure 117. For flight velccities below
the flutter velocity (VF), the Nyquist lcop associated with the potentially
unstable mode closes in a clockwise (CW) 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 alrspeed increases, the
potentigl flutter mode becomes the single most predominant loop., As flutter
is approached, the loop becomes progressively larger, It becomes infinite,
and the direction of closure changes to coanter-clockwise (CCW) when flutter
oncet is reached. As the velocity increases further lnlo [iutt=r, the
loop becomes progressively smaller, The most significant characteristic of
this transition is that the unstable post-flutter lcop is 180 degrees out
of phase with the stable sub-flutter locp. This characteristic has been
observed in the ACF computer program runs regardless of the number of
potentially unstable modes or of the number of included degrees of freedom.

Nyquist plots such as those given in Figure 11T show at a glance the
required phase change for flutter centrol., If the contrel system compensa-
tion is adjusted to locate the sub-flutter lcop-of-interest with its major
exis along the positive real axis, the post-flutter loop will be in the
desired position with its major axis along the negative real axis. Ve
expect that a wind tunnel test engineer can, with the use of a Nyquist Plot
displey of the type shown in Figure 117, eliminate the effects of the aero-
elastic system unknowns.

5,4 Flight Safety Considerations

Flight, safety is s paramount design consideration for active flutter
control systens, It is a consideration which affects the basic system
complexity and redundancy and thus ultimately its total weight and cost.
Some level of system redundasncy ic required because of the catastrophic
nature of the fiutter phenomens which demands continuous control when deep

in the flutter region.
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The order of the system redundancy is a function of the design
criteria for flight safety. The design guidelines which have been con-
sidered in these studies are given in Section 3.1.3. The basic gowd &f
these preliminary guidelines is to use a minimum number of redundant control
system components to guarantee a failure rete of les: than one catastrophic
failure (loss of aircraft) per million flignt hours. The nature of flutter
is such that continuous controsl is required for each aileron when the aire
creft is in the flutter regior. This requirement is much more demanding
than the SFCS fly-by~wire requirement which allows individusl aileron
failure.

5.4.1 Reliability Data and .nalyses

5.4,1.1 Component Failure Rates - To lend credibility to the relirbility

assessment. we have used published data for the SFCS F-I aircraft as given
in Reference 5, page 39.

The failure rates of particular significance for active flutter
control on the F-4 gircraft are shown below:

Component. Failure Rate
(per 100 Hrs,)

Aircraft AC Electrical Supplies (Dual) 14,0

Engine Flameout 30.0

If the active flutter control system on an P-L aircraft included only
the two items listed in the failure rate table above, the system failure

rate would alresdy be Ll per million flight hours, The failure of ar

active flutter centrol system during posi-flutter wvelecity flight implies
loss of the aireraft unless the flutter mechanidm is disrupted. Thus, if
a wing/store mechanism is being controiled, s high flutter control system
failure rate might be acceptable if the stores were automatically ejected
upon system Tailure, Alternately, the aircreft loss probability could be
minimized by removing high failure components from the flutter control
system,

5,4,1.2 Automatic Store Ejection - If an automatic store ejection

system with a failure rate of less than 100G per 106 hours were included in
an active flutter control system, a 4,0 per 106 hours failure rate could
be reduced to much lower than the tar-get 1.0 per 106 hours, The failiure
rate for the operationel F-U store ejection systems, considering only

those failures sttributable to inadvertent store cjection and hung stores,

is less than 20 per 106 hours. Store ejection would probably be impractical,
207




however, for anything other than a l-g level demonstration test flight,
Ejection placards exist for nearly every flutter restricted store con-
figuration. These placards are required because of the iendency toward
store afft-end-up rotation during ejection fcr some alrcraft angles of
attack. ™his motion creates the danger of impact of the stere with the wing
trailing edge. The adverse tail-up rotation is stiributable primarily to
the aerodynamic loads on the store and not the ejection impulse, Cecsause

of this, evern if for nootherreason, it is clear that automatic store
electicn is not a satisfactory means of achieving the desired level of
reliability in an operational sense,

5.k,1,3 Elimination of High TFailure Rate Items

Aircraft AC Electrical Supplies

A schematic of a possible flutter control system is shown in Figure
118, As indicated in the figurc the only electrical power reguired for the
system to operate is the 28 volts DC for the Computer Voter Units and the
system AC power supply. The CVU's include both the voter circuite
(necessary tc operate the secondary actuator) and also the flutter control
system electronic components: compensators ané high pass filiter., The
system power supply provides the AC electrical power needed by the motion
sensor and the Linear Varisble Differential Transformer. The flutter
control system could operate for a limited time (until the aircraft was
slowed to a sub-flutter velozity) on a small 23 volt emergency batiery
supply. The incorporation of such a battery into the flutter control
system is essential to eliminate AC power fgilure as a critical failure
mode, The aircraft AC power system normally provides the DC power to the
active control system by means of transtormer/rectifiers.

Engine Flameout

Engine flameout, with a failure rate of 30,0 each million flight hours,
causes a loss of the hydraulic pumps so that the hydraulic systems are
forced tc rely cn the stored energy in accumulators, power control
reservoirs, and engine rotary inertia. This provides a contiruous,
decreasing hydraulic pressure for the aircraft which is alsc, because of
the engine rlameout, rapid.y losing speed and thus stabilizing fintter.
Calculations show that a clean F-4 will slow from 800 to 600 KEAS in

sbout 20 seconds at sea level. An F-bL with external stores would decresse
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speed even faster. The engine speed, as e function o. time after flameout,
is shown in Figure 119. This plot was taken from Reference 15.

It is seen that a minimum of LO% RPM is available to drive the
hydraulic pumps 20 seconds efter flameout. The pumps, which have a linear
flow characteristic with speed, will thus furnish 10 gsallons per minute to
each hydraulic system for L0% engine RPM. If we assume that other sircraft
demsnds are minimal, each aileron power actuator will be able to use nesrly
20 gallons per minute from its two avallable hydraulic systems.

It has been shown (Section 4,1.2.4) in rate limited time domain runs
with the 370 gallen tenk-90% full case that flutter control can be main-
tained with aileron rate limits as low as 60 deg/sec even though the
limits are invoked as much as 50% of each cycle of motion. Caleulations
based on the 60 deg/sec limited case give maximum flow requirements of
14 gallons per minute during the first second after the gust excitation.

It may thus be concluded that flurter control will be maintained during the
aireraft slowdowrn following engzine failure provided other aircraft hydraulic
demends are small while the aircraft is flying through severe turbulence,

5.4,2 Voter Logic and Redundancy Requirement

5.4.,2,1 Voter System Concept - It is assumed that a practical

flutter control system specification will require that the firsi failure
in the centrol system loopr will create a condition in which there is no

critical degradaticn of system performance, A triply-redundant clectironic

configuration is required to satisfy this one-fail-operate performance criterion.

This is true since it is not possible to recognize the good signal with
only two signals to compare.

One procedure for voting is described in detall in Reference 5, papes
101-115. This procedure, which is based on quadruply-redundsnt systems,
could be readily adapted to triply-redundant systems. Fci triply-redundant
systems, however, the voting procedurc can be pgreatly simplified by
usring solid-state transistor diodes (or possibly even integrated circuits)
instead of the feedback operstional amplifiers of the SFCS (Reference Y)
voting system. A conceptual voter block diagram is shown in Figpure 120,
The "AND" circuit chooses the more negative of the two irmut signals while
the "OR" circuit chooses the most positive of its three input signals.

If any failure should ocecur, the failed signal will be greatly difTerent

from the other two signals and will thus be eitber the most positive ur the
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most negative of the signals. Since the failed sipgnsl cannot be the mid-

value signel, it is instantaneously rejected whether it be z hardover in

.eitrer direction, an open circuit, or just an out-of-tolerance partial

fail: re, Since the falled channel is voted out on an instantaneous basis,
uninterrurted, undegraded, full-signal performance is assured and no
transient is experienced in the loop even withcut detection of the failure.

5.4.2.2 Off-Line Comparator Concept - The pilot, however, must be

apprised of the failure to allow him to respond to the warning and reduce
the speed of the aircraft. Off-linz comparators, which show an output
only when the difference of two signals being compared is greater than

a preset tolerance amplitude, are suitsble for this monitoring requirement,
Although there are other possible schemes for failure detection, the
cross-voter menitoring concept illustrated conceptually in Figure 121 is
the most appropriate for this application. In this concept, a signal
faili."e will be detecected by the off-line comparators in the same channel
in w5 ch the failure occurs. For example, consider the case where all
thre: signalc are initislly within the preset tolerance band of the

compi1 tors. If now any one of the three signals leaves the tolerance band,
one ¢i{ the two remaining signals still within the band will become the
commo ' mid-value output signel. The wvoltage across the comparator in the
failec channel will thus exceed the tolerance and cause the failure signal
to b= nitiated,

5.4,3 Practical Multiply-Redundant Flutter Control System

5.L.3.1 System Description - In the previous section an argument was

made that e triply-redundant electror.ic configuration would be adequate

for a flutter control system. A conceptual flow diapram for uch a system
is shown in Figure 122, The control loop is triply-redundant from the
sensors through the secondary actuators, It becomes a single path at the
secondary actustor force~summing output shaft., The mechanical lirkage
which adds the pilot's commands to the flutter control system cormands is
part of this single path section., The loop becomes dovbly-redundant at the
gileron actuator to complete the circuit, Individual DC electrical scurces
and hydraulic pewer supplies are required fer the operation of the flutter

control system, The additional components shown in this figure, referenced

to an operational F-U aircraft, are the sensors, compiuters, secondary
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actuators, transformer/rectifiers, batteries, end accumulators, The
batteries, which furnish the emergency DC power to the Computer Voting
Units, must be mainteined by rigidly scheduled inspection and servicing
to ensure their avelilebility as the backup system,

Switching is provided in this system which would automatically connect
the remaining gcod bus to the failed bus in the case of a single generator
failure. This eliminates the need for battery power, except possibly
during the switching process, for anything other than complete loss of
alrcraft AC powver.

5.4,3.2 Failure Analysis -~ The complete catastrophic failure table for

the conceptual system sketched in Figure 122 is shown in the table below.
Notice that AC electrical supply failure and engine flameout have been

eliminated.

CATASTROPHIC FAILURE RATE TABLE PER SIDE FOR ACF SYSTEM

Component Description Number Failure Rate Collective Component
of per Channel Failure Rate
Channcls {per 10% Irs.) (per 10° Hrs.)
Secondary Actuator 3 250 .00002
All Mechanicel Linkages 1 .01 01
Aileron Actuator 1 .10 .10
Hydraulic Power Loss 2 NA .004
Sensors & CVU's 3 10,000% 1,000
Total/Side = 1.11h

Total/Aircraft 2,228

* Sensor and Cowputer Votirg Unit Failure Rate, computed below,

Component Descripuion

Passive elements

Active elements

Number Failure Rate
of ver Elepent

Elements (per 10° Hrs.)
Lo 125
1C 500

Collective Channel
Failure Rate
(per 100 Hrs.)

5,600

5,000

Tctal = 10,000

All of the failure rates shown, except those for the sensors & Cvl's,

are taken from Reference S, page 39. The sensor & CVU failure rate computa-~
tion was made according to the assumed model given below ithe table. Sensors,
operationsl amplifiers, and Linear Variable Differential Transformers are

ccnsidercd to be active elemernts while resistors, capaclitors, and
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transistors are considered to be passive elements. The one failure per 100
hours for the Sensosr-CVU combination (10,000 failure/106 Hrs,) is really a
quite conservative figure. For example, Reference 5 lists the failure

rate of the SFCS pitch computer channel, which is at least as complex ss
the flutter control CVU-Sensor channel and includes more active elements,
as one failure every 40,000 hours! Obviously, by using either fewer or
better quality components, the relisbility of the Sensor~CVU channel can
be dramsticelly improved to eesily satisfy the one catastrophic failure
per million flight hours reliability criterion,

Based on the consideration of this section, it appears possible to
achieve overgll failure rstes for an active flutter control system on
the order of one failure per million flight hours.

The reliability guidelines are believed to be conservative for seversel
reasonus. The prinecipal reason is that an active flutter control systen
would be used in only a small (unknown) percentage of the actual fiight
time of the aircraft, In addition, it is recognized that the control
sysLem would he pretested at a subt-{luttcer velcocity before penetration of
the flutter region. If the test indicated troublie anywhere in the system,
the pilot could leave the system off and avoid penetration. After any
single system failure, when in the flutter region, the pilot would also
have an cpportunity, after being apprised of the failure, of reducing
the airspeed to az stable velocity prior to the occurrence of a second
failure. Tlight safety requirements for flutter contiol zystems which can
be turned off when not need.d, pre-tested before use, and which allow a
stabilizing pilot response for any single failure should not be required
to have the same level of reliability as for full-time fly-by-wire aircraft
flight control systems, such as used in the SFCS aircraft, which must
work successfully from teke-off to touch-down.

5.9 Weight Estimate for an Active Flutter Control System

The followinp list of component weights is hased on the conceptual

flow diagram of Figure 122 and relies heaviiy on deta from beth the SFCS

aircraft of Reference 5 and the MCAIR in-housc advanced CCV fighter studies,
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Weight
{per aircraft)
1bs.
Secondary Actuators 2xk0,0 = 80.0 70
~ Series Serve Actuators -2x5.0 = 10,0
Pccumuliators 2x9.5 = 19.0 0
- Flutter Dampers ~2x9.5 = -1%,0
Computer Voting Units 6x10 60
Racks for CVi's 6x2 12
Sensors 6x2 12
Cockpit Tisplays and 1x30 30
Test Control Boerd
Transiormers/Rectifiers 3x9 27
Wiring and Electrical Mods. 1x30 30
Instaliation hydraulic 1x20 20
lines, linkege, etc.
Batteries 3x3 _5
Estimated total additional weight = 270

This estimete does not include weight fer a Built In Test (BIT) unit.
It is assumed that ground test equipment will be used instiead of a BIT for
pre~flight checkout.

The system is based on the F-b lateral flight control locp with the
series servo replaced by the multiply-redundant EFCS sccondary actuator.
In future aircraft it is expected that flight contrcl systems will uue
much more compsct actuation concepts. Examples of such schemes sare:

(1) Electro-hydraulic secondary actustors mounte: directly on and
mechanically driving the control valve of the primary hydraulic
power actuator, and

(2) Completely integrated fly-by-vire, power-by-wire, multiply-
redundant primary electro-hydraulic power actuators.

Either of these two actuation concepts would effectively eliminate the

nced for both the heavy SFCS type secondary actuators and the asgscociated
mechanical linkage. This would reduce the estimaied totsl weight to approxi-
mately 200 pounds per aircraft, mssuming that none of the weight for the
primary actuastion system is chargeable to the flutter control system, If

the flutter control system were to require separate dedicated components

the weight would be significantly greater than the 200 pounds per elrcraft.
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6. DISCUSSION
This section discusses the most significant results obtained in these
studies. -

6.1 Payoffs for Active Flutter Control

The promised benefits from active flutter control are of two types,
{1) expansion of flight envelope for contemporary and future
Aalrcraft by removal of flutter placsards,

(2) weight savings in future aircraft.

The studies indicate that the increase in flutter speed through active
control is a direct function of the severity of the flutter mode. The more
explosive the fluttcr mechanism, the less flutter speed increase is possible.
For speed increasecs greater than 10% the necessary condition is that the
flutter mechanism have a damping coefficient change (in a classicel V-g
sense) at passive flutter onset which is less than 0.1/100 knots. Most F-L
ving/store fiutter cases satisfy this reguirement. The advanced aircraft
horizontal tail and wing designs considered in these studies required passive
moific:'ions to "calm" the flutter mode befor: sctive control was feasible.

The specific payoffs for active flutter control for the study configur-~
aticns are given in the paragrazphs below.

F-L Wing/Store Configurations

Gein margins greater than +6 dB were determined for each of the F-L wing/
store cases for velocities up to the meximum velocity of the F-b with stores
(730 knots) for sea level aerodynamic dats and g = 0.02 structursl damping.
Phasc margins for tne same cases are 150 degrees or greater except for the
370 gallon tank - 90% full, which has phase murgins of approximetely +ui5
degrees. The studies determined that the flutter control system stability
margins, both gain and phase, decrease with increasing velocity and increasirg
altitude. The margins werc fcound to be nearly the same for both subsonic
(M = .9) and supersonic (M = 1.2) aerodynamic theory. As a result of the
decreusing gain and rhase margins operation of both the MK-84 EO and the 370
gallon tonk cases with an active fluttsr control system 1s restricted to
altitudes below about 10,000 feet. The MK-82 case was not enmlyzed.

The removal of store flutter placards is a benefit for which there is no
realistic weight trade off. The benefit 1s operational in that the aircraft
can fly lower and faster thar before and it will thus be more effective with

enhanced survivability. These are very real benefits snd can easily Justify

218




i

s
:A
Iy

the 200 1bs or more required for the active control system. The 200 lbs is
based on a triply-redundernt control system designed for less than one catas-
trophic failure per million flight hours. This weight figure also assumes
that existing controi surfaces and hydraulic asctuation devices are available
for cooperative use so no weight has been included for those components.

The studies have indicated that such cooperative use is feasible.

Advenced Aircraft Horjizontal Tail

A flutter speed incresse of more than 30% was achitvved with gain margins
greater than +6 4B and phase margins greater than +6C degrees for the Candidate
Design configuration. The horizontal tail Candidate Ncsign consisted of the
baseline Strength Design vith 20 pound ballast weights added to each tip at the
leading edge. The ballast weights were necessary to maske the horizontal tail
flutter mode less explosive and, hence, more controllatle. The total projected
weight penelty for active flutter control of the baseline Strangth Design, in-
cluding ballast weights and flutter control zystem components not shared with
the aircraft flight control system, was 85 pounds. This is 25 pounds more than
the passive flutter solution using Lallast welghts and at least 15 pounds less
than the solution using stiffness increases.

Advanced Aircraft Wing

The flutter mode of the baseline Strength Design of the advanced alrcraft
ving was much more explosive than any of the wing/store cenfigurations studied
or the horizontal tail Candidate Design. Ballast weights in excess of 200 pounds
per aircraft were required to meke the primary flutter mode reasonably
controllekle. Without bellast weights the baseline wing flutter velecity
could be improved by about 10% when an ailercn wvas used as the flutter sup-
pressor. A 30% flutter velocity improvement was obtained with an all-movable
tip flutter suppressor. This all-movable tip case, however, exhibited
unacceptable stability characteristics after only a 6% flutter velocity
improvement. A 30% flutter velocity improvement was obtained passively for

the baseline configuration with less than a 100 pound weight penalty.

6.2 Hurdware Considerations

Hydraulic Eystem Requirements

The studies have generally assumed that the hydraulic actustor frequency
response bandwidth is ex.ended past the flutter frequency being controlled.
If this is not done it becomes difficult to decouple the flutter control

system from the flight control systems when force producers are shared. 1In
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addition, the forward lcop of the flight control system may begin to exhibit
many of the characteristics of the feedback loop if the forward loop is highly
attenuasted in the frequency renge where the feedback loop is highly ampli-
fied. For example, consider a simple feedback control system in which the
magnitude of the forward loop transfer function G(S) (the plant) is much
smaller than that of the feedback transfer function H(S) (the flutter control
loop). H(S) is also assumed large with respect to unity. The closed-loop
transfer function is thus

G(s) __G{sy/u(s8) . 1
1 + (G(5) H(5)) 1/H(s) + &(s) ~ H(s)

The flight centrol plant would, therefore, not be expected to respond as it

was criginally designed.

If exclusive dedicated control surfaces are available for the flutter
control system it appears from the results of the studies reported in Refer~
ence 1l that existing low bandwidth force producers are feasible for flutter
control. The concept in that case is to trade off the loss of gain in the
coutrol foree producer with increased gain in the control system electronics
so that the net gain level around the complete closed loop is held constant
at the required level for the flutter control.

Control valves must be designed for high flow rates., This is because
of the requirements for cycling in the high trequency range of flutter. This
frequency varies from 7 to 11 Hz for F-b wing/store flutter. Frequencies
higher than this can be expected for fighter aircraft wings and herizontal
tails., An sccumulstor must be included to ensure continuity of the desired
flow rate if other aircraft systems are potentially ahle to starve the
flutter control system for short periods of time.

Aileron rates on the order of 200 deg/sec are required for the tested
F-l wing/store control system designs when the open~loop gain is set for a
gain margin of 6 4B against the g = 0.0 structural damping passive flutter
s = 13 ft/sec,. If the
open-loop gain is reduced to give 6 dB ugainst the g = 0.02 structural damp-

boundaries when in region of extreme turbulence (G

ing flutter boundary, the aileron rates are all less than 100 deg/sec, which
is within the capability of the F-L aircratt. The equivsalent damping in the
flutter mode, after excitation, is reduced, however, when the open-loop gain

is reduced, as illustrated in Figure 69.
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For a given configurution and rlutter mode the control surface rate is
proportional to,

(1) the input excitatiou level,

(2) the control system open-loop gain.

If a flutter control system is required to operate in a region wnere there

is a significunt amount of excitation energy at the flutter frequency (i.e.,
a well developed thunderstorm), rate requirements will be high. On the other
hand, if clear air turbulence and maneuver loads are the only excitation
sources the rate requirements will be somewhat reduced. If, in the future,
ciegr air turbulence sensing becomes practical, hydraulic rate requirements
foir active flutter control could be dramatically reduced. Results given in
Reference 1L show rate requirements of less than 10 deg/sec for high intensity,
low frequency maneuver loads and discrete wind gusts such as would be expected
in demonstration test flights.

It is guestionable whether any fly-by-wire system should sver be flown
in thunderstorms because of the danger of lightning strikes. This is not as
serisus s consideration for f
flignt control systems since flutter control systems can be turned off when
the aircraft velocity is less than the flutter velocity.

This area of hardware capability demands the most sttention in any
further investigation of active flutter control. As more information is ob-
tai.ied from winda tunnel or flight tests some of the more restrictive design
guidelines may be reliably and confidently relaxed so as to reduce the demands
on the contrcl system hardware.

Effects of Nonlinearities

Control system nonlinearities have been evaluated in these studies.
The major considerations are summarized in the feollowing paragraphs.

The deflection limitv for controli surfaces is never reeched, or even re-
motely approachked, by an active flutter suppression system. Since the pilot's
use of the control surface is restricted to small angles in the high Q
region, there is very little or no chance of the control system to reach its
limit deflection while flutter is being controlled.

The rate limit, on the other hand, is the single most critical design
constraint and affects the system gair and available power for flutter con-
trol. Control is maintained, however, even though hydrsulic sctuators are

rate limited over a significant portion of each oscillcetion cycle. The effec-
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tive damping of the aircraft response is reduced if the maximum rate limit of
the control surface power actuator is lowered. 1f the maxinom rate limit is

too low, contrecl of the flutter mode is lost.

Dead space and free play have been evaluated and found to be acceptable
for a control system such as the F-k aileron actuation system If these non-
linearities are present, and measurasble, the flutter control system design
could be modified slightly to accommodate the sdditional control system lags.

Hydraulic control valve friction and inertia have not heen evaluated.
These effects can be evaluated most realistically through hardware bench tests.
Control valve inertia can be expected to be an important design consideration
in a flutter control system for wing o¢r horizontal teil flutter modes which
are at higher frequencies than the wing/store flutter modes. Very light con-
trol valve spools may be needed for control of very high frequency flutter
wodes.

The effects of resonances, free play, and alternate force paths for the

mechanical linkage between secondary actuators and the power actuator control

valves needs special attention in any deteil desipgn for a flutter control
system. For example, free play in this linkage has the same effect as power
control valve dead space. A hard point must be provided slso to prevent

: force transmittea back to the pilot's stick in any "walking stick" arrange-

R R T

ment such as used in most operational fighter aircraft.
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6.3 Operational Benefits

A study was performed to determine the nature of some of the operationzal
benefits likely to occur because of active control of fighter aircraft wing/
store flutter. The F-U aircraft, as e typical case, carries two basic types
of external stores, either fuel tanks or weapons. The feasibility studies to
date have emphasized the fuel tank configuration primarily because it provides
a verified flight demonstrateble design with a convenient method for changing
the dynamic configuration in flight. The operational benefits likely to re-

sult from fuel tank flutter control are undefined since most of the typical

missions for the F-L specify dropping the fuel tanks as soon as they are empty.

The 4810 1bs of fuel in the externsl tanks is sufficient for from L-12 minutes
of fiight at the maeximum power setting, depending on Mach number and sltitude.
For the military power setting, the flight time varies from 15-T75 minutes.
The stylized rmissions for the F~U use up the external fuel supply withir the
first 100 miles of flight. The reason for this short range is that 2100 1lbs
of fuel is used frcm the external tanks for warm-up and take-off.

Data contained in the USAF Aircrew Weapous Delivery Manuzl {(Reference
16) may be used to establish some of the likely benefits to be obtained from
increased aircraft velocity at low altitudes. The reduced release gltitude
may result in a significent increase in weapon effectiveness. The latersl
displacement of the weapon delivery footprint is reduced because of the
shorter trajecfory for the weapon. The longitudinal displecement footprint
may also be reduced but here there is a trade off between reductions due to
shorter trajecturies and increases due to an uncertainty increase in the
weapon release timing. A case can also be made for the expansion of the
flight envelope for certain Tlutter critical stores, such as ECM {Electronic
Counter-Measures) pods, which should not be Jettisoned because of expense or
security. To evaluate these payoffs in depth and to determine other addi-
tional benefits regquires a far more deteiled operations analysis than for
this preliminary study.
6.4 sSurvivebility-Vulnerability Considerations

The Air Force Tactical Air Command has e standing requiremeni for the
capability to carry and deliver conventionel munitions supersonically, Tt
has been argued that supersonic delivery will provide increases in surviva-
bility. As the attucking aircraft drop to lower altitudes to avoid radar

directed guns and missiles they are subjected to enemy ground fire. A high-
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speed low-sltitude approach would significantly decrease the enemy's sability
and time to scquire and fire on the attackers,

These flutter control studies have heen concerned primarily with the
establishment of feasibility end have not specificelly assessed the combat
viulnerability of a particular asctive flutter supression system. Nevertheless,
certain general comm2its can be made concerning the system vulnerability.

Cat s;trophic battle damage fajlure can occur in a flutu.r control system

either by:

1

) Direct impact of projectiles on critical control system elements, or

o

) A battle damage failure of some other elemeat in the aircraft which
propagates to and causes the failure of & critical conirol systenm
elemeut.

Sach of these two battle damage modes will e considered for the conceptual

control system design for F-U wing/store flutter control shown in Figure 122.

The components shown in the figure are required for a practical flutiter

control system designed for less than one catastrophic failure, from causes

mther than tattle damege, each million flight hours. The additionsl compo-
nents, refersenced to an cperational F-L, are the sensors, computers, sezondary
actuators, transformer/rectifiers, batteries, and possibly the ind:ceted
accumulators.

Direct Impact Damage

The ailesron, aileron power actuaior, and mechenical linkages have the
seme individual dama e probabilities as an operational F-h. However, an F-h
equipped with an active flutter suppression gystem requires thre continuous
functioning of both ailerons to avoid a catastrophic failure, wihlle the un-
modified F-4 allows the failure of individual ailerons.

Similar rcomments apply to the spoilers if they are used in the Iflutter
control system. The accumulators would be in the iumediate viecinity of the
ailcron power actuator and can be expected to experience similar damage
effects. The triply-redundant secondary actusatcr is elso a single point
battle dumage item since it is contained in one package.

The sensors must be located at a single point on the wiag in order to
give the same signal in all three channels. They are thus more susceptible
to catastrophic damsge than would be the case if they were dispersed. All

cof the electrical wiring, computers, transformer/rectifiers and batteries,
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however, mey be separately packaged and widely dispersed ¢ minimize the
battle dancge effects of direct projectile hits.

nduced Failures

The single most critical bettle damege induced failure is caused by the
loss of the hydraulic power supplies. The F-L aircraft is typical of contcm-
porary aircraft in thet hydraulic lines of the separate systems are in clcsa
proximity in several lccations, wuch as the wing and empennage arcas. In
these regions a single projectile could cause loss of all hydreulic power.

The loss of either primary system coubined with the loss of the utility system
will cause loss of flutter cortrol for one or the other of the aircraft wings.

Vuinersbility Reduction Concepts

Automatic failure isolation in aircraft hydruulic systems to reduce the
probaebility of & single hit causing loss of the complete system can be accom-
plished by e number of methods as described in References 17 and 18. Several
of the most promising concepts are being further developed for use on
advanced aircraft. The requirement for flutter control systems is such thst
some O the more attractive qoncepts, such as reservoir level sensing, uwy
not be suitable because of exrcessive time lags between sensing of the failure,
determination of the failure location, and isolation of the damaged section.
A setv of continuously functioning in-line hydresulic logic devices tou quickly
isolate damaged sections of the hydraulic system would be very attiactive
for flutter control systems.

Power-by-wire actuation promises a4 drametic improvement in flight con-
trol system survivability. Becsuse the hydraulic power supply is integrated
into the actuator package the induced failures resultiug from projectile hits
in other parits of the aircraft are minimized. The only external cowrponents
in suenh a system are ‘he electrical wiring which may be both redundent and
widely separated. Heat rejection, which is a measure of the hydraulic losses
to the system in the form of hcat, however, is significant for such systems
as described in Reference 19, The additionel duty cycle associated with
flutter control may significantly increase cooling reguirements.

Under AFFDL sponscrship (Reference 20) criterias snd guidelines are being
developed for wvulnerability indices which could be used to comparutively
eveluate candidate flight control system mechanization concepts in an earlier
stage of design., Definitive beattle damnsge mode and effects analyses can be

performed when specific detail design data becomes available.
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€.5 Wind Tunnel and Ground Testiug

6.5.1 Wind Tunna2l Tests - The lack of verified knowledge of control

surface and spoiler unsteady serodynamics leads to 8 requirement fur wind
tunnel tesiting, perticularly ir tihe transonic xegion., Hewever, both low
speed end transonic tests are recommended. The bulk of data and electronics
checkout would be performed in the relatively inexpensive and efficient Jow
speed testa., Ths unknown effects caused by compressibility would be eval-
uated in the transonic tests. It is premature, however, to recomend the
exact nature of wind tunnel modsic. Additional study is required to evaluate
the trade offs among available turmels, model types, model support concepts,
model scaling and the closely related hydraulic system requirements. The
aveilable tunnels prchibit i .ng the same model for both subsonic and tran-
sonic tests,

Recent experienze at McDonrell Aircraft Company has demoanstrated the
practicality of using miniature liydreulic actuastors for the excitation of a
typical subsonic flutter model. Actuator bandwidtis of 20 Hz vith amplitudes
on the order of Xl degrees are obtainable from the miristure l'near actvators
used in these tests. Similar type actuators would be appropriate for tran-
scnic testing if the model cnvelope was not prohibitive because of an overly
small model scaling.

In particular, an F-L wing/store flutter co.trol model suiteble for low
speed testing could consist ¢f a single wing with stores and a partial fuse-
lage section centilevered from the side wall of the tunnel. Sensors, such as
accelerometers, would be mounted on the wing panel and furnish signals
through a cable to an electrcnic compensation module located on the ovtside
of the tunnel, The compeisation module would be designed to permit essy
adjustment of feedback gain and phase margin and permit filtering. All feed.
back compensation would be _erformed by the compensation module. Instrumen-
tation ..r the test engineer iritisted, open~loop frequency response tests
85 described in Section 5.3.U4.4 would also be present. These frequency
response tests would be performed prior to entry into the flutter critical
region. The servo valve, vhich accepts signels from the compensation module,
would be located as close to the alleron power actuator as the design per-
ritted fto minimize hydraulic line losses. A small linear power actuator
wounted on a wing spar near the control surfuce hinge line would drive the

surface through a bellcrank linkage.
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Actuation should be performed at the control surfece location with the
shortest and tightest linkage possible to minimize drive mechanism wrap-up
and control surface free play. Excessive amounts of either of these two items
can destroy the credibility of the results and may even preclude testing
altogether. In this regard, miniature hydraulic actustors are preferable to
electric torgque motors for active flutter coatrol model testing. Electrice
torque motors, in general, have dynamic prablems, such as drive mechsnism
vrap-up, mechanical linkage free pimy, as well as potential instabilities
caused by the high gsins required in the torque motor feedback locp to in-
crease vandwidths.

The frequency scaling for the largest prectical model should be kept as
low as possible to allow for reduced demends on the model hydrauiic system
desigr and to establish the naxirum credibility in relating wind tunnel
hvdraulic system data to flight test vehiclie data.

Wind tunnel tests to measure oscillatory aerodynamic date from a distri-
buted sel of pressure sensors, might be appeopriate i unexpected behavior is
seen in the functiconal tosts. These measured data, in conjunction with the
datu generated in the functional tests could provide guidence for corrective
measures.

€.5.2 Ground Tests - Design confidence testing will be required Tor the
flurter contrcl system hardware prior to flight evaluation. Tne required
testing falls into seversl general categories.

Open-Loon Teswus

Component evaluation testing will be required for ecech of the flutter
control system components with special emphasis devoted to the hydraulic
actuators and the electronic computcr voting units. Component transfer
funeticns and response characteristics should be determined for each of the
components. These transfer functions would allow for updating the analysis.

Closed-Lcop Tests

Component intcgration testing, which includes hybrid simulation and iron
bird tests, will be required to verify component functional and compatibility
relationship. end the closed-loop resporse charscteristices.

Instulled System Tests

Functional, and both open and closed-loop control system respouse tests
should be performed for the fiutter control system installed in the airecraft
prior to first flight. OSelected installed system tests should be performed

before each succeeding test flight.
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Dynamic Structural Tests

Ground vibration tests will be required to substantiate the thecretical

and wind tunnel flutter predictions. These tests will be necessary for the

evaluation c¢f the dynemic characteristies for euch of the specific test con-
figurations. Tests should be conducted with the control system both on and
off.

6.6 Rationele for Stability Margins

One of the engineering judrment decisions which must be made for auy

flutter control system is the specification of stability mergins., This de-
! cision is especially difficult since there will always be urknowns in sny

practical feedback c¢ontrol system. For flight contrcl systems vhich are

unstable if tested to the margin, the stability margins themselves are among

the unknowns., 4ll we really know, in general, ebout flight control systems

is whether or not the system works.

As developed in Section 5.3.k4, the electronic and hydraulic ccmponents
of a flutter control system can be made to have very small, and measursble,
thase and gain uwncertainties. There are, however, at lesst three unpredic-

tables which must be considered in an operational flutter control system:

1) Ana.yticael inadequacies of the servo-eeroelaztic (control system,
structure, inertia, and aerodyramics) model,

2) Uncertein veriations in store inertisl characteristiecs,

: 3) Operationsl changes in the wing~pylon-rack systems caused by use
and environment. »
In addition to these unpredictables, the inevitable Murphy's law becomes '

a factor aisc. Stability me gins must either be very large to accommodate

e T ————————._
v

these wnnredictables or else somz type of operational test to eliminate the
uncertainties must be vperiormed before using the sysgtem.

it hes been McDonnell Aircraft Compeany experience with fighter sircraft 3
flight control and stability augmertstion systems that the stebility mergins ;

{ listed below are reasonsble: 1

Phase Margins Gain Margins
Linear Studies 160 deg ¥6.0 4B ;
Nonlinear Studies U5 deg +4.5 dB 13

These stability margins have been considered ag preliminery guidelines for

g
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flutter suppression systems. They are considered to be aspplicable to the
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limit velocity (VL) of ‘he aircraft and are not superimposed on the normal
15% flutter margin required by the current military specifications. As
component hardware, wind tunnel, and flight test data become available, these

stability nmargin guidelines can be confidently modified to becouws realistic

design specifications for future aircraft applications.




T. CONCLUSIONS AND RECOMMENDATIONS

The following general conclusions have been Justified by these studies.

1. Mild flutter i3 cortrollable with an active system. Neerly all
cases of F-k wing/store flutter nrs in this category.

2. Hardware is availabie for the implewentation of an sctive flutter
control system.

3. Existing control surfaces can be uied for fighter type alrcraft,
vhere fraquency separation allows for the sharing of compcnents
anong flight control systems and flutter control systems.

It is recommended that additional effort be directed toward the detail

design evalustion of an active flutter control system for an -4 aircraft
with external stores. "This effort should also be directed toward the genera-

tion of program plans for wind tunnel testing and showld include specific

design requirements for the necessary hardware and models.




| ALPPENDIX T

ANALYTICAL MODELS FOR F-k WING/STORE CONFIGURATIONS

The analytical models used in these studies of wing/store flutter
control are descrited in the followving paragraphs. These models have been

validated by experiment end are in current use for the F-L flutter analyses.
1.1 Wing Tdealization

The analytical model of the F-k wing is shown in Figure 123. This
representation consists of a 28 degree-~of-freedom lumped mass model, This

includes two aircrafti rigid body degrees~of-freedom: vertical translation,

and pitching rctation. A matrix of influence coefficients was derived on
the CEAC anslog computer to match measured ground vibration data. The
weight associated with each of the influence coefficient control points is
shiown in Table 7,

I.2 MAU-12 Pylon Ideslization

The MAU-12 pylon supports the MK-64 EO Laser Cuided Bomb directly, or
suprorts six MK-82 500 1b. bombs with the MER rack. The mathematical

model for the MAU-12 pylon at BL 132,5 is shown in Figure 124, This an-log
‘ ; was developed by matching two experimental single store configurations, the
= : Walleye and the SUU-16 dummy gua pcd. Figure 124 shows the wing and pylon
) ‘ geometry and locates the equivalent springs used in the model, The complete
' mstrix of CEAC derived influence coefficients for the F-l wing cantilevered

at the aircraft centerline, in combination with the MAU-12 pylon is given

in Reference 21, Appeandix D. Store cg's are referenced to point 6 of the
pyloan model.

I.3 MEP Rack Ideslization

(R SEFANARSETY.

ez

The developmen'. of & mathematical model of the MAU-12 pylon - MER rack
combination was much more complicated than that for the MAU-12 pylon alcne.
The problems, which arise because of structural redundancies at the rack

attachment points, are discussed cn pages 19, 20, and 21 of Reference 21,

Figure 125 shows a sketch of the complete MAU-12 pylcn-MER rack cormbination

analogy. Rack stiffness values were furnished by the manufacturer and

- e
T

E were verified analytically at MCAIK. i
N
E I.4 370 Gallon Tenk Pylon Idealization i

The 370 gallon tank is at:ached at BL 132,5 by its ows pylon., The

spring and weight data for the tank simulatlon is given in Figure 126. As
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TABLE 7 WEIGHT ASSOCIATED WITH F-4 W!NG CONTROL POINTS

WING WEIGHT 1/2 FUSELACE
WING CONTROL ASSOCIATED WITH WEIGHT LUMPED
POINTS CONTROL POINT AT CONTRGL POINTS
i) {ib)
1 88,039
2 293,278 3,542.515
3a 0.0
3 295.210
Lg 0.0
k 250,774
5 192,814
6 88.099
T 201,701
& 160.7h2
9 136,786
10 106.6L6
11 99.691 10,535.669
12 142.195
13 121.330
1k gh, 282
15 0.0
1€ T1.870
17 61,824
18 0.0
19 27.821
20 30.912
21 19.552
22 0.0
23 26.739
o), 30,912
25 14,954
26 0.0
27 34,003
28 8.733
MLG Up 498.k456
Notes:

1. 1/2 wing weighs 2,422.8 1bs, without fuselage points and MLG
2. Piteh inertia of 1/2 aircraft (minus wt. of 1 wing) about CG
is 539,557 mug-in®., Aircreft pitch slope defined by line

Joining control polnts T and 2.
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A/C F$ 355.1 A/C CG at FS 327.7

MER Beam

Point | Weight (ib)

naon

60.0
33.0
33.0
34.0
60.0

- O W 0o~

— -

Forward

i

Qutboard

Nate: All dimensions are given in inches.

FIGURE 1256 AFTSHIFTED MER RACK/MAU-12
PYLON IDEALIZATION




» Pylon

A/C FS 354.8

6 .

//////’ ////’////// Point Weight (ib)
X

- e ve

v 23
1

el

23
Qo

P B

Tank CG

Note: Ali dimensions are given inches.
2 Pylon Spring Constanis
! Nanme Locgtion Value
| Pylon Pitch Spring I3 100.0 x 10® in-1b/radien ;
i “lon Ysw Spring A 92.0 x 10° in-1b/radian :
j Upper Pylon Roll Spring A 9.65 x 106 in-1b/radian

Lower Pylon Roll Spring B 10.30 x 10" in-1b/radian

X veries between 4.5 and 20.8 inches and Z veries between -4.3
and .1 inches depending on the fuel load.

FIGURE 126 370 GALLLON TANK AND PYLON IDEALIZATION
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with the MAU-12 pylon, point 6 serves as the store cg reference point.

I.5 Correlation of Math Models with Hardware

A good measure of the adequacy of a mathematical model is the correla-
tion of theoretical vibration freaquencies {(zero airspeed) with the corres-
ponding hardware frequencies, Tables 8 through 11 show the frequency

correlations obtained for the bare wing, wing/MAU-12 pylon, wing/MAU-12
pylon/reck, and wing/tank pylon configurations, No store flexibility was

modelled in obtaining theoretical frequencies. In the first three tables

P A

there i1s good agreement shown for all ncdes except the rack lateral bending
: mode of the MAU-12/MER/Pod configuratlon. The store loading for this case
7 consisted of two 350 1b pcds mounted on the forward shouider ststions of
the MER rack. The pitch inertia fcr these pods is 594,000 1.b=-in2 about the
pod center of gravity. The reason for the vcor lateral mode comparison is
believed to be the assumption that bending moments in the MER rack are not
transferred th. ugh the attechment points. This assumption is equivalent

to neglecting rotary moments of inertia in a beam vibration analysis. The

Table 11 compares experimental 370 gallon tank, 90% full freguencies from

Pmeiaeey et SR e AR R A T ) P

&

Reference 11 with their theoretical counterparts. Good agreement is shown
except for the tank pitch/lst wing torsion mode whose experimental frequency

is just over 1,5 hertz below the theoretical value,

4

1.6 Wing/Store Vibration Mode Shapes g.
Normalized still-air mode shapes sre shown in Figures 127 and 128 for i:

(N

the mode palrs which coalesce to cause the primary flutter mechanism of the

370 gallon tank, 90% full wing/store combination. The stores under study in
this report are attached at BL 132.5 between sections C-C (BL

118.25) and D-D (BL 160). The store motion indicsted in the figures is ab-

solute and Include: rotion of the store attach points. The still-air mode

shape which most closely resembles the flutter mode of the other wing/store

combinations is given in Figures 129 through 131.




TABLE 8 COMPARISON OF THEORETICAL AND EXPERIMENTAL

MODAL FREQUENCIES FOR BARE F4 WING

Mode Description Frequency - Hz
Experimental Theoretical
Wing First Bending 8.2 8.k
Wing Second Bending 18.9 19.6
Wing Torsion 28.8 29.1

TABLE9 COMPARISON OF THEORETICAL AxDY EXPERIMENTAL
MODAL FREQUENCIES FUR SINGLE STORES INSTAI LATION
ON BL 132.50 MAU-12R8/4 PYLON

Frequency -~ Hz
Configuration Mode Description
Experimental | Theoretical
Welleye Wing First Bending 7.0 {.0
Pvlon Roll 12,9 12.9
Wing Second Bending 15.L4 16.3
Pylon Fitch 17.5 17.3
Pylon Yaw 17.8 18.0
Durmy Wing First Bending 5.5 6.5
SUU-16A Pylon Roll 9.3 9.2
Gun Pod Pylon Piteh 10,6 10,7
Pylon Yaw 12.8 12,5
Wing Second Bending 15.7 5.9
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TABLE 10 COMPARISON OF THEORETICAL AND EXPERIMENTAL
MORAL FREUWUENCIES FOR AN AFT-SHIFTED MER INSTALLATION

Frequency - Hz

Configiration Mode Descyiption
Experimentsal Theoretical

Two 350-1b Rack Lateral 5.6 6.4
Pods Wing First Bending 7.3 T.4
Forward Rack Vertical 7.8 7.9
Shoulder Pvlon Yaw - Roll k.2 14.9
07 Rack Wing Second Bending 18.6 18.4

Rack Twist 21.5 22,5

Pylon Pitch 2L, L 25.k4

Wing Torsion 27.9 28.8

TABLE 11 COMPARISON OF THEORETICAL AND EXPERIMENTAL
MODAL FREQUENCIES FOR A 90% FULL 37C GALLON
EXTERNAL FUEL TANK

Mode Description

¥Frequency - Hz

Experimental Thecrecical
Wing First Bending 6.8 7.2
Tank Pitch/lst Wing Torsion T.2 8.76
Wing Second Bending 16.8 15.6
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APPENDIX TX
ANALYTICAL MODEL FOR ADVANCED ATIRCRAFT IHORIZONTAL Tha.l
The Computerized Optimization Procedure for Stabilutces (COCE; or
Reference 4 has been used to generate the detailed steructurel deceriptior
for the advanced aircraft horizontal tail. A generel matrix coayuter pro-
gram was used to evaluate the dynamic matrix and perfcrm the eigenvalue
(vibration) solution.
IT.1 Geometrical Data

The overall characteristics for this surfuce are given i1 Totle 2 of

the main peport. The analytical model genersated by COPS i suownr in Figure
8. The forward spar is at 32.2% chord, the aft spar is at 57.5% cucrd
and the elastic axis is at 45% chord. Each of the eight discrete rigid chord
sections is further divided into leading edge, torcus bex, whia creliling edge
components. A linear variation of thickness ratio from roct te tip and the
four digit NACA airfoil shape were used by the COPS program to calculate
the airfoil thicknesses.
IT.2 Air loed Data .

The design tail load is specified et 61,000 lbs. This velue is based

on a 5g (limit) aircraft. An élliptical air loed distribution obiained from
the design load generates the bending moment and torque datc used in the
strength analysis. '

II.3 Strength Data

The structural material is boron/epoxy composite. A composite layup for

a feasible strength design torque box skin is spezified with 7J% cT tre
fibers at O degrees, 20% at +U45 degrees and 10% at 90 degrees. The allowable
tension stress is specified at 80,000 lb/in2 and the minimum skin thickness
at 0.0k in. The composite material layup for the spars has 100% of the fi-
bers at :ﬁs degrees. The allowable shear stress is 50,000 lb/122 and the
minimum spar thickness is 0,0k in. The GJ and EI stirfness listributions for
the feasible Strength Design horizontal tail are given in Fisjuis T6 and
T7. Also shown in the figures are data for the Stiffness Sensitivity
Design calculated as described in Section 4.2.1.1 of the nain report.
II.4 Weight Data

The weight assessment is made in accordaice with the besic ideclization
shown in Figure 8. The weight date in Table 12 is “or the Serengin
Design. The Stiffness Sensitivity Design, which differs from the Strength
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TABLE 12 WEIGHT DATA FOR ADVANCED AIRCRAFT HORIZONTAL TAIL

R SIS S
" 4

CANDIDATE DESIGN

Leading Edge

X-BAR Y-BAR T10Y KoY 4 TOXY WEIGHT
28.38 5.66 2231.50 149.7% .153.96 13.27
Lo.3k 17.30 1578.76 125,62 109,11 11.13
52.30 28.93 1088.75 104,16 107.05 9.23
6h.26 40.57 728,86 85.19 87.55 7.56
76.21 52.20 k71 24 68,53 70.L9 6.09
88.16 63.82 292,50 5k, 51 £6.02 L.81

100.11 T5. b4 172.06 L1.28 ko by 3.70

112.03 87.05 Q5.5 30.97 31.73 22,71k

T ryue Box

X-BAR Y--BAR 10Y 0% T0XY WEIGHT
j 66.95 5.66 4887.13 L30.k7 231.13 39.01
‘ 75.49 17.28 3493,13 275,77 276.16 33.32
, 8L, 02 28,83 2280.81 40143 221,92 26.76
! 92.63 L0.47 1524.75 22G.0b 166.38 20.39
} 101.02 52.23 895.06 161.16 118.50 1441
! 100.h8 62,50 L&t L) 102,50 75. 4k 9.08
: 118.12 75,26 2.3.75 59.76 bh, 22 5.42
| 126.93 87-13 107 .00 b3.36 31.86 3.84

Trailing Edge ¥

X -BAK Y-BLR T0Y 10X TOXY WEIGHT

112,60 5,68 2765.75 11k.12 LL, L8 10.11

117.13 17.32 1979.63 98.07 38.23 8.69

121.67 25,86 1378.06 §3.50 32.56 7.40 %
; 126.71 49,59 927.63 70.29 27.h1 6.23 X -
‘ , 130.74 52.5 599.13 58.38 22.771 5.18 .
! 135.27 63.86 266.81 47.88 18.65 L,22 :
; 139.80 75.48 209.13 37.70 14,70 3.36 3

144,33 87.08 108.33 29.21 11.h1 2.59 ]

TOTAL WEIGHT 279.LL LES.

Units

Length -~ Inches

Weight - Pounds
Inertia - Pound ~ Inch
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Design only in the torque box regions, has welght data as shown in Table
13.
IT.5 Vibration Data for Candidate Design

Vibration mode shapes fcr the four lowest normel modes of the Candidate
Design of Section 4.2.1.2 of the main report are shown in Figures 132 to
135. Support flexibility in roll is included in these modes, but pitch is
excluded since it is desired to include the pitch restraint in s separate
uncoupled mede. This uncoupled pitch retation mode is then inertially cou-
pled with the normal vibration modes for the flutter solutions.

The principal mode of interest is the second mode shown in Figure 133.
This normal mode msy be arbitrarily “abeled the first torsion mode. Its
frequency decreases with airspeed and it is the unstable mode in the flutter
mechanism. The mode is coupled with the first bending motion of the surface.
Note that both Mode 1 (Figure 132 ) and Mode 2 (Figure 133 ) have only first

bending combined (in and out of phase) with first torsion.

Node lines of the second normel mode are shown in Figure 136 for three

he Dtrengili Deolmu anud Lhe Stiffness Sen-

stakilator confi
sit vity Design have node lines for flutter near the aft portion of the
surtace. These node lines chow the influence of second bending mode coup-

ling. Both of these designs are more prone to flutter than the Candidate

Design which has a favorable node line near the lesding edge of the surface

over the entire span so that its frequency does not decrease with increasing

airspeed.




TABLE 13 WEIGHT DATA FOR ADVANCED AIRCRAFT HORIZONTAL
TAIL - STIFFNESS SENSITIVITY DESIGN TOROUE BOX

TORQUE ROX  X-BLK v-BAR 1Py igX 19Xy WGT. BWGT .
SECTION W, L TR-IN? 1B-IN®  1E-IN®  1B. LB.
1 693 5.66 48087.13 45047 331.13 39.91 0
2 70,60 17.206 3h93.13 37577 276.16 33.32 0
3 B0 28.88 2380.81 301.43 221.52 26.76 0 _
L Q7. 52 Lo Mg 1622.33 318.18 170,16 21.70 1.31 !
é 5 301,02 52,03 1187.28 213.5h 157.01 13.09 L .68
6 109 .8 632, %h 830.81 182.96 134,66 16.21 7.13
7 18,12 75,26 L33.06 121.07 89.59 10.93 5.56
& 126.93 g7.18 164,35 66.60 48.94 5.90 2.06

IAWGT = 20.TL4
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APPENDIX IIX
ALALYTICAL MODEL FOR ADVANCED AIRCRAFT WING
The Computerized Optimization Procedure for Stebilators (COPS) of
Reference I has been used to generate the detailed styuctursl descrip-
tion for the advanced aircraft wing.

JI71.1 Geometrical Data

The overall characteristics for this wing are given in Table 2 of the
main report. The analytical model generated by COPS considers only the ex-
posed area of the wing as shown in Figure 9., The model consists of eight
discrete rigid chord streamvise sections, Each section ic further divided
into leading edge, torque box, and trailling edge components; *hus creating
L planform areas. A linear varietion of thickuess ratic from root to tip
and the four digit NACA alirfoil shape are used by the program to calculate
the ai..oil thicknesses.

IIT.2 Air Load Data

Tne design load for the expcsed wing panel is 110,000 lbs. This value,
which is 72% of the overall desiun load for this Sg (limt) aircruit, was
obtained by weighted integration of the airload distribution for the theore-
tical wing. &2 elliptical air load distribution bused on the exposed wing
design lond generates the bending moment and torque date used in the strength
snalysis.

JII.3 Strength Lata

Tme structural material chosen for this wving is bhoron/epoxy composite.
A feaslble gtrength design layup for the terque box skin is specified with
T0% of the fibers at 0 degrees; 20% at ih5 degrecs ard 1CY¥ at 90 degrees.
This layup is uniform over the spsn. The allowuble tension stress is speci-
fied at 80,000 1bs/in® and the minimum skin thickness at .04 in,

Tne compesite material leyup for wing spers has 100% of the fibers at
LS degrees. An allowable shesr stresz of 50,000 lbz.:/in2 and a minimum
thickness of£0,0k in. are specified for the spars.

The leuding and treiling edge sections are glven skin thickuesses which
vary from0.06 in. at the root chord to0,0Z in. at the tip chord. ERoth sec-
tion corze are filled with titenium honeycomt:. The horcycomb welght was

included in the analygic; but its stiffncss charscteristics were omitted.

The E1 und GJ distributions resulting fiom the described wing structure
are given in Figure 137.
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A The EI and GJ for the torque box carry-through structureare constant at the

exposed wing root chord values frcm tne fuselage moldline to the eaircraft

|

i centerline.
| III.L Weight Date

! The welght essessment for the exposed wing ic made in accordance with
the basic idealiization shovm in Figure 9. Local weight data for each of

the 2k planforr: sress sre given in Table 14 for the strength design wing.
Tnis distribution has no aerodynamic control surfaces on either the leading
or trailing edges. The location of the plenform area center of gravity is
given by X~BAR and Y-BAR. The local pitch inertia, roll inertia, and product
of inertia are given by I0Y, I0OX and IOXY.

A similax weight distributicn is given in Tevle 15 tfor the wing with
control surfaces in each secticn of both leading and trailing edges. The
torgue box weight is unchanged. By coabining selected peris of these two
' 7 sepurate weight distributionsz the uvser is able t» specify whether or not a
control surface is to be included in each of 8 leading and 8 trailing edge ;
i : sections.

I11.5 Wing Vivration Date

The gix lovesl zero airspeed wing vibration mecdes are given in Figures
) 136 turough 1k3. The bending deflections are for points on the elastic
axis (h2% chord) snd are defined as positive downward. The torsion deflec- :
tions sre in the stremmwise direction and are positive for the leading edge
down. Bending slope gbout the sireamwise axis is als» included in the
analysis. Fach of these norpal coupled elastic vibration modes is nermalized X

to the maximum wending deflection.
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TABLE 14 WEIGHT DATA FOR ADVANCED AIRCRAFT WING - NO
AERODYNAMIC CONTROL SURFACES

LEADING ECOE

X-8AR v-8A2 tov 1C0 77 TTIORY T T TTMELGHT T
2121 21,47 1992.%90 167.40 © 966,72 16,00
$7.39% 3%.4C 1582.5¢ €%4,01 7 T 822.1 7T Tiu.mi T
27.0% $6.22 1160.00 212,11 643,93 10,79
TEL TR RT  PIS.T B2V IT V1.4 BEY XS Bedl
147,52 31€7.3? @«20.%0 %1%.%0 397.06 6,63
177.00 13C. 7€ A18.%0 T 422.2% 7T 2080.2% 4.73
sC1.%2 15%.C9 203.7% 190.19 - 147.0)  PY LY
237.40 1758.0% 179.1% A3 77 132,007 2.2 T
TCRQUE OIX _ .
K-BAR Y2 oy ey " 10XY T MEIGHTY T T
Te.38 11.6C 133794.00 10185.4% 10753.33 212.2%° )
i ¥ L7 3 Snnmmammitn b ) Tmmnr 4 1y “ET6THY L ELA P s 4 & 13- S
129.04 5%.0 4G122.00 £432.8) 4801.%0 13%.2)
155.02 e2. 1) 36453.00 °  47€5.%50 777 4975.00 99.29%
180.11 e 07 1969%.00 3149.04 332,00 4. 18
205.CT 130.4¢ $481.00 1639.81 942,00 39.38 -
230.%0 154,52 4C% .00 301._88 1051,00 21.17
-3 177 T 2umiaian 41 13 § {4 O M 1) 155,31 893,09 3. 7% o

YRAKLING ETCE

¥-PEN Y=BEW TV TOX TOXY “WEIGRY
147.90 11.7¢ 392,718 1€37.10 825.74 25.72
164.95 3.4 4603.%0 7 S00.5™ T Tie.bE 16.87
185.70 3%.18 30%4.50 104.% 560.80 14.06
205.63 U7 23.46 T T IS1A.06 7T 23%.) 4£29.4¢ 1.3
226.07 IN7.19% 1277.2% 443.7. 354.08 9.33
T ¥ 471 TRTYTTT TN TR 257G [ 711§
282.09 1%%.12 372.30 210.%4 167.83 4.42
28).07 1881 210,08 7 7 154,30 77T 123,353 3.27
TCTaL NEIGHT = 916.34 (LAY

Units

Length ~ Inches
Waight ~ Pounds
trertia ~ Pound - Inch?
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TABLE 15 WEIGHT DATA FOR ADVANCED AIRCRAFT WING - AERODYNAMIC
CONTROL SUKFACES IN EACH LEADING AND TRAILING EDGE SECTION

LEADILG EOGE

¥-GAR " T Y-pkr T 10V "7 TUURERTTTTUTTTRARY T MEIGHY T T T
26.01 11.77 4483,72 1£76,99 . 2340.14 39,54
T 86,32 35.72 3993.75 T 1e31.65 T 2034,55 7T 34.40
36.02 89,45 2772.25 §238.24 1662.11 28.25
(217281 —yILEE retia e RASATY: A T33THY ILTE -
146.13 107,56 1€99.94 $08.29 1125.48 16.85
TUTTTTT T O176.5% 131,31 77 1200.08 77T TC5.89 7 T 847.55 T T 14.51
206.81 155.49 899.97 555,02 675.47 11.34
TTTTOT 237,78 179.417 £33.40 336.51 485,40 ° 8.1¢
TORQUE BCX
N T Y Y-B4R 10v 10X 7T T QOKY T T wEIGNHT
719,38 11.66 133794.00 10169.6% 107%3.3¢2 213.2%
1053 ELXS LB PRSP [/ PLX 5 ) B Y43 0% D ¥ £ L N
129.84 540,32 60122.00 4432,ul 6301.50 125.23
T T 155402 €3.13 7 364%3.00 T 4705.9C T 4975.00 T T 99,28 T 7T
180.11 1C5.87 19595.00 3149.06 3326,00 65.78
7T T 205.07 130.4¢ G481.00 1635.61 1942.00 77 7 3%.35
230.%0 154.52 4£5%.0C §91.08 1¢51.00 21.17.
256.57 TS I8 2019.00 Il T 696,06 1375
rRaLing oL
Y=¥R Y-BAR 144 oY XY WEWRYTT T
_ 140.9% 11.70 2080171 BE93.23 | 1508.9¢ ___ $4.88
B 159.91 35.¢3 18554230 1807 24 1429 3 $2.17
116,77 56.18 SS81. TS 1803,38 1366.60 52.92 )
T T 190,54 23.46 8802.93 C1E94.43 T 133410 T T s0.63 :
215.65 1c7.38 T7433.81 1550.39 1282.51 48,92
237675 672 1S F Rt & S VYT (ST 23,47
257.8¢8 15%.12 2141.31 1L, 204,56 22.01*
211.61 376.97 1294.74 €315,7) 530.38 20,61
TUTAL WEIGHT » 1285.%3  LAS
Units

Langth ~ inchas
Inertia ™~ pound - inch?2
Weight ~ pounds
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APPENDIX TV
COMPUTER PROGRAM DESCRIPTYONS

IV.1 Active Control of Flutter Computer Program ~ Time Tomain

IV.1.1 Unfoxced Aercelastic Equations cf Motion - The unforced egqua-

tions of motion for a general aercelastic system may be expressed in the

form, ]
Mg + Ca+Kq+QAq+%Bé+%QIéf+QAC (a, ¢(s)+f%%¢(5-0) do]]
[o

o

q 562
+y B [do¢(s)+_£d;o'9'2¢(8-o)d0]=o

C

The Wagner lift growth function is given by,

- -B s o —B,S
¢-1-Alel—A2~ 2

and the non-dimensionsl time variaties sre defined as,

T

\! .
S = =41 and g =

v
%, o !

Consider now the individual convolution integral terms,
%4
Q, Tf5Hi (s -0) ao] < QA (4 (5)* o(s))
and

ip [_L‘ 9 4 (s - a) do] < EB_ (3 (5)* e(s))

where 2(S) is the Laplace transform of ¢ (t)

Iet ,
C. =B, —and C. = B —
1 -5 g EE T Ay
so that
6 (t) = 1- A -0yt ~he -Cot

in terms of real time t,.

The Laplace transform is then,

i
w
+F
(@]

1
Enr:»
+ o
0

#(s) =

T

o

which my, oe reduced to the equivalent expression,

n
G
1
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(L + 1 S)(l + 1.8)

2 1
[(l + T u)(] + Tth] =5 ¥(8)

o(a

where

c.)

1y =T (A, A, Cp, G

, C

2
and

R = effective gain of the transfer function y(8)
The free 1/3 in the expression is used to reduce the order for the genera-
lized coordinates in the convolution integrais to allow for the subsequent
recasting of the equations of motion into standard form. Thus, the convolu-

tion terms become,

GA, (&(z)*e(s)) + @a_ (a(8)*y(8))

35 Gilr%a(s)) ~ S8 (4(s)y(e))

This procedure is similar to the usuel method for representation of the

Theodorsen (Wagner) function on pessive snelog computers (i.e., CEAC). The

functicn y(S) is well behaved in the time domain and may be programmed in the

MIMAC computer lenguage, a MCAIR form similar to the AFFDL MIMIC, just as we
would prog.;em en ¢opcrational analog computer.

IV.1l.2 Forced heroclastic E~uations of Motion - The forced eguations of

motion way be expressed as,

Mg + C% + Kq + GAg + 8 By + %3 1g + QA (q(s)*y(s)) + QAcqo¢(S)

v
_Q h! r{Q 9& s [ -al‘:
vy B (SIS 3B g els) = {BQFI} F)

The column matrix on the right ie symbolic notation for the generalized
force in each generalized coordinate mode in response to the excitattion
coordinnte qy.. .

3
idsalizations for the excitation procedure. The rigid actuator defiection

Figure 144 givez simplified exumples of two equivelent

is defined as & in beth idealizetions. The excitation is through the spring
and dsmping terms for idealizution No. 1 where the flexible deflection coor-
dingte B i3 detined with resject to & fixed reference. The excitation is
througi: the inertia (and sercviynamic) terms for idealizeation No. 2 where B8

is defined relative to the rigid amctuator deflection.
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> M
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: { Mj +CB+KE= Mb
P
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: |_ FIGURE 144 EXAMPLE OF IDEALIZATIONS FOR FORCED EXCITYATION QF
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Consider now N generelized coordinates, including the flexible control
surface coordinate (B), so that the state vector for the aeroelastic system
will bve,

9

.
.

Oy-a

g

The matrices M, C, K, A, Ac’ B, Bc, and I are based on these generalized
¢ ordinetes. Note that, although the equations of motion are cast in the
modsl form, we have not specified the types of modes. Complete freedom is
allowed in choice of generalized coordinates and the formulation of wvarious

derivative matrices.

Idealization No. 1 - For idealization No. 1 (excitstion “hrouvgh the

spring) the left hand side of the equations are as shown above and the right

hand side will appear as

1 1
F : . :
{1} -+ . s + : 5
%, T :
%1 %-1
CB Kﬁ

This is the formulatic~ which tes been used in all of the MIMAC runs referred
to in this report. In this formuletion the data input is simplilied since
only two nuubers (CB, KB) ar: requi-ed for the excitation matrices. This is
the preferred method when the (lastic rotetion mode of the contrcl surface

is included in the snalysis. Tt is particularly impnrtant to include the
control surface back~up flexibiility in the time domain solutions even if the
mode does not intersct with the flutter modes of interest. The flexible
surface will "give" under sir loads and thus allow for more realistic (larger)
deflection requirements for fiutter control than would be the case for an
equivalent rigid control rurface representation, 1In this regard, it is slsoc

importaent to include any potential cortrol surface wurpage in the analyeis,

208

R PPN A E O M S AR Y~ L. J1- KRR PORUE RV ST NI A FLIPIE TR - ¥ Lo

Mok L tad e v ded e e

R S ¢ AR e e i

-t

RS

o)

R IPUEH N

5 ek A e e el

NI

a



i o LR AR L4 Dl i Gt

hg LA

,...T}.-E-u’_‘-— VI S TTTRT T TTOY e S e TR L IR TT el

Idealization No. 2 -~ For ideulization No. 2 (excitation through inertisa

! and implied acrodynsmics) the left hand side of the eguations is the same as
for idealization No. 1. The right hand side will appear, however, as,

3F

| {
- A,

) ag, > - ) 5 -qiaks - % (1 - & (1} 5

-Q {Ac} 60¢(s) -Q {Ac}(s(s)*y(s))

<o

-3 0B 38 ols) - F (B HE(s)4y(s))

where {.) etc. denotes the last column of each matrix of coefficients.

Note that with idealization No. 2 the spring and damper are not essential
to the formulation and thus may be eliminated completely from the analysis if
so desired,

1V.1.3 MIMAC Equetion Formulation - The complete set of equations of motion

allowing for either idealizatioa No. 1 or No. 2 appear in the MIMAC program

; in standard form as.

g=(u+%H 1™ (lc+3FBla-(K+aalq- Qr, q ¢(8) ~ aa_(a(S)*y(s))

c o

§ I et Sl eamme

B3 ¢(s) - ¥ B (L) (5) - (00 + Ji1}1s - [{ch + F (3)]6
- [{EY + @ (A}]6 - QEA_36_¢(5) - QlA_J{6(s)%y(s)) ~ & (B} & s(5)

- % (B} (3(s)%y(S)) + GUST + ......}

—— T o e

Atmospheric Turbulence Input - The gust lnput shown ebove is symbolic

only. The program, as written, has the option of either discrete gust or
equivalent rendom turbulence inputs.

Discrete gusts such as an impulse or a (1 - cos) shape may be repre~
sented by straightforwaerd functions of time,

Random turbulence is rapresented as an "equivalent deterministic input"
by the procedure of Reference 22. The turbuleice is described by the spec-

tral shape,

‘v Cug
Oy, uy W) =5 5
€8 W o+ mb
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where,
ug - 1.ndom gust velocity
¢ug ug (w) ~ gust input power spectral density
wy - bresx frequency of the gust input spectrum
oug - itandard deviation of the gust disturbance and is given by:
Oug = % ¢(w) dw

The input gust is assumed to have a Gaussian amplitude probability dis-
tribution with zero mesn. The equivalent deterministic input (or transient

analog) is obtained by the expression,

$u. u. (8) = |u_(s) U (=8)|.. . = UEKO) 1{&(0)I
g g g g S=iw |s+ £
“ % s=i
where
ug(o) = Ou‘g /2ub
Trerefore,
su V2(d.b
v (s8) =__°
& S o+ wb

The inverse Laplace transform gives,

et
ug(t) = Oy, ¢2ube “y

—

which is the specific deterministic input that represents the gust spectra
in question. With this input, the integral cf any squared parsmeter of
interest becomes the variance of that parameter when steady~state conditions
are reached. This method of gust representeticn is well suited for the fast
repetitive operations of an analog computer, or this equivalent MIMAC pro-
gram since nc time averages or repeated trisls are required, It should be
peinted out that the time histories of the responses are of no significance
and arc merely tools used to obtain the correct statistical answers.

T 1.4 MIMAC Contrel Loop Formulation - The equetions of motion

developed above represent the aercelastic airframe in a clused-loop feedback




control system as shown schematically in Figure 23, The contiovl blocks

accept a second order ratio of lLaplace transferms of the form

8 +8,.5+a 52

10 11 i2

, 5
Pig T PsyS + By S

The MIMAC prcgram uses a solution technique hasesd on standard form where
the highest derivative of each variable is expressed in terms of lower

order werivatives of the same varimble and other known variables., For
exarple,

- 3 . . , |
T =5 (P Fp g Xp * e K ¥ Ay Kg ¥ agg Ko

is the expression for block No. 7. Because of thie solution technique,
the coefficients b,, may not be equal to zerc. If, for example, block 7
i2 i

is to be unity it must be expressed as

(]

3

2
ﬁw-ﬁ- where Bon = b72 = 1,0

8

—3

{

[«
r

Tz
Similey logic applies for other transfer func:tions.
The tranzfer function block for the seroelastic alrframe allows for
the feedbeck of a linesr weighted combinaticn of the generalized
coordinates and their derivatives obtained from the curvent value of the

forced seroelastic equations of motion. The expression in the vrogram is

X, = C]_ G

+ o . 'ua-no'+
5 I i Cn 4

The muerator of control blocx 6 is ithen used to indicate the order of ihe

response being sensed by the expresslon

Xg = bey (=bgy Xg =bgy Xg *+ 8gy Xg + gy Xg ¢ agy X
where g, = 1.0 gives acceleration feedback
8cy = 1.0 gives rate feedback

a60 = 1,0 gives deflection feedback.
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IV.2 Active Coutrol of Flutter Computer Program = Frequency Domain
IV.2.1 Unforced Aercelastic Egquations of Motion - Indiciel Lift

Formlation - The equaticns ¢ motion for the Indicial Lift formulation are

expressed in the form.
My +Cq +Kg + ¢ (A+ ACC"l(k)) q
-1 . -
+ %-(B + B CTHK)) § %2 Iq = 0

where C-l(k) is a symbolic expression for the time domain equivslent for the

Thecrdorsen function of rednced frequency k = %ﬂq Clk).

- lut e T
qJ = que , 1 = V-1
The equations of mntion ithen appear as,

(-0 (M + %2 IJ+ K+Q (A+4C (k)]

+ 3w [C+ % (B + B C())]a =0

for
Cl{k) = Flx) + i5{z)
‘ I (J1 + :O) + Y (Yl - JO)
F(x) = - . 5
(e, vG)" + (Yl - JO)
and
i . ToTe * 154
G(E) = 5 5
(3. + YO) + JO)

where JG’ Jl’ YO‘ Yl are the J and Y Beasel Functions of the first and

second kind.

Further develcpment of these equations leading to the classicel V-y
{(equivalent g) and V-w sclutions is presented in deteill in Reference 23. The
theory is essentially besed on the incompressible, two-dimeansional, unsteady
flow theory of Reference 2L with sweep efTecte accounted for by the relatlon-
ships of letference 25. As formulaied, however, the parameters reflecting aero-

dynemic 1ift, moment and serodynemic center are specificelly factored out so
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that theoretical, experimental, or empiricel deta may be used to account for
three-dimensional and/or compressibility etf'fects. This idealization 1s based
on the work presented in References 26 and 27. The Indicial Lif% passive
flutter analyses presented in this report have used this particulsr formula-
tion.

The vquations of motion, as programnad here, are written as,

cl_2 e P e < -
H-w” [M+ 5 I} + K + 5 VeA + 5 VQACF w%-VBcG)

+1 (uC+ VB + o VB F + £VPA6)) {a} = 0

These complex equations are evaluated repeatedly by a gsimultaneous solution
technique for a specificd airspeed (V) and perametric frequency («). The
method for determining the passive flutter veleccity with this procedure, using
the Mikhailov Criterion, is described in Section 3.5.1.L,

IV.2.2 Unforced Aercelastic Eguations of Moticn = Classical V-g (R+i1)

¥Yormuintion - The equations for this salternats formulstion are expressed in

the forn,
B+211qelc-%vBl g+ [k -Ev q= (P

where for flutter {F} = 0
A and B are now conplex functions of reduced frequency k = %2 instead of
being matrices of constants as is the case with the Indicial Lift formulation.

The harmonic motion constraint of the form,

. iuwt
qi - qi e
o)
is assumed where the real part of qJ is of interest and th. imaginary part

is ignorable. Thig substitution leads to the equations,

([K+iwC]-%V2[ReA+iImA]

2

+%Vw[ImB-iReB]—w (M+%I)) {gl=0

The clessical V-g procedure now divides by,
b 2
npbo W

replaces the viscous damping matrix

wC

e e ot ot —— %



T

by au equivalent dlagonal structural damping expression,

gX
vhich is proportional to displacement and impphase with velocity, and re-
cognizes that,

o1
k

b w
o
Tnis leads to the equations,
E1dE Kk - o—3ry (Re A + 1 Im A)
‘npbo W 21r'bO k

1 1

o

1 . -
+ 2ﬂ5;3; (Im B - i Re B) - ZWb;u I- "psgn M] {q} =0

Define now,

‘2""'.,,—"'}'11_'2' K
o

ang the aerodynamic matrices,

1 1 1 1
R= gz l-mpR A+ Ind~ =5 1]
Q (o} (o]
. 1 1
I= "buc [=- 57 Im A - 2bok Re B])

The R+il matrices are calculated by serodynamic subroutines of a general

flutter deck according to the sbove expressions to fit the equation as,
(A + R -0 +11] {q} =0
or in terms of an eigenvalue formulaticn,

[R - o * 11] {q} = -x0 {q}

The solution is for the eigenvaiues A fror which are obtained the V-g and

V-w data as,

s e Vo b s s+

s LA e S i it e s Y LS s

A
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T e
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|
;
:

g = Inx A/Re A
W = u;O/{iie)\
1
Vkmas = ¥ ¢
vhere

y = .5921 b /EE-—-
[o] ‘SL

(.5921 is the conversion factor from ft/sec to knots)
We can recast these equutions in & form sultable for a frequency response
type solution by multiplying through by 'npbohwg arid replacing g by wC since
we no longer have any need for a diagonal damping matrix. This leads to the

eqguations,

. in
[K + 100 - oM + b " (R + 11)] {a} = 0

be evaluated in & manver similar to the previcus fermulation using

Wl d Al
wnila can

the Indicial Lift expressions,
Any eerodynamic theory subroutine suca as those for strip theory, kernel
function, doublet lattice or Mach box may be executed to write a tape

of R+iI date for from 100 to 200 vaiues of 1/k. An interpolstion procedure

is required with %he Kernel function, doublet lattice and Mach box theories

in order to be econcmically scceptable. The strip theory formulation is

competitive even without interpolation.
For o judiciocusly chosen list of Rl and a aspecified V and bo the ACF

program calculates & perametric frequency,

for each ki,
The aerodynamic matrlces are calculated as,

Ly 2
'rpbo w {Rr]
and
h 2
wpbo @y {1]

for each mi.
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There is a complete change of the coefficients in the aesrcdynamic matrices
for each value of the parametric frequency. The general approach is 1llus-
trated conceptually in Figure 145 where the lines of constently changling
slope represert the classlcal V-g elgenvalue approach and the constent velo-
city cuts represent the ACF frequency response technique. The Mikheilov
stability criterion applies to this alternate R+iI procedure Just as 1t does
with the constant coefficient Indiciel Lift formulation.

Iv.2.3 Frequency Response Functions for Forced Aercelastic Equations

of Motion — The complex equsatinns of motion for either of the preceding

serodynamic formulations are solved simulitaneously for the _pecified airspeed

(V) and frequency (w) to obtain the response of each generalized coordinate

to the forecing function. The method used for the forcing function excite-

tion is the same s8 described in Sectinn IV.1.2 for the time domain program.
The frequency response functions for the forced gercelmstic system

ere sensed by sensors located at any psint in the aercelastic system.

The sensor output i: calculated by tne weighted sum of the iundividual gener-

ized coordinstes response by the general symbolic equation,

0
out " ql Ch

QF =S [¢1"'" 2"—'1 T areeus ]
1 QFl '-H'l

where n denotes the response type,

6 gives deflection

n

i

n 1l gives rate

n = 2 gives acceleration

To explain the use of this equation more explicitly let us congider a
simple eramzle. Figure 1L6 Qdefines ikvee generalized coordinates for an
aircraft or misasile.

90 = Rig.d body translation - ft.

40 ~ Rigid body pitch ~ redien

45y - ¥iret nornal body bending mode - ft.
The diegran also applies for higher order aircraft elestic modes in the game
senge as for q5]. The vibrstion moges for this system are assumed to be
orthogonal with both theuselves and the rigid body degrees of lreedom. Thus,
at zero sirspeed there is no modsl coupling. There is, of course, always

a2y odynemlic coupiing Iln the cace of an alrborne vehicle.
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For s harmonically oscillating system, it is easy to show that the total
acceleration of the body et point 1 1sg,

]

gy = e fa v Ry o990 Y by Ay

In terms of transfer functions, the acceleration in g's sensed by & body

mounted accelerometer at point i in response to an excitaticn force F is, ;

Ei_=—w {OO+ % qO? < g gﬁ_l_] |
r F 1 F
A simllar expression for a rete gy  seusing st point i is,
e S T T 1 8
F F d, F

An application of Lagranges equation to this system leads to the matrix

equations of motion,

? m 0 e [qoo7

3
<




e . }

i where F is a force acting at reaction point RP. These equations may be

easily solved for the transfer functions, i

| oo . 1
| ¥ ~w2M
’ %92 _ &c-&—P'RP
F -0 I :
351 _ *zp :
F z |
- + X
W KSL : :
where i ;
| 3
M =4 n& - total vehicle nuss
1 :
. E
I = T mi Zlmcgd ~ tctal vehicle moment of inertia about the center g
i £ g dear i :
o gravity : .
2 o =14 3 o ! 4+ ! - . .:'
mﬁl = i m ¢i - genersulized mass for vibration mode qSl ; j
K = w e m - ¢llective spring constant for vibration mode q
91 51 51 - 51 |

It i3 seen in the last transfer function why it is customarily said that m51 i
is a genersalized mass located st the mode normalization point. The effec- } }
tive spring KSl is also realistically viewed os being there. o

A

Nothing has teen said concerning the basic nature of the excitation

force ¥, In gencrul, this force may be any reasondble function of w. There

T Ve — s — e —

i

is, however, an implicit essumption in this simple example that F is not a |
1

H

function cf the generalized ccordinates 90> qoo, and qSl' I1f aerodynamics

is cousidercd .r if s feedback control gystem commends F in response to one |
of the sensor outputs then the force does beiome a function of the generalized
coordinates. The resultant equations of motion are highly coupled and the

trensfer functions are bLest found by simultanzous numerical solutionas of the

' equationsg of moticn. OSection IV.1.2 discusses the forced equetions of motion

in more detail,
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"IV.2.4 Control Loop Calculations ~ The sensor output functions repre~

sent the airframe dynamics in the two-loop control system shown in conceptual

form in Figure 18, Blocks 5, 9 and 10 accept numerical data for each

value of the paramretric frequency w. The control loop calculations are

performed as described in Section 3.5.1.3. The ussessment of dynamic

stability by the Nyquist criterion is described in Section 3.5.1.h.
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IV.3 MATLOC Computer Poogram

IV.3.1 Description - MATLOC is a FORTRAN corputer program which calcu-
Jates and plots the closed-loop root locus over any parsmeter in a system
even vhen the open-loop poles and zeros are not known. MATLOC is unique
in that open-loop poles and zeros as well ags plant gain ere calculated
exactly. The user merely inputs (1) the equation of the system in metrix
form end (?) the locations of the locus parameter in the matrix. With this
information tne cpen-loop poles and zernss are calculated and passed to a
rcot locus celculetion program. This progrem subroutine is very efficient
since jt uses a branch following technigue and thus seeks lgcus points only
in & small neighborhcod of the actusal locus., Angle correction between itersa-~
tions is accomplished by s Newton~Raphson algorithm which seldom requires
more than wwo iterations vetween points. The MATLOC program plots the root
lozus over any srecified area of the S~plene, for eny specified locus para-

meter.

Iv.3.2 Technique ~ Given a closed-loop system:

+
_ S R Qi
_’?‘- ‘ 60 >




one can find the roots of the characteristic equation, (GD) (HD) + (K) (GN)
(HN) = G, as they vary over the parameter, K. This is done with the root
locus technique by knowing the open-loop poles (roots of (CD) (HD) and the

open-1oop zerps (roots of (GN) (HN)). These open~loop poles snd zeros are
usually easy to determine, However, for complex multi-loopsystems, these

open-loop poles and zeros are usually not known and the root leccus must be

found by the inefficient process of finding the characteristic equation for
& range of gains and solving for the roots.

These complex systems can te easily descrited by writing a set of si...i-

taneous equations in the complex variable, S, and putting thes~ equations

in matrix form

AX=Bu

where X is the vector of system variables and u is the vector cf system

A I P AT parop e 7 7

inputs. Up to twelve (12) equations may be written to describe the system.

The determinant of the A malrix gives the characteristic equation of
the system. By taking this determinant with the locus parameter set to
zero, we obtain the open-lcop pole polynomial, (GD)(HD) + (1) (GN) (EN).
Subtracting the previously calculated pole polynomisel, GD HD, from ﬂhe new
polynomial, (GD) (HD) + (1) (GN) (HN), gives the open-loop zero polynomial
(GN)(HN).

In this way, it is only necessary to find the characteristic equation
for two values of gain (0 and 1). This yields he open-loop prnles and zeros
so that the efficient Newton-Raphson circular algorithm may be applied to find the

roct locus. In addition, since the open-loop pole and zero polynomisls are

calculated exactly by this method, we can determine the system plant gain
and divide it out if desired.
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