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General Qutliine of the Report

Most of the results pertaining to the work performed under the above
grant had alrezady been published. The list of these publications is given

in the following (copies of which are included in the present report):

1) Nissim, E. and Lottati, I.: Active Controls for Flutter Suppression
and Gust Alleviation in Supersonic Aircraft. Journal of Guidance and
Control, Vol. 3, No. 4, July - Aug. 1980.

2) Nissim, E. and Lottati, I.: On Single-Degree-of Freedom Flutter
Induced by Active Controls. Journal of Guidance and Control, Vol. 2,
No. 4, Sept.-Oct. 1979.

3) Nissim, E.: Flutter Suppression and Gust Alleviation Using Active
Controls - Review of Developments and Applications Based on the
Aerodynamic Energy Concept. Proceedings of the XI Congress of the

International Council of the Aeronautical Sciences, Sept. 1978.

There is no intention in the present report tu repeat results
appearing in the above-mentioned publications

During the course of the grant, its scope had been extended to cover
some work done on active controls on the modified YF-17 flutter model.
The results of this effort are summarized in two attached reports. The
first report relates to the basic derivation of a suitable control Taw.
The second report relates to the discrepencies found between analysis and
wind tunnel tests and shows that they originate from the lack of proper
implementation of th2 desired control law. These reports which are

attached herein are the following: 3




"’W_——m

- —— T

e S————————————— i b A

VOL. 3, NO. 4, JULY-AUGUST 1980
ARTICLE NO. 79-0792R

J. GUIDANCE AND CONTROL 345

Active Controls for Flutter Suppression and
Gust Alleviation in Supersonic Aircraft

E. Nissim* and I. Lottatit
Technion—Israel Institute of Technology, Halfa, Israel

Application Is mud¢ in the present paper of the recently developed relaxed serodynamic emergy concept and
synthecls (echniques to the definition of appropriate active conlrol systems for the low-speed flutter model of the
B-2707-300 supersomnic cruise nirplan=. The effectiveness of the resulting activated systems is analytically tested
for flutter suppression, wing root Lending moment allevistion, and ride control (fuselage accelerations). The
results obtained indicate that considerable increase in flulter speeds can be obiained by the various coatrol
systems, using a single trailing-edge control. In all cases, the flulter suppression control system led (0 a sub-
stantisl reduction in both wing root bending moments and in fuselage and wing sccelerations,

Introduction

HEORETICAI analyses and wind tunnel tests of a low-

speed flutter muvdel (1720 scale) of the B-2707-300
airplane (Fig 1), were conducted under the supersonic
wransport (SS1) Follow-on Program--Phase I1.! Reference 1
states that *‘two constraints of the airplane made a flutter-free
design unusually difficult: 1) the relatively low payload/total
weight ratio made additional structural weight or mass
balance particularly distasteful, and 2) any arrangement of
lifting surface planrorms, thickness, or major mass relocation
(e.g., nacelles) degraded the delicate cruise economy or c.g.
balance.'' Because of this flutter dilemma, considerable
efforts were directed towards the development of an active
flutter suppression system with the objective of impreving the
fluttar speeds of the SST airnlane,

Reference 1 shows that the developed flutter suppression
system yields only minor improvements in flutter speeds
(9.4% 1ncrease with activated inbeard ailerons, 3.2% increase
with activated outboard silerons, and 11.3% inucrease with
activated inboard and outboard ailerons). The purpose of the
present work is to apply the recently developed relaxed energy
concept? and synthesis techniques? to the definition of an
appropriate active control system for flutter suppression. The
effectiveness of the resulting activated system is then
analytically tested for flutter suppression, root bending
moment alleviation, and ride control (fuselage and wing
accelerations).

Previous analytical applications of the relaxed energy
voncept for flutter suppression involved the BQM-34E/F
Jrone aircraft34 (with a research supercriiical wing) and the
YF-17 fighter aircraft® (suppression of three aifferent con-
figurations of wing store flutter), The present work sup-
plements the applications to include supersonic type cruise
amrcraft and is also the first one to investigate the effectiveness
of the flutter suppression system (as obtained through the use
of the relaxed energy concept), not only for flutter sup-
pression but also for gust alleviation and ride control.

Description of SST Model
and Mathematicai Representation

Description of the SST Model

Figure 1 shows the general layous of the B-2707-300 low-
-peed flutter model. As can be seen it is possible to activate

Piesonted as Paper ™9 0792 at the AIAA ASME 20th Structures
atd Struciural Dynamacs Conference, St Louis, Mo., April 4-6, 1979;
<ubmitted April 26, 1979; revision received Sept. 5, 1979. Copyright

1980 by E. Nissum. Published by the American Institute of

Acrtonauty s and Astronautics with perrmission.

irgex categories: Guidance and Control, Structuial Design;
veroetastity and Hydroelasticity.

*Professor, Dept. ot Aeronautical Engineering. Member AIAA.

the two trailing-edge (t.e.) ailerons and the horizontal
stabilizer. In Ref. 1, activation of the two ailerons was at-
tempted for purpose of flutter suppression and activation of
the horizontal stabilizer (with geared elevator) was attempted
for purpose of rigid-body stability augmentation. In the
present work, activation of the outboard aileron only will be
attempted. This follows the results of a previous In-
vestigation® which showed that for flutter suppression, the
activated system should be located as near the tip of the wing
as possible. The outboard aileron measures 13.4% of the wing
semi-span and 26% of the wing chord. Its mid-span line is
located around 72% of the wing semi-span.

Equations of Motion and Their Solution

The equations of motion are formulated and solved (for
both flutter suppression and gust alleviation problems)
following identical lines as outlined in Refs. 3-5, 7. The flutter
results are presented by root locus type plots taking the
dynamic pressure Oy, as a parameter. The gust alleviation and
ride control resuits ate obtained from a continuous gust
program, using unit rms gust input based on a Von Kdrmdn
gust spectrum.

Control Law

The general form ot the contrul law employed in this work
was established in ReY 2 using the relaxed energy approach.
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The control law for the t.e. control surface is given by the
following general form:

hy—h,
bm —1,86(c; —at,) +Ry |4 2.8] b 1))

) —a,

where 6 is the deflection of the t.e. control surface (see Fig. 2)
and where A, a, denote the translation and rotation of the
30% chord point of the control surface mid-span section,
respectively (se¢ Fig. 2), The parameters h, and «, similarly
denote the translation and rotation of a reference point
located along the center line of the fuselage and b denotes the
semi-chord length at the control surface nild-span section (see
Fig. 5). Ry is defined by the following expressic~ (see also
Refs. 2, 3):

Ro= a,S’ a,S’
T 814200, 540],  ST+25w,, S+,

@

The parameters «;, {;, w,, are all positive and their values
determined by an optimiu(ion program based on the gust
response of the aircraft under consideration follcwing the
method of Ref, 3.

Mathematical Model

The equations of motion, included two rigid-body modes
(plunge and pitch) and nine symmetric elastic modes. The
generalized aerodynamic forces were computed using the
Doublet-Lattice method. The generalized inertia and elastic
matrices for the flutter model were supplied by the aircraft
manufacturing company together with the mode shapes. The
t.e. control was assumed to be mass balanced.

Objectives

The following objectives were set for the present work:

1) To define control systems fo: different values of
assumed maximum flight dynamic pressure (with M=0.2) to
determine whether an upper bound exists for flutter speed
(while activating a single t.e. control).

2) To cherk the effectiveness of the resulting flutter sup-
pression systems in reducing the wing root bending moments
(b.m.) and in reducing the accelerations of the aircraft due to
continuous gust inputs.

3) To spot check the effectiveness for flutter suppression of
a control system, as defined in objective 1, above, at a higher
Mach number, such as M=0.9,

Presentstion ard Discussior of Results
The presentation and discussion of results will be grouped
under three major headings involving fiutter suppression, gust
alleviation and ride control characteristics.

Fig.3 Open-lodp rootlecus plot st M =§,2,

Flutter Suppression Systems

The effectiveness of the activated t.e. control system can
only be assessed by comparison with the open-loop system,
The open-loop root locus plots for M=0,2 and M=0.9 are
presented in Figs. 3 and 4. It can be seen that for M =0.2, two
flutter dynamic pressures (Qpy) exist: the first with Qpe =32
psf (for zero structural damping g) and w,=89,7 rad/s, and
the second with Qpr = 82,5 psf (for g =0) and w; =25.1 rad/s.
Similarly, for M=0.9, three flutter speeds exist with the
following values (for g=0): Qpr=33 psf with w-=81.8
rad/s, Qpy="74.5 psf with wp=21.8 rad/s, and Qpr=78.5
psf with w-=068.7 rad/s. Since some of the above flutter
branches represent mild flutter instabilities the values of Qpf
for the cases where g=0.015 and g=0.03 are included in a
summarizing table (Table 1;. It is interesting to note that the
lowest value of Qpr increases from Qp=32 psf at M=0.2
and g =0 to Qpr=51 psf at M=0.2 and g =0.03, For M=0.9
the corresponding values of Qpr vary from Q=33 psf when
g=0 to Qpr=37 psf when g=0.03, thus indicating the
existence of a more violent flutter,

Determination of the Control Law Parameters

The control law parameters are determined through the use
of an optimization program which minimizes the root mean
square rms deflection rates of the control surface due to a unit
rms gust input based on the Von Kdrman gust spectrum. This
procedure is described in detail in Ref. 3,

The optimization was performed at two different flight
dynamic pressures; at Q, =75 psf and at Qp, =89 psf, while
maintaining M =0.2. The optimization procedure yields the
following optimal control laws:

For @, =75 psf

a-[Lo ~1.86] +( 055"
= : ST2XIX34457 (344)?
23382
Y 577 2x0.5%100.65+ (100.6)2) L4 2'”]
hi=h,
b (€))

a;—ao,
with
bome = 14,37 deg/s/ft/s
81ms =0.236 deg/ft/s
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Table |  Summary of Mutter resulss

Open-loop Closed-loop Closed-loop
control law | control law 1
Ma02 M-0Y M-02 M=09 M-02
;T;u‘n . pol T
x-0 32 13 B4(163%)" 76 (130%)* 89 (178%,*
£-0015 42 35 88 (110%)* 77 (120%)* 91 (117%)"
£-003 5] 37 91 ( 78%)* 78 (110%)* 04 ( B4%)*
Max. value® of & .,
deg s T/
r-0 14.37 10.90 23 %i
x-0015 11 89 10 54 i8 °2
2+003 10 92 10.24 1617
Max value® of §, ..
deg ft/s
z-0 0.736 C.262 0 7xu
2=0015 0.200 0.248 0 &9
£=0.03 0.186 0238 018
“ %y nerense in Q0 due to activation of the outboard 1 ¢ comtrol
" Up to dynamic preswure of Qg oplinuzaion
bor @, = 89 pst $TARLE N Ezlso ONBIABLE
l 0.85° PART
o= 186+ (.,
[ 4 (e 4 2x0 52084 (20)? |00
i
MoDES MODES | ..,
. . ho R MORE Y T
N TAN : ; WODE &
+ 81 b ; s .- Uy 633
S*f..’uthlO().’h-(Iuo):).“ 2.8 ] i i HoveL .’jm e
Laca MORE 4 ST e MOLE S .
T
(4’ e wal M’sml
with RGip BQOY =2 MQDE 1
s 4 2 i e 1 2

ORIGINAL PAGE IS

Oyme = 23.81 deges ft/s
OF POOR QUATITY

8, = 0.789 deg. ft/s

The controi law given by Eq. (3) will be referred to us
wontrol law I, whereas the one given by Eq. (4) will be reterted
to as control law 11. The meaning of the different parametei
ul the vontrol laws, Eqs. (3) and (4), is explained in Refs 2
and 3. There is no intention to repeat the various details
herein except for the statement that the above results shuw
that for minimum control rates, maximum damping is in
troduced around the frequency of 100 rad » whereas the
minimum flutter frequency is around 90 rad/s. A secondary
damping concentration is introduced by the above vontrol
laws at frequencies which vary with the optimization Q. For
Qp =75 psf the frequency is around 34 rad-s whereas for
Qp =89 psf the frequency is around 20 rad<s. Both
frequencies relating to the secondary damping concentration
are in the neighborhvod of the frequency relating - the
second open loop flutter branch located around 25 rad ».

Clused-1 oop Performance

The effectiveness of the above coptrol laws in flutter
stppression at M = 0.2 is shown in Figs. 5 and 6. As can be
seen, the flutter branch relating to Qp, = 32 psf and « - 89.7
rad-s (for the upendaup case) is suppressed and yields no
flutter up to the maximum dynamic pressure used for the root
lucus plots (that is up to Qp = 120 psf). On the other hand, the
flutter branch associated with the open-loop values of
Qpr ~82.5 psf and w=25.1 rad. s is only slightly affected by
the activated t.e system. For control law I, the value of Qp;
associated with this branch is increased to Qpy =84 pst and

3 2
REAL PART
Fig 4 OpenJoop rootlocus plotai ¥/ < 0.4

tor vontrof law 11 e ¢, - 89 pst (with g - U both cases).
The anelupts to nurease the values of this flutter branch
beyond Q,, =¥ paf were not suceessful. This result is 1n
teresting sunc the relaxed energy approach does not ensure
the suppression of flutter in all cases. due to the fact that it
does not turn all the aerodsaamic energy eigenvalue positive
tin the vave uf the autivated 1 ¢ alone system) Tor a le-t.e,
system the suppressich ot hatter i ensured since all the
acrodynari.  energy eigervalues assume positive  values.
Table 1 supplements the abovementioned results to include
the effects of structural damping on the flutter speeds.

If we disregard the increase in flutter speed of each flutter
branch and view the overall increase in flutter speed of the
SST model, we arrive at the following conclusions: 1) the
largest increase mn flutter speed is for ¢ =0, yielding an in-
crease of 67%, whereas the smallest increase in flutter speed is
for g =0.03, yielding an increase of 33%. 2) The variation of
the overall flutter speed of the system with the dynamic
pressure at which the optimization of the control parameters
is performed is very small. This is illustrated in Fig. 7 where it
can also be seen that the maximum flutter dynamic pressure is
obtained when Q, is equal to the value of the optimization
Qp, (that is around 90 psf). Finally, control law I was tested
for flutter at M=0.9 yielding the value of Q,,; =76 psf for
g=0and ¢, =78 psf for g =0.03 (see Fig. §).

Figure 9 shows a comparison between the results obtained
in the pre~ent work and those reported in Ref. 1. As can be
seen, The <dused-loop flutter speeds obtained nerein are
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substan ially more effective than those reported in Ref. 1 for
the same SST flutter model with g =0.03 and M =0.2.

ontrol Surface Activity

The activity of the t.e. control (due to the different control
laws) at the various flight dynamic pressures is shown in Figs.
10 and 11 for various values of g. It can be seen that control
law II requires abuut 3.3 times as large rme control deflections
as control law I, whereas rms control rates are larger by about
66" compared with control law I, Hence control law I ap-
pears to be better especially when considering that the dif-
ference between the overall flutter speeds due to those two

Fig. 8 Closed-loop root locus plot at M = 0,9, using control faw I.
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Fig. 9 Comparison between various resuits for the SST model at
M=0.2,

control laws is small. Figure 12 shows that the control surface
activity of control law I at M= 0.9 is smaller than the activity
atM=0.2

Wing Root Bending Moment Allevistion

The quantitative effect of the activated t.e. system on the
rms wing root bending moment (b.m.) is meaningful only for
flight speeds which are below the open loop flutter speeds.
For speeds above the open-loop flutter speed the nonactivated
rms wing root b.m. must clearly assume infinite values.
Therefore, fr flight speeds which lie between the open- and
closed-loop flutter speeds the alleviation must therefore be
infinite since the clos:d-loop systemn clearly yields finite rms
values of b.m. The results to be presented herein will therefore
relate to a range of dynamic pressures up to 32 psf which
represents the open-loop value of Qp, for g =0and M=0.2.
No attempt will be made to change the above value of g or the
above value of M. Figure 13 shows rhe variation with flight
dynamic pressure of the rms bending moment ratio, defined
as the ratio between the closed-loop and apen-loop rms b.m.
{denoted as (b.m.)/(b.m.);] for the abovementioned two
control laws. Figure 14 shows the variation with Qp of the
ratio between the peak open- and closed-loop values of the
b.m. as obtained from a PSD plot, an example of which is
shown in Fig. 15 (with Qp =26 psf using control law I). As
can be seen, the alleviation in peak bending moments is much
larger than the alleviation in rms b.m. at comparable values
of Qp. It is also interesting to note that control law I is more
effective in reducing peak values of b.m. and relatively
ineffective (that is, yieids only minor improvements over the
results obtained from control law I) in reducing rms b.m.
values, Hence, the increase in the control activity associated
with control law II, although ineffective for flutter sup-
pression appeats to be effective for peak b.m. alleviation.

et e i e ©
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dynamic pressure at M=0,2 (g = 0).

Acceleration Alleviation

For reasons similar to those given in the vase of the b.m
alleviation, the acceleration alleviation is relevant for flight
speeds up to the open-loop flutter speed. Here again, only the
vase relating to g0 and M =0.2 will be treated. Figure 16
shows the variation of the rms acceleration ratio (defined as
the ratio between the closed-loop and open-loop rms ac-
velerations) at the center of gravity (¢.g.) of the SST model.
Figure 17 shows the variation of the peak acceleration rativ at
«.8. The resulis here are similar to those obtained for the b.m
ratio, that is, the activated systems are much more effective in
reducing peak c.g. acceleration than in reducing rms ac-
celerations at ¢.g. Similarly, control law II is relatively more
effective in reducing peak c.g. accelerations than in reducing
rms accelerations (compared with control law 1),

The variation with Qp of the rms acceleration ratio for a
point on the wing located at the midchord of the midspan
section of the outboard control surface (to be referred to as
the wing point) is shown in Fig. 18. The ratio between the
peak accelerations at the above point with and without ac-
uvation of the control surface is shown in Fig. 19 as a func-
tion of Qp. As can be scen, the activated t.e. system is ef-
fective in reducing both the rms and the peak values of the
accelerations at the above wing point. Here, control law I1 is
substantially muore effective than control law I in reducing
both the peak acceleration ratio (similar to previously
Jiscussed cases) and the rms acceleration ratio (unlike
previous cases where the difference was small).
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Conclusions

The application ot the relaxed aerodynanue enctgy method
voupled with the previously developed synthesis techmiques
yields effective flutter suppression systems when apphed to
the SST flutter model. The effectiveness of the control laws
obtained herein substantially exceed the etfectiveness of
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similar systems designed by classical methods as reported in
Phase Il of the SST Technology Follow-on Program. The
application tremted in this work follows two succeesful ap-
nlications relating to the BoM-34E/F dropne aircraft (DAST
Program) and to the VF-;7 external store flutter suppression
program, as mentioned earlier in this paper. The beneficial
effects of the flutter suppression system on both gust
alleviation and ride control problems are in agreement with a
previous work invulving combined l.e.-t.e. control systems
based on the original formulation of the acrodynamic energy
method.

Cases can be envisaged where the effectiveness of the t.e.
control system, based on the relaxed energy metkod, will be of
doubtful nature. Such a case was encountered in this work
when trying to increase the flutter speed associated with the
second flutter branch. It is however felt that when such cases
do arise, an alternative location of the activated control
surface might prove to overcome this difficulty. Alternatively,
a combined l.e.-t.e. control system might be attempted.
Finally, it might be worth noting that the control surfuce
activity as obtained from the derived control laws in the
present application is within present-day technology
capability.
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On Single-Degree-of-Freedom Flutter Induced by
Activated Controls

E. Nissim®* and [ Lottatit
Technmian - Israel Institute of Technology, Hayfa, israel

It tx shown that activalion of the tralling-edge control ol an sicfoll leads (o single-degree-of -Treedem fype
imsiabiltiies which span aver a vory wide region of reduced frequencies &, including high values of k (unltke the
aonsaclivated system). These instabilitics wre shown (o be sensitive (o changes in pitching axis location, control
deflection phase angle. and values of the reduced froquency. These sensitivities of the single-degroc-of-freedom
system cause the activated airfoil (o be potentially sensitive to changes in flight co - sitions, and may be the
vource of the many difficulties encountrred in suppressing clasical multi-degree-of-freedom Mutter by menns of
sctive controls. The results presented herein relute to zero Mach number and o » 20% tralling-edge control

surface.
Nomenclature
h = e hord length
. - vontrol gain [see Egs. (1) and (8}
h = displacement of the quarter chord point, poutine
downward
! rorsiunal moment of inertia per unit span
Img ) she imaginary part of ()
k - reduced frequency - whot
A& - structural stiffriess
1l aerods namic Lift foree, posttive downward
A asrodynamic pitching moment, positive nose up

1. M, oscillatory Iift and moment coeflicients due 1o
plunging oscillation
I M owillatory hift and moment coefficients due to

pitching oscillation

.M, =osallatory Iift and moment coefficients due to
sontrol osallation

R, <vrovs moment of nertia (between torsional and
control rotation degree of freedom)

i - fhight velocity

Y, b - distance of pitching axis from the midchord point,
positive downstream

" - angle of attack

b = deflection of the trailing edge control surtace
posiive downward

w - frequency of osllation

¥ - phase angle between « and d ot A and & [swe o
(Iyand (8)}

» - air density

Suhserpis

R - 1eal part of the assoviated parameter

I imaginary part of the awsoaated patametet

Introduction

HE Jdassial weroelaste dynamiy istabilioy, known as
flutter, 1s a 1esult of the interaction of twa or more
structural degrees of freedom. Each of the fluttening degrees
of freedom 1 stable in the absence ot the remaining degrees of

Received June 231978 covoaonicecnned Sept 1501978 Copaoghi
« American Iinstitute ot Aeronauticy and Astronautics, Inc, 1978
All rights reserved. Reprnts o! this article may be ordered from AIAA
Spevial Publications, 1290 Asenuc of the Amernicas, New York. N Y
10019, Order by Aracle No at top of page. Member price $2 00 each,
nonmember, $3.1x cach. Remittance must accompany order.

Index categury  Aeroelasticnty and Hvdrozlasticity .
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Ireedom . Single degree-of freedom type fluticr o cabihities
are normally asswiated with either nonlinear acrouynonncs
or separated flows.? There exists, however, a ungle degree
ol treedem type of flutte: instabshity which s based on hinear
actodynamios.  and comes about wher an aitorf osabares in
pitvh around an axas located nit the vicuinty of 1ty leading edge
atvery low values of reduced trequency & Thiysnstabriiy 1o
known 1o ornginate from a fiegative aerodynainn dampuy
teiiti vaused by the umvicady narure of the osaliating tow
Lons Batter prichung instabality 18, howeser, ot acadeaie natare
unly, due to the very low values of reduced treguenes
reauired tor s vxintence. In all other vases thavesg o0 cnhat
higher «aiuc ot &), the acrodynamic dampuing midtin ey due to
strustural oscillations, are known to be alwavs ot poatise
detinite nature

Recent technologieal  advances in qutoman. control
technology have promoted d considerable nunber ot
sestigations  reygarding the eftects ol active Lonntaly on
problems vt tlutter suppression and gust allesiation 4 An
dutive contrel sy rem on g fting surface such s o wang, s
designed 1o actuate o control surface i tesponse o
s tllations o the wing we @ manner which stabihzes the
ssatem. Henve the activaied contrel suttace introduces
vonsiderable chasges v the aerodsnamie torces aonig on the
wistem. S the detetnnatron ol stability boundanes tor
multy degree of reedom Tuccnny  systein uapg  ddtive
wonttols van be carried ot namctn aaly for specitic exdinples
only, and s the realts obamed normally o tack n
generality, 1t 1 propesad fooacestigale s the present paper
the existenve of anstability boundanes imvolving achivated
sngle-degree ot freedom s Such single degree-of
freedom mstabilite boundaties (i setee o mdicate the
regiony of detimte instabilinies man activared mulo degree
of freedom system, but they Jeariy tal teandicate the regions
of stabihity tor such sestems. These simpifed instability
boundaties can. theretore, hedp re detine posable regrons ot
stability in complex systems and promote some physical
understanding of a complex problem

Mathematicul Model
The airforl 18 assumed 1o oscillat? 1n pitch around an axis
located at x & trom its midchord point (positise duection of
displacements and forces dre shown m Fig. 1), {he rrailing
edge control surface deflection i assuned to be dinen hy a
vontrol law of the form:

. P S PT th

AP POOR QUAI ATY

»

b
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of-freedom sysiem.

where C denotes the control gain and ¢ the phase angle
between o and 8. In the absence of structural damping, the
equation of motion in the pitching degree of freedom assumes
the form

I&+ Ka+R b= —L{x, +0.5)0+M 2)

where /, R,, K arc inertia, cross-inertia, and stiffness terms,
respectively, and L, M are given by’

L -pr’w’[L,,g +L,a+[.‘6] (3a)

M= xpb*a? [M,,g +M a4 M,a] (3b)

The coordinate A refers to the displacement of the quarter-
chord point (positive downward). L,, M,, L., M,. L;, and
M, are complex aerodynamic coefficients which depend on &
and on the Mach number. For further definityjon of the
notation, see Fig. 1.

Ignoring the inertia coupling with the control surface (R,),
and substituting Eqs. (1) and (3) into Eq. (2) and rearranging,
the following equation is obtained using the relation /b=

- (x+0.50a):

I8+ 1K= xpb*w? [ (x,+0.5)2L, - (x, +0.5)
X (L +L,Ce™ +M,) + My +M,Ce™ ] Ja=0 “4)

Remembering that the values of the various aerodynamic
derivatives are complex, that J, K are real and positive, and
assuming the system to be statically stable, we obtain [from
Eq. (4)] the following condition for dynamic instability:

Im[(x,40.5)?L, =~ (x,+0.5) (L, +L;Ce™ + M)
+M_ +M,Cen]>0 (5)

where Im denotes *‘imaginary part of."" It is interesting to
note that Eq. (5) contains aerodynamic terms only. For any
vonstant value of Mach number, instability boundaries can
therefore be plotted using Eq. (5), for various values of
reduced frequency &, of pitching axis locations x ,, of control
gains C, and of phase angle .

For the limiting case of pure bending osciliations of an
activated control system {with mass balanced control surface),
the following equation of motion is obtained:

Bh+kh=1 6)
where

L=xpbiw? (L, h/b+L,8) ()

Fig. 2 Instabllity boundary for the nonictivated single-degree-of-
freadom pitching osclintion at M = 0.
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Fig- 3  Instability boundaries for activated system.

Aswsuming the control law
S=Cihibyer 1}

and subsututing Eugs. (7) and (8) into Ey (6), the following
condition for dynamic instability in pure bending s obtained:

Im{l,+L,Cev]>0 9

In this case, the instability boundaries (I y. 9) are funcaons of
k. C, and ¢ only (for any given constant value of Mach
number)

Presentation and Discussion of Results

The instabity boundaries for the single-degree-of
freedom, nonactivated system will first be presented for
purposes of subsequent compatison with the activated system.
The pure bending instability boundaries of the activated
system will then be presented in the form of C vs 17k for
various values of ¢. Finally, the piching instability boun.
daries of the activated system will be presented in a series of
graphs. Each graph relates to a constant value of C and the
boundaries are presented in the form x vs 17k for various
values of ¥. The Mach number iv kept equal to zero
throughout this work. The system is assumed to have a 20%
chord trailing-edge control surtace. The aerodyanmic
derivativs are computed nsing analytical expression following
the method of Ref. 7.

Instability Boundary for the Unactivated System

Figure 2 shows the unstable region caused by pitching
oscillation as a function of the pitching axis location x4 and
17k. It can be seen that instability starts around the value of
17k >25 or £<0,04. Furthermore, the critical location of the
pitching axis is around the leading edge (that is, x =~ 1),
The instability boundary in Fig. 2 has been known for many
years? and it has little practical value due to the very low
valves of k associated with this instability.




Instability Boundaries for the
Activated, Pure Bending Oscillation

Figure 3 shows the instability boundaries C vs 1:& for
various values of phase angle ¥. The unsiable region lies
above the various curves, wheress the stable region lies below
them. The gaun C v made to vary between 0 and 2 and the
angle ¥ is vanied between 0 and & {80 deg For negalive values
of Clie., - 2<Cx0), the instabilty curves shown in Fig. 3
have the form of their reflection (about the abscisaa) with the
values of ¥ changed to (¥ + 180 deg). This point will be
discussed further in & subsequent section of this paper

It is very interesting to note that:

D) Activated vingle-degree-of-freedom bending instabshity
uccurs over & very wide range of values of & (not necessarily
fow values of &}

2) Phase angle changes between 0 and 90 deg promole
the instability, with ¥ » - 90 deg #s the most citical angle
The inatability subsuides as ¢ 15 further changed toward ¢ =

180 deg Positive values of phase angles {0 deg<y < |80
deg) do not show any instabilities within the positive range of
values of C, avshownin Fig. 3

Instability Boundaries for the
Activated Pitching Oscillstion

Figutes 4 11 present the instability boundaries of the av-
tinated system Each figure relates to a different fixed value of
gain C and shows the effects of the pitching axis location x,
and the reduced frequerncy & on the instability boundaries. A
careful study of the figures shows that:

1} The instability houndaries cover 2 very wide range of £
values, including a high value of &.

2) The instability regions increase as the gamm C s in
dieased

1) The largest istability regions are btained for phase
angle of y = 290 deg, with instabilities for both values
starting with C=0.5.

4) The least unstable location of the pitching axis hes
around the midchord region (1.¢., x ; = 0)

5) The phase angles ¢ which maintain stability throughout
the various values of Cand x4 lie 1n the first quadrant within
U<y <30deg (that is, in the region of ¥ = 15 deg).

6) A second range of values of ¢ which maintains stability,
except for lurge values of C (that is, C> 1.8), lies in the third
quadrant around ¢ = - 180 deg. For Cx=2 and ¢ = 180 deg,
the region of instability is very narow (around the midchord
region)

7) For U<y <180 deg, two distinct regions of nstability
often occur (see, for example, Figs. 7-11), with vne region
located at very high values of & (that is, at very low values of
1/ k).

8) The shapes of the instability regions vary considerably
with the reduced frequency k. ‘ience, the employment of
unsteady aerodynamics is essentii for activated flutter
analysis.
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Ll mae X e Yu-150° o
«120° &
an C UNSTABLE .90° o
-80° ©
0 @
“0
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sol. . . .. - e o soeoie .
[ 40 80 120 16 200 240 yi

Fig. 4 Instability boundaries for sctivated sysiem with control gain
value of C=0.30.
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Closed-Form Expressions of the Effects
of Control Surface on the Stability Boundaries

1t has been shown that in the absence of control suttace
rotation, single-degroe-of-freedon instabllity can only ovewr
for prtching oscillations provided 1/k>25 (see Fig 2) Suwe
the remaning figures presented in this paper e . Figs 3 1D
cover the range of 0<17k< 25, it follows that ins, Liliy
boundaries within this Iatter region must be brought about by
the detrimental effects of conirol surface rotation lhewe
detrimental effects can be 1solated from Eqs (5) and (9) 10
yield closed-form expressions. A study of these exprossions

Xa
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/'”/ -~
'K .
20 Same // re [P I
UNSTABLE T e
P
QP — - e e e e e
o e - L T
13 \‘ukﬂua! 80"
- e
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LX%
-
‘o SYAI;E
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§0 170 160 200 240 280
152 3

o 4o

Fig. §  Instabitity boundaries for activated system with control gain
value of Cw 0.50.
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Fig. 7 Instability boundaries for activated system with conirol gamn
value of C=1,00,
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Fig. 10 Instability boundaries for activated system with control gein
value of C= 1.75.

can shed some additional light on the eftects of the ditferent
parameters and especially on the role of the phase angle .

Controd Surface Effects In Pure Bending Oscitlations
Equation (Y) shows that control surface rotation iv
destabilizing when

Im(CL,e*)>0
ur, alternat,. cly, waen

C! RN E L, C0sy 0 it

K

Fig- 1 Instability boundaries for sctivated system witk conirol gain
value of € = 2,00,

whete the added subseripts R and 1 denote, respecinvely, the
real auid imaginary parts of the assouiated rarametaistre, 1
nhe preceding case).

The vilue of L, is about one order of magnitude large:
than L, over most of the 1/k range ' ut s, 1 K21 5)
Hence, instavility is largest around ¢l =% deg tor the
preceding 1'% range. Equation (10) also shows how the real
and imaginary parts of the control surface lift voetfuient ate
turned into & pure bending damping coefficient thiough the
phase angle ¥ and control gain C. It 1» worth nuting that the
following identity:

ClLy siny + L, cosy]

= - lI,Ksm(‘l«+180d(‘g)+14,,*\u\{|,1 « 180 deg)] (1

mplies that istabihity boundaries with positive xain values
may be replaced by identical boundnies with negative gain
values, provided the vorresponding values of the phase angle
v are increased by 180 deg (as already noted eatlier in this
wo k). It may ulso be obsersed that the destabilizing effect ot
the control sartace rotation is directly proportional to the
control gain ¢

Control Surface Effects i Pure Paching Oscillations

The destabilizing ettects ot the control surtace during
pitching oscillations van eastly be isolated tfrom Eq. (5) to
yield

ImtCen (M, (v +05)1,11>0

o, alterndusely.

ClUIM,, (xy+05)L,, Juny

+ iM,si NS VRY/ANY beosg | 220 (12)
Here again the control surtace aerodynamic voeificients are
transformed into main sutface damping coetticients through
the phxse .ngle © and control gain . The inequality ex

pressed by Eqg (121 depends not only on the Jelative values of
lb . 15“ AL . M, (which vary with &) but also on the
pltchmg axisy lmauon x4 which, in turn, affects the damping
of the main surface through the remaining terms in Eq. (5).

Hence, the effects of the various parameters on the instability
boundaries are of complex nature. Even the duminance of
Ma‘ over M, 15 limited to a lower reduced frequency range
(1/;- greater than about 4) than the corresponding one
associated with the L; coefficiert. Hence, for 1°k>4, the

RV
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widest instability will ovcur when 141 «90 deg Ligure 11t
example, illustrates this point and also showe thar at the lowe
range of 17k values, the widest instability regions ovcur with
valuesof 1¥ | =90 deg

Some Remarks on Fiutter Suppression
of Activated Systems

It can be seen that tor almost any chosen phase sngle. thee
exists a region of pitching axin lovations tor which angle
degree-of freedum nstability exints Thes smphes that an
activated traihng edge control may stabibize « mode whose
pitching axis lies outside the unstable region and yet mas fead
to a severe imstabulity of another mode whose pitching asn
fallv: within the unstable region  Smular senvitivies 1o
vhangss 1n phave angles van also be abserved (heepmg the
mitching avis location vy comstant), espectally i the fow
region of 1 A o1 mgh segren ol A These tavis mdhe
statlization both difficult and a2lvo very sensitive to modal
and phase angle changes It v well hnown that acnvated
Dutter suppressian systems have ¢ tendency to be senvtive to
vhanges an thight condions and thght conhigutations, m
additton to thea possible adverse effects on mmnally stable
modes. It 1y, therefore, very posatble that this senvtivan
ewsentially ongimaies from the alv remennioned sigle degree
ot treedom sastabihites rather than from the more compley
multt degree of treedom flutie

1t s also well known that the vlassival bending torsion tvpe
ot flotter s caused by the shew swnunettie vamponents ot the
real part ot the genetahized aerodynamic matny ¥ It can be
shown that synunetry in the preceding matiy vae be achicsed
O RS andy RO degtor A O bord C=landy X0
deg tar A 0 8 Therefore, classical flutter will ot ovoat o
valaes ot O egual to those just specitied (depeudent o Ay
Hence, trom classical flutter point of view, ¥ should e the
third quadrant, around v 180 deg. As alrecady nated. the
region of ¥ = 180 deg leads to single-degree-ot treedom typwe
instability tor values of C> 1K and v iteniar te the tns
quadrant values from the point of view ot the sigle degree
of freedom type instability. Hence, of C v limted to o value
of C<t® and ¥ 180 deg, nu smgle degeee of treedinn
tlutter will occur, but classical tlutter may vecur. I, v th
ather hand, ¢"is given the value of 1 85 o1 larger dependimy on
k. no ¢lassical bending-torsion flutter can ocecur, but o single
degree of treedom instatnlity will take plave. Henwe, a sestem
may exist (having v around the midchord region), for whih
sabilization by meany of activated taihing edge contio!
surface 15 impossible. The siabilizaton of such ssatemis van
only be achieved if modal changes are intioduced tha canse
the pitching axis to shift from the mudchard region Theswe
results are in agreement with those obtained by the use of the
aerodynamiv energy voncept *

J GUIDANCE ANDCONIRUOE

Conclusions

ft has been shown that acthivatior 1 dhe oy edge
vontral of an airfoil leads to single { 4ive of treedom type
mstabiliies which span over a very wide regron ot redued
trequencies &, ncluding high values of 4 (unhhe the nonac
inated system)  The otigin of these instabiities bies i the
wooduchion by the control suttace of negative acrodsynanng
Jampmyg forces Thiy amplies that aerodynamic damping
forces must pever be neglevted while pertomung Hutier
andlyas of acivated control systems (unbihe many anstances
m nonacingted Mutter problems)  Futhermoie, sin o he
antability boundanes vary vonsiderably with the reduced
trequerny A, osallatory wetadynamie  coettioenty mas
alwdvs be ved inoactinve vonttol flutter analvas The sen
srvanies of the actnvated ungle degree ot reedom astem 1o
Changes imopichmg asis lovation, vontiol detlecnon phase
dangle, and values of the reduved eguenos cause the achivated
daittanl e be potentially sensitive o Jhanges s thghn con
Jdiions and mas be the sounce of the many dittag foes on
vomtered mosappressing flutter by medns of dotn e connods
Sutve mnasnpressibty flow has been assumed throughour this
papet.at s telt that turther work i requined o determane the
possible ottedts of compresabithiey on the smgle dogree ot
hreedonmstabibity teported herem
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FLUTITER SUPPRESION AND GUST ALLEVIATION ISING ACTIVE CONTROLS -
REVIEW OF DEVELOPMENTS AND APPLICATIONS BASED ON THE
AERODYNAMIC ENERGY CONCEPT

E. Nissim
Department of Aeronautical Engineering
Technion ~ Isxael Institute of Technology
Haifa, Israel

&l tract

The paper prasents the current state~of-the-art
of the aerodynamic energy concept. The latest ap-
plications of the relaxed energy concept, most of
which are as yet unpublished, are also presented
in this paper, These applications include the sup-
pression of external-store flutter of three dif-
ferent configurations of the YP-17 flutter model,
using single trailing~edge (T.E,) control surface
activated by single, fixed gain, control law. Also
included axe some initia’ results regarding the
suppression of flutter oi the 1/20 scale, low speed
wind-tunnel model, of the Boeing 2707~300 super-
sonic transport, using an activated T.E. control
surface. Additional results regarding comparative
study between activated leading~edge - T.E. and
T.E. alone control systems are also presented to-
gether with a review of previously published foxr-
mulations and applications.

Introduction

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

The introduction of such ictivated control
surfaces is not limited to problems of flutter
suppression. Their potential appiications span
over a wide class of problems related to the im-
provement of performance of aircraft. The recent
technological advances made in the field of con-
trol systems and the increased reliability of con-
trol system components, brought about by the space
program, have paved the way for the incorporation
of increasingly sophisticated control systems in
aircraft. In his AIAA Von Karman Lecture(Z R
I.E. Garruck states: "A major current trend which
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will play a dominant role in research, developmant,
and practice during the years ahead is the union
of modern control technology and aeroelasticity;
for example, in control configured vehicles (CCV)...
Although seroelasgticians and control specialists
have in the past usually gone their separate ways
and both fields have become quite sophisticated,

in the last few years there have been attempts at
real cooperation and adaptation to each other's
methods so that important information has been pub-
1ished." Among the numerous proposed applications
in CCV are: relaxed aerodynamic stability, gust
and maneuver load allevation (with fatigue damage
reduction through modal suppression}, ride quality
control, flutter suppression, taxi load alleviation
and automatic con:;ol of variable geometry. As
could be expected some of the proposed applications
have recently come to fruition: An active control
system has been installed on the B-52 aircraft(3,4)
to control the response of the rigid body mode and
one elastic xode (first aft body bending) tec gust
inputs. Flutter suppression by gftive controls

has been demonstrated in fli;ht( on the B-52
airplane (the mild flutter instability was induced
by an added ballast tank). Other applications re-
lating to the control of the rigid body modes have
been incorporated in several military development
areas, including the YF-16 aircraft. Applications
relating to the suppression of external store flut-
ter are currently under way for the F4 airplane.
6,7) In addition, a number of feasibility studies
have been made to assess the merits (in terms of
weight saving and of performance increase) of ap-
plications of active control technology to air-
craft{8-13) Some of these studies were supplemen~
ted by comgrehensive wind-tunnel validation pro-
graxs, (14,15)

As can be seen, the use of active controls spans
a wide class of problems. However, one of the
mai.» Jifficulties which characterizes the intro-
duction of active control systems into elastic
structures lies in the tendency of the activated
syatems to be very sensitive to system changes
caused by the different flight conditions (such as
flight speed, flight altitude, flight duration and
type of mission), This sensitivity implies that a
control system which is optimized at one flight
condition may either show consierable degradation,
or even give rise to adverse effects at other
f£1ight conditions.

The aerodynamic energy concept was fotnulated(IG)
in an attempt to define actfve control systems
which do not exhibit such sensitivities to changing
flight conditions. There is no intention to pre-
sent herein a review of the extensive literature
in the field of active control of aervalastic res-
ponse, nox is there any intention to review the
different approaches and methods available for syn-
thesis. Atftempt will only be made in the present
paper to review the developments of the aerodynamic
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energy appcroach, together with ite applications,
to problems of flutter suppression and gust alle-
viation (with emphasis on flutter suppression pro-
blems). Whenver possible, comparigons will be
made between results obtaired by tha aerodynamic
energy method «nd those obtained by other mathods
such as classical or modem control theory.

The Aarodynamic Energy Approach

Basic Concept
The aerodynamic energy concept was developed

primarily fc. problems of flutter suppression

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

The Enerpy Analvsis
Let the n equations

FY = - o [B o+ mpb s(Ap + 1 AP M{qM(EHq} (1)

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

{F} = 0

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

{F} = [-J‘i [[Bsch]hmbks([AR,'EAR.c] +

v ¢ q
+1lap A D) + [EB'Ec]){ % (2
Asgume a control law of the form
{q .} = [1] {q} (3)
where [T] is a (r x n) matrix representing the

transfer functions of the control law, and assume
that no elastic couplings exist between structural
modes and contro di;}ectiona, thus causing [E_]=0.
It can be ahown( 6, that the work P2 done by
the system on its surrounding per cycie can be
written as

2 g 2
P 1OR8US | o - dyp] (U] {ag + iap) ®

where

{u] = -{[Al,s]+[AI,a]T+[AI,c][T]+[T*]T[A1.c]qj ¥

* 1[[AR'.]-[AR',]THAR'CI[T]-[T*]T[AR.CJT +

. (8. (7] - [P*)T [B )T ]

(5)
npbs
and where
{q) = 7, Je™® = (qp + 1o )e™" 6
The si,.. . * determines stability, and therefore
it is a'v:. -eous to convert equation (4) to a
more coi ... at form. Tt can be shown(16,17) that

P can be reduced to the form
P~ annb"u’n{ljkl [‘A\]u‘.R} + L&l [‘x.](ell]
€))]

or alternatively

- k2ol 2 2 2 2
P = ixZpbuls [xl (62 62 ) + naleg #8] o) +

2 2

o0t An(ER,n +ed } | (8

whare [\A.] is a diagonal matrix of the eigenvalues
necessarily real, of the Hermitian matrix [U)

A
(%s given by eqn (5)), and where the vectors iig}
and (&1} are defined by the transformation

lag) = [Qq +1Q;] g + 1g;) 9)

The matrix [Q, + 1QI] is a square modal matrix of
the principal “eigenvectors.

Discussion of Energy Concept

The work per cycle P done by the system on its
surroundings has a direct bearing on the stahility
of the system., If P 18 positive, the system is
dissipative, and therefore stable. If P is nega-
tive, the system is unstable because work is done
by the surroundings on the system. Equation (8)
shows that if all the eigenvalues X; ol the sys-
tem are positive, the system is stable regardless
of the motions represented by the generalized ene~
rgy coordiiates £. If one or more of the A
eigenvalues is negative, the system is potentially
unstable, Its ultimate stability is determined by
the relative values of the terms § and A. If
the E values make the posilive eigenvalues domi~
nate the right-hand side of equation (8), the work
P is positive and the system is stable. If, on
the other hand, the £ values make the negative
terms dominate eqn. (8), P is negative und the
system is unstable. Hence, the requirement for
all A's to be positive is a sufficlent but not a
necessary condition for stability.

For mass-balanced congrol surfaces ((B,_]=0, the 1
eigenvalues A obtained from [U] (Bq. (%)) are ‘
dependent only on the aerodynamic properties of the |
system and the activated control law (matiix [T]). *
In the case of mass-balanced surfaces, the eigen- ‘
values are referred to as aerodynamic eigenvalues.
These latter eigenvalues are, in general, functions
of the reduced frequency k and Mach number M.

If mass unbalance is a fixed quantity in the system,
the eigenvalues A also depend on the fluid den-
sity p in addition to their dependence on k

and M. Note that instabllity at zero airspeed can
be brought about only through these mass unbalance

RV’
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terms. All the results presented {n this paper re-
late to mass-balanced control systems only and
therefore, aurodynamic efgenvaluss are obtained
from the following [U] matrix

IR (T T L T T S [P

+i[[AR'.HAR,‘]TﬂAn.cl(Tl—[T*lT[AR’clT] (10)

It may be recalled that the energy approach, in
its original dcwlopmcnt(l6 » sought to determine

the matrix ([T] to render all the aerodynamic
eigunvalues (of matrix [U)] eq. (10)) large and
positive., This requiremant regarding the aero-

dynam{~ eigenvalues insures both the stability of

tne syastem (since P is always positive) and ite

insensitivity to various flight conditions (which

manifast themselves in the form of changing values

of )l ard changing values o the system responses
L),

Generalized Model

The envrgy approach has been formulated for a
general n degree of freedom system., Therefore,
the energy concept can be applied to any problem,
The results of such applic=tion, howaver, will be
specifiv tor the aystzm considered since the gene-
ralized aerodynamic forces depeand not only on the
system geume: Iy put also on its structural natural
moddl rosponves.  If, however, the energy concept
o» ajplied - a4 two dimensional strip, the aero-~
Jyamy  meiroen arg fudependent of geometry and
Yea o G€s 3 .ue yyvtem, As a result, the aero-
Supamie ¢t values are independent of any specific
svafem oo e onty functions of k, M, and the
ttansier iwe -lon matrix [T}, Therefore, if [T}
ig cetined using a two-dimensional strip as a model,
*he - {4l values ave applicable to any three-
Gieers: nol wing within the limitations of strip
theory; tn:s, the wodel 1s generally applicablie.
Sketch 1a) 1llustrates the generalized model con~
-.dexed, and ithe arrows indicate positive displace-
ments and rxotations,

UNDISTURBED  POSITION

B
~

Lu_.. bsd

‘-- 0.t bt

|- 20 ]
Sketch (a)

Anaivsis of the Generalized Model

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

aexrodynamic eigenvalues, Amin and A are ob-

tained using this model. The analysis and results
which nccouplnizi6shc original derivation of the
energy concept, smployed a transfer function
matrix of the form

(1] = [€] + 4 [G]

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

an

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

Besults of the Original Formulation of the Energy
Concapt

Typical results obtai?ed with Me0 wusing the
procedure just described 16) are presented in Fig.
1 for the unactivated system, in Fig. 2 for the
activated T.E, contxol and in Fig., 3 for the acti-
vated combined L,E.~T.E. control system (for fur-
ther details see ref. 16). The optimized values of
the transfer functions {[C] and [G] for these
two types of activated systems are given by

a) For the T.E. Control system

L) 0 0 ]
; 6] .=

[c], .=
opt lf°‘35 -1.9] 9Pt 19,35 0.1

(lla)

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

50'5 1.0] -0.5 1.0
Ic] = A B
WPt o.us -i7] Pt l0.45 0.2
- (11b)

The following points emerging from these figures
are worth noting:

1) Tho value of Ayq, for the insctivated sys-
tem (fig. 1) is negative throughout the range
of k (0.0128 < k < 19.5) and the value of
Anax 18 positive throughout this same range.
Furthermore, the absolute values of lAminT
and |Apax| are of the same order of magni-

tude.

2) The values of JApy, for the T.E. system
(Fig. 2) is only marginally positive (except
at high k values) and is highly sensitive
to off-design values. The values of Cj2
which improve JApip cause Apyy to deterio-
rate appreciably.
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3) The optimum values of )y for the combined
L.E.~T.E. control system igiz. 3) is large
and positive over the whole range of 1/k.
The off-design sensitivity is greatly reduced
as compared with the T.E. control system.
Here again, the values of C22 which improve
Amin cause Jp,,. to deteriorite.

The results prasented in ref, 16 indicate the fol-
lowing additfonzl important points:

4) Systems having two sensors (to determine both
h and a) are superior to any single-sens-r
system,

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

6) The values of Apin (and Apay) for the L.E.-
T.E. control system could be increased con-
siderably by the simultaneous increase of all
the Gj4 terms by a constant factor w/wp>l
(see fig. 5). The T.E. control system showed
a deterioration in Ay, accompanied by a
considerable improvement in Apax when such
an invresse in its Gjj cerms was attempted
(see ref, 16). Thus, the ccntrol law for the
L.E.-T.E. system could be brought to the
following convenient form

h/b} 4 L afb
o1 = fol { PP+ gmten {7 (12)

where w, 1s & reference frequency which
maintaing the non~dimensional nature of eqn.
(12), Clearly, the mechanization of this lat-
zer control law is much simpler than the one
given by eqn, (11).

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

-

.5 h/b h %
p .05 h/b
l.a

—
Q
'%M
S~~~
Sketch (b)

lﬁ .45 h/b

Sketch (c¢)

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

It is interesting to note that the main effect of
the in-phase daflections of the control surfaces
is to counteract any 1lift building up; that is,
the 1lift increase due to the angle of attack « is
opposed by the forces created by the deflections of
the L.E, and T.E, control surfaces, Furthermore,
the out~of-phase control deflections increase the
damping forces. It can therefore be seen that flut-
ter suppression 18 achieved by both reducing the
energy input into the system and increasing the
dissipation of energy.

Early Applications of the Aerodynamic
Energy Concept

The first application of the results produced by
the aerodynamic energy concept was made using a
SST type wing for which detailed analyais usin§
at least 10 degress of freedom already axisted(18),
The application was carried out by members of the
Boeing Wichita division under vontract to the
Langley Research Center. The wing configuration is
indicated in Fig. 6. PFlutrer control was achieved
using several independent stripwise units each of
which consisted of combined L.E.-T.E. control sur-
faces having 20% chord each and activated by sensors
located at 30% and 70% chord locations,(using a
control law as given by eqn (11)). The results,
employing M=0.9 lifting surface aerodynamics, sup-
plemented by strip theory for the control strips,
indicated that the use of T.E. controls alone
would increase the flutter speed by only a few per
cent (v 5%) while the use of the combined L.E.-T.E.
systems ylelded with outboard segment A alone an
11% increase, with mid segment B alone - 28% in-
crease, and with inboard segment C alone - 21%
increase in the flutter speed. The combined use of
B and C led to an increase in flutter speed not
specifically determined but noted to be in excess of
41% of the original speed. A root locus plot cor-
responding to this case is shown in Fig. 7. A cor-
responding experimental exploratory s:udy(15) was
undertaken in the Langley Transonic Dynamics Tunnel
uging a simplified version of a proposed supersonic
transport wing design (Fig. 8). The active flutter
suppression method, based on the aerodynamic energy
criterion, was verified experimentally using three
different control laws (as defined by eqn (11)).
The first two control laws utilized both leading
edge and trailing-edge active control surfaces,
whereas the third control law required only a single
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T.K. contrel surtace. At Mach number 0.9 the ex-
perimental results dewonstrated incieases in flut-
ter dynsami. pressure from 11.% per vent with a
L.E.~-T.E. active control system to 30 per vent
with active T.E. control. The mechanization of the
L.E. control has met with great difficultiss due
to what Is now brifeved to be a control induced
instability . qused by the mass unbalanced L.EK.
control. Aw a result of this instability of the
L.E. vontrol (which was present sven at zero ais -
speeds) a.tivation of the L.E. control could only
be attained at H=0.9. Nevertheless, tw) important
Eig?t. tollow this essentially experimental study

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

&) lrxespretive of the difff{culties envountered
in the mechanization of the L.E. control, it
% still significant to note that a single
I.b. ventrol yielded satipfactory results in
suprressing flutter vvey the entire range
i Mach numbers tested.

Sorwwliod fittetent analvtical applications
RO Ll a0 semewhat Jdifterent control law, ot
fon Cape aleens byoegn (L)Y, with wyp acting as a
cvird L gat e ter (the smallexr  op im, the mexe
At tve controeld bevcome), were made
tvpes ot subsoniv atrcratt using
RN S E O R S Appld«(hk“g’ based on aerodvnami.
wiaop oo tv. These afroratt ave the twin-boom,
swoant Leth prop Arava STUD transpoil (maxisum mass
v¥e Rg. w0 F1Re 9) and the Westwind, twinjet
coalieoms transport (maximum mass 9400 Xg) which 1m
@ it aa coseien of the Rockwell Jer Commandet
LR, avie o wing on each afrcratt was Jdivided
it o wgi ‘v spaved atrips as shown in Fig. 1l1:
Pavh <idy could aovoraodate a pair ot active von

tvde that 8, 0% chord L.E.-T.E. vontroels).
Jue o wiaips vocdted along the horizonta! tail were
alimes spans tqual to one third and one tenth ot
the 5t . Zzontd? tail semispan of the Arava and West:
miint dt.orsrt cespectively.  The bewt locations
4o tdvated svaloem aiong the span ot
the 1g wele deiermined for bending-moment alie
At ion, tednetion in fuselage accelerations, and
Catiats sppiessicn. Redesence 19 Jdeals with sty
Aokt 1ute Zheteds Teterence S deai with (.o
shape tuxt «iih peakh valusw tollowing tav to it
meuts «f the tederal aviation authorities.

e T e oy
RTI N Wioaen

% TR SR R

e mimc ltancous treatment of flatter suppres-
wove and gust allevigtion problems follows as a
Hat i venseguem e of the control law derived by
the use of the derodynamic energy which, 4s al-
readv men.ioned varlier, acts to veduce the energy
snput into the system and iacrease the dissipation
ot energy.

'zufhf sain points emerging from thie application
\ are biietly summarized by the following
points:s

1) A single activated strip located at the out~
board regivn of the wing promotes negative
bending moments 1) at the root of the
wing Juring upgust conditions (see Fig. l.).
These negative bending moments are caused by

he restraining forces exerted by the acti-
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vated strip, at its outboard location, as a
result of the upward motion of the airplane

caused by the upgust forces. Yor similar
rvasons, an activated strip located at the
oot region of the wing prowotes increase in
bending momsnts during upgust conditions
(ave Fig. 13),

To uwvercoms these difficulties, the con-
trol law was modified to activate the cont-
rol surfaces using the elastic contributions
of the motion, In mathemacvical terms, h
and a  4in {he control law were replaced by
(h-hy) and (a-ap) where the subscript =
refers to a reference point around the root
of the wing., This reference point is chosen
in such a manner so as to "filter vut" all
the rigid body contributiona to the cvontrol
inputs. The results following the intro-
duction vf the above changes into the vontyol
law (referred to in ref. 20 as the extended
contreol law) are shown in Fig. l4. As can
be noted, the effects of the extended con-
trol law vn the maximum values of the root
bending moment are indeed dramatic, The
best location of the activated strip for
maximum bending-moment reductions is in the
tip region of the wing but inboard of the
tip mtrip.

¢) The vptimum strip location for maximum in
vivase fo the flutterspeed is at the wing
tip strip., Furthermore, the effectivenexx
wt the acvtivated styip is greatly increamed
by the introduction of the extended vontrel
law. Flutter speeds vould easily be in-
vreased by more than 707 of the open loup
tlutter speeds.

1 The optimom strip locativn for maximum ye-
ductfonk in tuselage accelerat {vons is at the
oot strip location for the ordinary vontrol
Taw (Fig. 15%). The extended centrol law
vivlds better resvlts with optimum stxfp
jovatfon ot the inboard region ot the wing
thbut «lvasly not on the reference strip, see
Fig, 1bY,

I srmmardsing the results of the above applica-
tient=M0 0 mav e xtated that the extended con-
:1vl law, whivh is based vn the wing elastic defor-
Bt fotin ohiv, Prosents a sajer step {orward in pro-
nleas ot Hlutter sappression and gust alleviat{ion.
It leads too alm wt complete decoupling between the
rigid body pesponses, elastic responses, and the
activated control forcesn.  As a result, major im-
provements in pet{uermance sre obtained, For this
reasvon, {ree flving wind tunnel models might show
greatly reduced pertormance as compared with clam-
ped models unless zome form of an extended control
lav {8 used.

The above applications have shown that the
energy voncept produces etfective activated systems.
There were indications, however, that the derived
vontrol laws could be improved and that the mecha-
nization of the L.E. contrvl was more involved
than that ot the T.B, control. Purthermore, some
of the coatrol laws (such as the one defined by
eqn (11)) wexe difficult to realize. Thir lad to
an investigation aimed at avoiding the use of the
L.E. control while maintaining the effectiveness
of the activated system. The results of this in-~
vestigation are described in the following section.




Active Piutfor Sggguig Uu%; Jrailing~
Edge and Control Surfac

As alrsady stated earlier in this paper, the
L.E. control may present some control problems
since {t carries relatively large asrodynamic
hinge moments. Furthermore, there has been some
reluctance to introduce a L.E. control due to its
possible detrimental »ffwcts vn (he general aero-
dynamic characteristics of the wing. The acti-
vated T.E.~tab combination, if effective for flut-
ter suppression, could alleviate the difficulties
axgociated with the L.X.~T.E, systom, Jt is shown
(21) that an 8% chord tab should be chosen for a
20X chord T.E. control, 7The results obtained(21)
for the variations of Jwipn with 1/k show that
the T.E.~tab system activated by both linear and
rotational sensors, has a flutter suppression per-
formance vomparable to tha L.E.~T.K. system. The
muin advantage vf the T.E.-tab system vver the
L.E.~T.E. system lievs in the lower actuator turque
requirements, whereas its main disadvantage
lies in its relatively higher control surface rota-
tions. Applications pertaining tv the T.E.~tab
syutom were not further pursued in view of the pro-
gress made regarding che activation of T.E. alone
control avstem. Some details regarding these
developments are presented in the following rec-
tion.

Kelaxation vt the Energy Concept

Ublective and Furmulation of Relaxed conditions
The emwigy approach, in its original develop-
ment (10Y ) yought to determipe the matrix [I] s
as tv render all the acrodvnamic eigenvalues large
and powitive. This requirement regarding the
gerodynamic eigenvalues vnsures both the stabilitv
ot the system (sinve P will always be pusitive)
and i{ts insensitivity to the various flight con-
Jditions. Since the derived control lawa are of
genaral nature and do not take into consideration
any specific property of the analysed svatem, it is
poasible to argue that the limitativns cvuncerning
the potentials of the T.E. control system tu per~
torm aftectively as flutter suppressor is in-
herent 1n the above formulativn of the problem.
Assutie that other methods uf astabilization exist,
vr can be devised, and that all we wish to ensure
is the insensitivity of the stabilized system to
Jhanges in flight vonditions. The implivations ot
such an appreach on the energy vonvept involve the
rvelaxation vf the requirement that all the aero=
dynamic eigenvalues must be large and positive.
Assume, therefore, that such & relaxation is naw
introduced which permits some of the aerodynamic
eigenvaluas tu be negative, Stability cvan unly be
achieved under thaese vonditions by wodifying the
reaponsaes of the aystem g0 as to render the re-
sponsvy associated with the positive eigenvalues
to be the dominant ones. This latter requirsment
forms a recessary vondition for stability but does
not errure, in itself, the insensitivity of the re-
sulting stabilized system tuv the various flight
conditions, In order to ensure that this relaxed
stuhility requirement yields a systam which shows
only small sensitivities to the changing flight
conditivng the absolute values of the negative
aerodynumic eigenvaluas must always be made much
smaller than those eiganvalues associ.*:? with the
dominant responges of the stabilized system. Yor
the geo.eralized two-dimensional model adopted in
this work, two aerodynamic eigenvalues, lpyn 2nd

and Aggx are cbtained. In the original derivation
of the asrcdynmmic energy concept, lyin Was re~
quired to be poaii’yn and large. In the relaxed
snergy approach, Main Iis permitted to be nega-
tive provided

‘nl » pear maximuom value
B (may be negative)
(13
1tuuc . J‘m.x:\

and provided that these relationa are maintained
for all flight conditfons. The above two require-
ments regarding Apin and Aggx will be roferred
to as the "relaxed energy requirmmenta’., As can be
noted, the above relaxation is made possible by
abandoning the sufficiency condition for stability
in the original formulation while maintaining it
insensitivity to changes in flight conditions, It
is worth noting that since the dissipation of
energy by the activated strip dependn both on lmip
and on  ly,x, the importance uf Agax should not be
overlooked even whan Jmin 1s positive and large.
Considerable improvements in the potential perfor~
mance of the activated control system may result,
it changes in the control gains are permitted which
lead to small degradations in \mip, provided these
degradations ar accowpaniaed by large increases in
\max+ Thia implies that while determining the vp-
timum values of the transfer function matrix ([T]
we seek tu optimize not only the area under the
\mipn V8 1/k vurve but alsov the weighted addition
ut the area under the JApax v8 1/k curve, o as tu
satiniv eqna (13). Convanient weys of performing
the above optimization of the [T] matrix are de-
secribed in vef. 17,

In addition to the above relaxation of the
eaergy vomvept, two other major changes were intro-
duced {n ref. 17:

1) Unlike the vriginal derivation, only reali-
zable tranufer functiona 'iere cunxidered

2) The influence on the targat function of the
very luw frequency portion of the L\ ve l/k
vurves wag reduced by both an appropriate re-
definition aof the aerodvnamic eigenvalues and
the reduction ot the k range from

0,0128 « k « 19,
(16)
a% used Jduring the original derivation,
to
Q.04 &k~ 30
The redefintion of the aerodynamic eigenvalues
involves the inclusion of the frequency effacts

into these aerodynamic eigenvaluea. Hencve, eqn (8)
was modified to the form

P o= hxspheVes }\1(£h.1 + Li.l) +

»

T2 2 3 2
PTG, ) e T )|
(14)
yielding the feollowing relation betwsen the 1i's
T L2
\1 k<A

i (15)

Hence, at the low range of k values, the nawly
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defined eigenvaluss are smallier than the coriginally
defined eigenvalues by x factor of k‘. Thess
changes permit the giving of more weight to the
intermediate frequencies during the optimization
process.

Optim{zation Innultl(l7): .

The variatiova of the non activated A's with
1/k is shown in Fig. i7. It is interesting to
compare thess 1 with “heir 1 counterparts in
Fig, 1 and to note the large changes in tha shape
of the curves.

Two typss of optimized transfer functions ware
derived.(17) The first type is referrsd to as the
damping type transfer function (D.T.T.F.) and it
assumas the following cptimum values for [T].

. 0. a  Of{~a. N
[T] = + 1k (16)
9. ~1.86 0 ar}} 4. 3.2
where #; Jnd ar are positive free paramvciers.

These free parameters were introduced as a r.sult
uf the unbounded behaviour of the target fuanction
with Yespect tu increase of these paraxeters. The
transfex function for the T.K. alone system {s ob~
tained from eqn (16) by letting ap=0.

The meooud type uf uptimized transfer function
i% ofzrred to ae the localized damping type trans~
ter tunctfor (LLILTLT Fu) and {t assumex the fol~
tow tug ot taue valuen tor  [T]

Tou ] a 0]]-4. 4.7
LR boan
. -1.84a1 Q a 4, 2.8
b I !
whiio e apain ap and  ay are positive free

rassmetess (whivhh follow the unbounded nature of the
largel 2. don with Increase of these parameters)
and K 1= given by

O ¢ L 3L
k)" + ZUcn(ik) + kn?‘

(18)

whete b b 4nd ky are positive constants.

Pig o omi we the Largation of imin vs 19k and
par VA L Ta Al vaaivoas Mach numbers using the op-
t{afred ' 7T F., 48 detined by eqn (16) with ay=0

“tha 4. U F only countrol system) and arp=2h.
“he . crre Lo ding cavves using the L.D.T.T.F. da-
troed By ooequs (17,18) are shown in Fig. 19 using
tie alues of  upel, ap=i, ;»0.5 and ku~0.2. It
can be ween that the results corresponding to the
LT.T.F.  ti1g. 18) satisty the relaxed energy re-
Juireme:ts tas expressed by eqn (13)) over the
whole 1ange vf k's investigated. The L.D,T.T.F.
vields results (¥ig. 19) which satisfy the relaxed
vnergy xrequirements only around the peak region of
thie vurves. The location of this peak region
talung the 1/k axis) is around 1/k, and the
width of the curvex (in addition to their height)
are contrelled by the parameter 5, In addition,
stiffness terms are introduced as R varies with
k., These terms vanish when k=0 and tharefore do
not affect the static behaviour of the system,
They, however, can be used to change the response of
of the system, if nevessary, so as to ensure stabi-
lization. In general, saveral R values can he
used, having differant values of ky, 2 and a's,
if greater flexibility in the X distributions

(Vith k) s rQq\tiNd while U.m the L.D.T.T.X.
(see ref. 22), Yor the L.K,~T.E. systems, large
improvements in the values of are obtained
(ses ref. 17) with almost naglig L affects
the values of (as compared with the T.X,
alone control system).

The working forms of the above trinafer functions
ars simplified to the following forms for purposes
af subsequent applicationst-

For the D.T.T.¥., matrix [T] 1is given by

[1) = + {3 19
0 -1.86 vy arfl 4. 3.2

where wp 1is & refarence frequency, normally chosen

as the opsn~loop flutter frequancy. For the
L.D.T.T.F., matrix [T] 1w given by
. 0,
(1] = +
. =1.8
+ (H‘,l .L,1+ll-)2 .L!z) 0 *
L 0 (Rp,1 27,17%7,2 1,2
(=4, 4,
. (20)
4, 2.8
where
(dw)?
R = . —— (21)
2 + i
§ 0 (Hw)? + 2‘j”n,j(1”) (”n.j)

It can be sween that both transfer functions in-
c¢lude parameters which can only be determined in
connection with the system considered, The
1..D,T,T.F, has mare parameters for detemination
and has more poteniial regarding possible changes
in the responses of the system, It is generally
wneideted te te yrefersble to the D.T.T.F. On
the uther hand, the D,T,.T.F. has less such para-
wmeters and, therefore, their values are much easier
to determine.

Analytical Applications of the Relaxed
Energy Approach

An optimization prucedure was developed(22) for
the determination of the various free parametars
(that exist in the above transfer functions) so as
to minimize control surface response to continuous
gust inputs over a wide range of flight conditions,
Most applications relate to T.E, alone control sys-
tams in an attempt to determine their effectiveness
for flutter suppression. Extended type control
laws (driven by the elastic responses of the system)
were exclusively employed in all applications.

The first application of the above optimizatinn
procadure using the newly definad transfer func~
tions was made to a violent wing flutter case of a
drone atircraft(29) selected by the National Aero-
nautics and Space Administration for flight re-
asearch programs saimed at validating active control
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system concepts. A plan view draving o! the

flight vehicle-research wing co-btuntioazég shown
in Fig. 20. Cuided by previous resulta{dV), the
T.K. countrol surface was placed as near to the tip
of sach wing as was structurally possible (Fig. 21).
All the aerodynemic forces were computed using un~
steady lifting surface doublet lattice method.

The design objective of the flutter suppression
system was to provide a 20% increase in flutter
speed (to be demonstrated in flight) above that of
the basic wing. Although detailed results re~
garding this cass appear iv ref. 22, preference
will be given here to tha cesults appearing in ref.
23 since they include com,arisons with results ob-
tained using classical control system synthesis.
Table 1 presents a summary of the calculated flut~
ter characteristics., It can be seen that both the
classical and the snergy methods achiave the ob-
Jective set for the {lutter suppression system
(with somewhat higher flutter speed valuas using
the enexrgy method). Figure 22 shows comparisons of
control surface rates and displacements. As can
be seet, the maximum values for the rates (and dis-
placemants) using the energy method are around 20%
lower than those produced by the classical method.
In thelr discussior of results the authors state
(23): "Two wajor diffexences result in the appli-
cation of these methods., The first difference is
in establishing the form, gains, and break
frequenc ies of the shaping filter. In the ciassi-
val method, this process is a function of previous
experience .oupled with results of analysis fcr

the partiiuiar aystem being studied and in general
vaniwt by extendad to vther problems. In the
aerodynamic energy method, on the other hand, a
fixed tvrm . f the shaping filter is given with free
parameters avallable to fit this form to the dyna-
mic characteristics of the system being considered.
The second Jifferanve is the manner in which the
pust analysis {s used. In the classical metnod the
gust is used to evaluate rates and defle tions uf
the control system after preliminary design of the
shaping filter is complete. If the rates or de-
flections are beyond the capability of the centrol
system then an iterative process including changes
tv the shaping filter and possibly the control sur-
face size is begun. This process is continued un-
til both the stability and gust response require-
mants 4r» met.  In the energy method, the fixed
form of the shaping filter a'lows the gust to act
#n & driver in establishing the free parameters
which {n turn permits the minimization of .ontrul
surface activity while maintaining stability.”

A second npplicutio? h" recently been made to
the YF-17 fluttermcdel{24) with the vbject of sup-
prassing the extarnal store flutter of three dif-
farent store configurarions using a T.Z. alone con-
trol surface. The geometrical description of the
actlive control system is shown in Fig. 23. Note
that the T.E. control surface spans only 7 per cent
of aach wing, The description of the three con-
figurations is given in Table 2 &nd the results of
the optimization procedure are given in Table 3.
These latter results ralate to M=0 and V=98 m/s and
were obtained using x dynamic pressute Qp which is
twice the value {determined arbitrarily in the ab-
sence of a definition of the desired flight enve-
lope) of the minimum flutter dynamic pressure, cor-
responding to configuration B, A L.D.T.T.F. was
employed and its free paramatars we'e¢ determined
using vonfiguration B. The resulting control law
was maintained fixed during applications to

confizurations A and C The significance of
these results is threefold:

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

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

3) The effectivenssn of the activated coatrol
system ig maintained over the whole range of
flight conditions (thus providing yat another
confirmation regarding the potential of the
relaxed energy concept).

It may also be worth noting that althougk the
open loop configruation B 1is most criticas from
flutter considerations, the largest control wurface
activity corresponds to configuration C. Thiw
activity can be reduced by increasing the span of
the rontrol surface (\ 7%) employed in this appli-
cation,

A single application of a I E,~T.K. control svs-
tem has recently been made using the previously de-
scribed drone aircraft.(23) 1t is shown that the
L.E.~T.E, control systom yields a closed loop sys-
tem with flutter spesds which are higher than those
vf the T.E. alone system, In addition the activity
of each oi the concrol suriaces in the L.E.~T.E.
system iz wmuch lower than that corresponding to
the T.E. alone systoem. If, however, the performance
uf the two systems is judged on the basis of the
oaximum control surface activity (corresponding to
the desired «4X Increase in the flutter dynamic
pressure) rather than on the maximum flutter speed,
and 31f we further require that the periormance of a
system with two control surfaces be compared only
with svstems having two control surfaces {in this
case a comparison between L.E,~-T.E., and T.K.-T,E.
systems) one finds that the performance of the L.E,~
T.X. vontrol svatem is comparable to the perfor-
wance of the T.E., alone system, with slight advan-
tege to the latter syatem., Altheough this finding
may be of apecific nature and need nut necessarily
hold true tor other applications, it is of {mpor-
tunce «.ine §t shows that a 1.E. 3lone control sys-
iem oan yield results which compare favourably with
A& L E.~T.F. vontrol systenm,

1t 1w not unintentfonal that we choose tu close
the vircle of applications by returning to the first
example whivh served to test the potentials of the
aecrodvnamic energy method =~ that is the application
relating to the Boeing's supersonic transport. Com-
parison is now made hetween the results reportad in
reference 20, and which forma rhase 1T of the SST
technology fellow-on progtam, aud those obtai 59
through the use uf the reluxed energy concept? )
These results relate to the full span 1/20 scale
low-speed model of the Boeing 2707-300 supersonic
transport. Figure 24 shows the general configura-
tior of the model. It car be seen that two T.E.
control surfaces are available for activation. T?e
appifcation based on classical control methods(26
attempted the activation of both control surfaces
whereas the application basad on the ensrgy approach

acttempted the activation of the outboard

aileron only (based on experience gained from pre-
vious applicationa(20)), These results, which ware
obtained using lifting surface unsteady aerodynamics,
are presented in Fig. 25. As can be seen, the
enargy mathod yeilds an incra~ » in flu~ter speed
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of 33% using the sutboerd ajlerom uvaly (and
LeD.T.T.F.) whereas the classical method yields an
increase in flutter speed of 11.3X only, using
both outboard snd inboard ailerons. Furtherwora,
the energy method yislds the following control sur-
face activity of the outboard ailerom, 4t & spesd
whirh 1is 183 above the inactivated flutier speed

LI 2%.3 deg/s/m/n
‘s =« 0.33 des/w/s

Thesw activitien are not coasidered to be axces~
sive. It should benoted that flutter speeds could
further be increased by specifyiang higher flight
dynamic pressures when using the gust optimization
program.

Kemarks on Applications using
Modern Control Theory

The author of this paper {s unaware of iny major
comparalive studies between designs based on the
aerodynasmic energy method und those based on modern
contrel theory. Some use has, however, bien made
vf the arrcdvaewic energy control law (eqns (l1b),
(12)) ar derived for the L.E.~T.E, systesc in the
original fvrmulation of the energy concept in con-
nection with g work which smployed optimil con-
1 1 metholu'=% . The above cvontrol law wei zp-
vi1ed(28) (4 two dimensional subsunic strip, with
spevitted o cater dynamics included {n the anal-
vE1s. Tne teciits stowed that the plunge and pitch
moues wore wt«bilfzed throughout the range of para-

Aetet tvout {gated whereas the leading-edge con-
trol woie s unstable threughout this range.  Such
4 ondition 4an arige it one considers the coutzol

laws 1 the torm given by eqn (3) to correspond to
the somtdand ot lections rather than to the actual
1ov v oione. It should therefore be stressed that
Sty o surtace dynamics should be compensated in
411 appitvariins employing the emergy control laws
X 4% t. osuse the transfer function metrix [T]
{+ reiate between the structural vscillations and
tiie 4itual onirol surface deflections, It 1is
woeitl ment oning the results which vorrespond to
tlie dbove entioned two dimansional strip as ob-
tained tiiough the use of optimal control theory
1 1t will b appropriate, however, ta make &
hriet fntr Juctiope to the method used.

fLe (lnear optimal control theory requirel(ZQ)
e gt hond of mction of the system to be brough*
tv the following form

(ks = [A}iX: + [B}iu} I973)

where X: i1opresents the N state variables,

1A} vt vrder N x N) the plant (or system) matrix,
[Bj (vt urder N x m) the control distribution ma:-
rix; and 1u} (of order m} the control input
vevtor. Both the matricas [A] and [B] (+qn 2&)
ar constant for 1 given Mach number, given flight
velocity and given flight altitude. Optimal con-
tral theorv requires the minimization of the per-
formance index (PI), with equatiovns (22) used as
cvonstraints, where PI is given by

»

PI = [ ({X/[Qlix}+ lu}{P]iu})dt $3))

wnd where [y] is either positive definite or posi-
tive semidefinite, and [P] 1s always required to
be positive definite., Tha problem now remains of

selocting the weighting matrices [Q] aad [P].
Yor the minimization of {u}, [Q] is chosen as
[{Q)=0. The resulting optimized control law, whica
is of the form

ful = {T}{X} (24)

vhere the Ty¢ torms are comstants, causes all
the stable open~loop eigenviluss to remain vuchmage!
whils the opsn-loop unstable eigenvaluas are re:
flacted about the 1w axis (that is, the sign of
the real part of the unstable roots is ceversed).
This result (see also rvef. 31) permits application
of the "pole placement” method for the determina-
tion of the matrix ([¥]. Application of the above
optimal control mathod was made to the two dimen-
uio?ﬁ strip example using a T.X. only control sys-
tem{<%) The stabilized closed-loop system was found
to become vustable balow the open loop flutter
speed, thus showing the importance of the sensiti«
vity of the activated system to off-design condi-
tions. The above system with two control surfaces
was eventually stubilized by reflecting the un-
atable flutter eigenvalue about a line parallel to
the 1. axis and crossing the real axis of the
root locus plat at a value of % rads/sec. Buch a
reflection is arbitrary and is not, in itself, a
result of application of optimal control considera-
tions. It car. thus be seen that off-design conside-
rations forces the designer to compromise for a
subopt imal system, The amyodynamic energy concept
introduces thease compromises in a consistent wan-
ner whareas nther methods deal with tnis problem in
4n ad hoc arbitrary fashion

An additional point which is worth noting relates
to the {nclusion of the actuator dynamics in the
plaui,aqgﬁsions (22). It is felt that such inclu-
sion(2B is limiting ' ince paramsters relating
to control surfacve dynsmics can be changed if nwce-
ssary su as to reduce control surface activity,

The exvlusion of control surface dynamics from the
vnergy synthesis considerations should therefore
he viewed am promoting efficiency rather than as
a limitation. The fo'm of the various R's (eqn
(18)) associated with the L,D,T.T.F. have the form
of 2n actuator transfer function, It is therefure
possible to view the values of the optimized R's
ax Yepresenting the desired actuator dynamics.
These latter values clearly indicate the changes
that need to be Introaiced into the existing actua-
tor.

As o tinal remdark, {1 ig interesting to note
that the determination vf the control law using the
energy concept meets nonw ot the difficulties which
characterize the optimal contrel approach such as
probless associated with serodyuamic modeling,
state augmentation and eventually, the state vector
identification for purposes of implementation of
the control law, The use of the continucus gust
program for the minimizatiaon of the control surface
activity using the energy mathod presenta absolutely
no aerodynamic madeling ox state augmentation pro-
blema. Similarly, the relationship betwsen the con-
trol surfacc deflection and the response of the
wing at a mpecified location (see aqn (12) as an
example) presents no need for state vector identl .
fication (this is similar to the I.L.A.F, concept
developed in reference 8).

Concluding Remarks

The paper presents the current state-of-the-art
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of the asrodynamic enargy coacept. Many 3f the
applications relatiag te the relavsd snergy method
have not yet boen published. It i1s felt that the
relaxed energy methed, coupled with the gust res-
ponse optimization procedurs yields sffsctive con-
trol systems for the suppression of flutter. These
systems may consiat of sither L.K.-T.K. oz T.X.
alone control surfaces. These activated systems
may also be used for gust load alleviation and

ride control (if appropriately located) as showm in
one of the sarly applications. There remaina to
sxtend the method to the suparsonic flight regime
and to test the possible ndvla:a?vn of deriving
control laws baged on the system's generalized mat-
rvices (somewhat aloung the lines of ref. (31) using
the relaxsd energy approach) rather than on the
generalized two-dimensional strip model.

Further substantiation of results is needed
using both wind tunnel models and {light test pro~
grams before attempting to incorporate some flut-
texr suppression systems in either existing or
future aircraft.
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wn'im"nntuiil trequency of the ith slastic mode.

y

i

iBanf. Wing . cn L
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e R e e
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3.64 80 8.91 10 83 2,39 12 2.21 ] 2,10
Jab3 43 8.9% 10 161 .17 87 2,53 68 2,17
8.95 37
4.31 b4 8,52 10 156 3.15 121 2.69 104 2,49
. — - - mmns e wy——.
* Valuex relate to flights up to dyn. press. of 5.26 kPa
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INTRODUCT ION

The investigation reported in this work relates tuv the
suppression of extemnal store flutter in the YF-17 flutter model.
Configurat ion B was specified for the above purpose with the
objective of enahling the activated model to be tested in a wind
tunnel at Mach number M = 0.8 and at dynamic pressures up to 69%
above vpen loop flutter dynamic pressure. A schematic plan view of
the model is shown in Fig. 1. Two control surfaces are available
for activation: A leading~«.dge (L.E.) vontrol and a trailing cdge
(T.E.) control. Control laws are defined in an attempt to meet
the above mentioned objectives. No attempt is made, however, to
pel Into the detalls associated with the mechanization of the con

trol laws obtained.

Mathemat {cal Model

The dynamic characteristics of the model were supplied Ly NASA,

They included generalized masses, natural f{requencies and mode
shapes for 10 symmetric structural modes in addition to two rigid
budy modes, The generaliced aerodynamic furces were computed using
the Doublet-Lattice method with 126 boxes vn each wing wnd 32 boxes
on each halt horizontal tail.

The formulation of the equations of mution and synthesis tech-

(1)

niques are b.used on the relaxed aerodynamic energy approach(Z).
The gems ral form of the contrul law enployed was established in

Ref. (2) and 1s given by the following expressions



_2._
/ V-
’,t N 1+{x“ zt-t. 4 f‘_{_"hr_
e s a b (1a)
v JoieBo | { 0 Ky g 4 2.8 |fa -

<here P oand ¢ are the detlections of the L.E. and T.E. control
sarfaces, respectivelr, and where hy, ) denote the translation and
rotation o the 30 per cent chord point at the control surface d
~pan seviion respectively (see Fig. i). The parameters hr and X
it terly denote the translatfon and votation ot a refetence potn,
focated alooy the conter line ot the toselage and b denotes the send
sartd lenets 48 the control sorfuace afa span section.  The K70 ae

niven by the tollowing expressions
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Presentation and Discussion of Results

The root lucus plot for the open loop system, with the dynamic
pressure QD acting as a parameter, Is shown in Fig. 2. As can be
seen the value of thie dynamic pressure at flutter (QDF) is equal to
QbF = 84 puf. with frequency w = 36.6 rad/s. Activation of the T.E.
alone yielded only marginal results, indicating the need to relocate
the control surface (see also Ref. 3). The L.E. alone yilelded better
results but since these results originate from changes in the responses
assocluated with the energy eigenvectors and not from changes in the
energy eigenvalues (as required by tlle relaxed energy approach), the
work based on a L.E. alone system was not pursued. Hence, the work
to be reported herein will relate to a combined L.E. - T.E. system
(at M = 0.8).

The control laws derived from the energy approach neglected the
eftectis of control surface mass unbalance in an attempt to obtain
generalized results. An activated system with mass-balanced control
surfaces was therefore testued first. The synthesis technique yielded
the following control law by specifying that the model should fly at
a maximum dynamic pressure (QD ) of 143 psf., and by attempting to

max
minimize the control surface rates of the system:-—

1.62 s~ 15. s?

Reg. ™ +

g2 + 2x 1% 4xs+(M2 82+ 2x0.5x%x57 %8s+ (57)2

4.07 s?

Re ™ - (2)
By g2 42 x 1 % 41,5 % 5 4+ (41,5)7

with (g = 0. , structural dampiny)




o e
|

rms

N

-

The optimization was constrained to yield control surfaces

with nearly equal values of control rates. The closed loop root

locus plot for the above activated system is shown in Fig. 3. As

can be seen, flutter has completely been suppressed up to a dynamic

pressure of 200 psf (maximum value used in plotting all the root locus

plots to be presented herein).
? The introduction of control surface mass unbalance has modified

the root-locus plot (Fig. &) to such an extent that instabilities

cover most of the flight dynamic pressures. A careful examination

of the variation of R with frequency (Fig. 5) and its effects on the

flutter speed has shown that the aerodynamic and inertial stability

effects are not compatible. The aust optimization program was con-

strained to yield maximum aerodynamic damping around the flutter

frequency only while minimizing the control activity at higher

frequencies. This approach yields the following values for the control

i law parameters:

Rr.E.

with (g = 0.,

16.04 deg/s/ft/s

15.21 deg/s/ft/s

62 + 2 x 0.16 x 39.1 x s + (39.1)°

"Lk, 6% + 2~ 0.29 x 38.8 x s + (38.8)°

structural damping)

0.31 de~/ft/s

.29 deg/ft/s

1.88 s?

(3)
1.26 s?

RV 5




& Y lk.bﬂ de‘/‘/ft/‘

3 = 0.44 deg/ft/k
8 = 14,26 deg/s/ft/s

3 = 0.4 deg/it/s

The root locus plot asscciated with the above control system is
shown in Fig. 6. As can be seen, except for a small region of in-
stability at very low valuyes of QD(thch is counteracted by normal
structural damping) no flutter exists up to Q, = 200 psf. The above
vontrol law will be referred to as control Bw X, The variation of
tha control surfaces sctivitv with QD iz shown in Fig. 7 and a sensi-
tivity variation of the T.E. control rate activity (as an example) with
the control parameters is shown in Fig. 8. Cancellation of the para-
wmeter Cp1= ~1.86 (eq. la) simplifies the control law and shows no ef-
fect on stability (figures not included).

A second alternative control law (to be referred to as control
law I1) was attempted by trying to match the flutter and inertial
stability requirements at the various regions of frequency. This was

(1)

done by using the synthesis fochnique

QE“%Q%EH) which multiplies the transfer functions shown in Eq= (la).

in the presence of a filter

The results for the control parameters are given by

e 4 32
E. | 2 3
8 4+ 2 x 0.43 X 57.4 ¥ g + (57-4)

2.07 s? {4)
"L.E. G4+ 2 x 0.5 % 41.5 x 8 + (41.5)°

with (g = 0 , stiuctural damping)




6:@. = 21.38 deg/e/ft/s
éms Ll t51 deg/ft/!
Brma = 19, 3% deg/s/ft/s

B « ,52 deg/ft/s

The closed loop root locus plot is shown in Fig. 9. As can be
seen, there is no flutter up to QD = 200 psf. The variation of the
control surface activities with QD is shown, for control law II, in
Fig. 10. A sensitivity variation of the T.E. control rate (as an

example) with the control parameters is shown in Fig, 11. The can-

cellation of Cy; = - 1.86 introduces in this case a flutter instability,

at QD = 145 paf (see Fig. 12). Therefore Cz; = - 1.86 has to be
retained. This implies that the acceleration signals have to be

1 1
integrated. Integrations of the form ——r— and s F )2 had been
tested in tlie region of 0.1 < ¢ < 1. and no visible effects could
be detected on the root locus plots (figures not included).

The block diagrams for the above two control laws are presented

in Figs. 13, 14.
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INTRODUCTION

The investigation reported in this ".urk relates to the suppression of
external store flutter in the YF-17 flutter model. Configuration B was
specified for the above purposc with the objective of enabling the activated
model to be te<ted in 8 wind tunnel at Mach number M = 0.8 and at dynamic
pressures up to oY% above the open loop flutter dyvnamic pressurc. Two control
laws were derived at an earlier stage of this work'!, and were shown to yield
the desired flutter suppression capability through the uctivation of a

combined leading-edge (L.F.) - Trailing-edge (7.E.) control system.

The mechanization. .f one of the derived control laws was carried out by
Northrop and subsequently, the flutter stability augmented YF-17 model was
tested in the Langley 16 ft transonic dynamic tunnel. The test results,
as reported to the authors of the present work, showed no correlation with
the analysis and the tunnel tests were discontinued at a dynamic pressure

which was below tue open loop flutter dynamic pressure,

the object of the present paper is to present a critical review of the
analvsis versus the test results and to indicate the sources of the
discrepancies ohtained. lor convenience, some of the major resalt  reported

in Reference 1 will be presented herein once again.
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ANATYTICAL RESULTS' - INITIAL MODEL

ggg}gruund

The analytical results reported in Ref. 1 were based on a dynamic model
supplied hy NASA. It included generalized masscs, natural frequencics and
mode shapes for 10U symmetric structural modes and two rigid body modes. The

\ generalized aerodynamic forces were computed using the boublet-Lattice method
; with 126 boxes on each wing and 32 boxes on cach half horizontal tail. The
box allocation was identical to the one appearing in the Northrop report

wpplied to the authors of this paper.

The general form of the control laws is iven by the following expression

hl-hr
) -4 -
B 0 v RL.E ( 1 4
= + (1)
) W] sz 0 RT.! 4 2.8 al-ar

where R and 6 are the deflections of the | .F. and T.E. control surtaces,
respectively, and where hl N denote the translation and rotation of

the 30 percent chord point at the control surface mid-span section, respectively
{see Fig. 1). The parameters hr and dr similarly denote the translation

and rotation of a reference pouint lociated along the center line of the

fusclage and b denotc; the semi-chord length at the vontrol surface mid

span section. The R's represent transfer tanctions which are dependent

on S where S = iw .,
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Open Loop Results:

The root locus plot for the open loop system, with the dynamic pressure
QU acting as a parameter, is shown in Fig. 2. As can be seen, the value
of the dynamic pressure at flutter (QDF) 1> equal to QDF = 84 PSI', with

frequency w = 30.6 rad/s.

Closcd Loop Results:

Activation of the T.E. alone yielded only marpginal improvements in
?“r , indicating the need to relocate the control surfuce (see also hefs. 2,38).
“"e l..k. alone yielded better results but since these results originated
.om changes in responses associated with the enerpy cigenvecturs and not from
changes in the energy eigenvalues (as required by the energy approuach), the

woTk based on a L.E. alone system was not persued. Hence, the work reported

herein relates to a combined L.E.-T.E. system (at M= 0.8),

Two closed loop L.E.-T.L. control laws were derived and prescnted in

Ret. 1. They are presented once again in the tollowing ftor sake ut completeness.

Control Law i:

In this controi law C,, = 0 and the R's appearing in bq.{(1) arc
given by
2
1.88 5 ,
Re . 7 3T —5 )
"' ST+ 2x0.16x39.1 5+ (39.1)°
(2)

2
1.26 5

Ry = e

5
ST 2x(0.29% 3R 8> 8+ (38.8)°




The root lucus plot associated with the above control system is

“hown in Fig., 3, (assuming zcro structural damping, g = 0}, As can be

ccen, except for a small region of instability at very low values of

Q,

twhich is counteracted by normal structural damapine), no flutter

exists up to Q= 200 psf. The maximum control activity (at Q, = 143 psf,

g cerre nonding to the highest specified Q“) is given by (for gp=

.){

Onrs
]

14.86 deg/s/ft/s

™ms
5% 0.44 deg/ft/s
B_ = 14.20 deg/s/ft/s
ﬁrms = 0.4 dep/ftss

The variation of the contrel activity with Q“ tfor various values

g is shown in Fig. 4. the bloc: diagaam for the vontrol system

associated with control law I i< <hown an by,

At this stage it may be obscrved that the R's preented oa Py, ()

ropresent transfer functions of second ooder svstems. Since actaators

ot'ten have the form of third order svstem |, it was Jdecided to increasce the

order o the KR's  to vield three poles, <o that pormal actuators wey

1

- be
g

E be
X

2

:

-

compensated through the newly derived control law.  this point will

made clear in the following section,

e s vt




Control Law II:

This control law was derived by using the synthesis technique" in
the presence of a filter 300/(5+300) which multiplies the transfer
functions shown in Eq.(l). ‘he above value of 300 was determined following
a parsmetric study in conjunction with the synthesis technique mentioned

carlier. The values obtained for the R's appearing in Eq.(1l) aic¢ given

by
. as?
RrE. = 77 3
S%+2%x0.43%57.4 xS+ (57.4)
(3)
,
2.075"
RLE. "2 -3
‘B g%, 2%0.5x41.5xS+ (41.5)°
with C,, = -1,86 and g = 0,

22

The closed loop root locus plot (with g = 0) is shown in Fig. 6., As
«'n be seen, there is no flutter up to Qh = 200 psf. ‘l.e maximum control

activity (for g = 0) is given at QD = 143 psf by the following values:

Cre
"

21.38 dea/s/ft/s
rms

On
]

0.51 deg/ft/s

oS
"

19.35 deg/s/ft/s

w
"

0.52 deg/ft/s .

The variation of the control activity with QD for various values of

g 1is shown in Fig. 7. Since sz # 0 in this case, (cancellation of sz



T

—

leads to flutter at QD = 145 psf), this implies thut acceleration signals
have to be integrated. Integrations of the form 1/(S8+€) and l/(5¢c)2
had been tested in the region of 0.1 < € <1 and no visible effects

could be detected on the root locus plots.

The block diagram for the ahove control law is presented in Fi,. 8.
The transfer functions representing third ord-r <ystems can clearly beo
seen in Fig. #. Furthermore, a third order actuator can 1eadily be
compensated, This can be illustrated for the T.L. control surface having

an actuator transfer function T(S) of the form

T(S) = —3 w“d'

(s +2*L*w“XS+w;‘:)(S+dJ

Ch)

The following compensation procedure (scc Fig. 9)

300
(s + 300) (sz+ 2%0,43x57.4 ' S+ (57.4)2)

300 * (SZ+ Z*(,*wn*5+mi)[sad)

5 s % IS)

(5+300) (5“+ 2x0.43x57.4% 5+ (57.4)°) * w;d,

can be seen to yield the same effective contiol luw.

Summary of Analysis:

Two control laws were derived. Control Law I, suitdble for second

order actuators and Control Law Il suituble for third order actuator.,

—-—




CONTROL SYSTEM MECHANIZATION FOR WIND TUNNEL TESTING

Control law II was chosen for the mechanization performed by Northrop.
Fig. 9 represents the block diagram of the L.E.-T.E. control system. The
control surface actuator transfer functions are denoted by Gs L.E and
» . .

GS T.E and are defined by the following expressions:

(5*24 S+ 260)

‘ 7260
5,L.L. (S+28 sw-t)(s + 2048 + 28,900Y/S% + 6165 + 193 ooo)
78,900
(5)
S+ 260
. 360
S.'r‘l—i. 7 2
S+ 124)(s+ 1385 + 19,0445 + 4405 + 98,590')
174 15,044 98 506 b

THESE @XPRESS,ONS WEBRE SUPPRIED T0 rHE PRESENT MIHOR 5 Aon, AFTER

CONTROL AAWS L ANO X WERE DETERMINED AND PRESENTED AT NASHA,
As can be seen, the above actuator transfer functions include some

built in filters which were introduced by Northrop. As a rcsult, the
effective expressions for the transfer functions in the mechanized system

arc given by

(b v 74Xs + 260)
T(S) = 260 T(S) k.

s 5
L.E.,EFF. /5, 28 52+204S+28,900 S%+ 6168 + 193,600
28 783,900 193,600

(5+ .300)
260
T(S)m ¢ = * T(S). .
T.E.EFF. " /7 i0s + 98,596 T.L.
9%, 596

where T(5) denote the dJdesired transfer functions.

LE.' TG g,

(6)
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As can be seen, the effective control law had been varied by a
considerable factor representing an additional transfer function. As

a result, the mechanized control law represents a differcent control law

than the original control law II. Furthermore, the integration in

Fig. 10 was performed by 1/(5+5) (instead of 1/(S+c), with 0.1 ¢ ¢ € 1)
without checking its possible effects, It is al<o tacitly assumed that
proper account had been taken of the accelcrometers and actuators'
sensitivities (does not appear in the block diagram in Fig. 9). It is
further assumed that the changes betwecen the assumed accelerometer
locations and the actual locations are too small to have any significant

.ffects on the gains of control law II.

At this stagr, the authors of this paper decided to rederive the

control law, in the presence of G and some additional

S,1.E.* US,T.E.
filters used by Northrop (denoted by H(S)). The results of this luiter
analysis are presented in Appendix 1, and are hused on an updated dynamic
model and a refined calculation of the aerodynamic force:.. This latter

nodel was supplied by Northrop, through NASA. It arrived too late to

he included in the derivation of control laws I and II.

Imfortunately, the results appearing in Appendix 1 arrived Northrop
at to late a stage to be incorporated into the tunnel model., Conscyuently,

the tunnel tests were performed using the and T(S).I

TSY k. ,EFF .E. LFF
(see Eq.(6)), which are different from 'I'(S)L E and T(S)T E of control

law 11 (based on an older mathematical model).
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WIND TUNNEL TEST RESULTS

The wind tunnel test results ar reported to the authors of this

paper, reveal the following picture:

"Because of high frequency prohlems asscciated with the control law,
and a lack of knowledge concerning this law, testing could not be continued
above a dynamic pressure of 70 psf. This was a condition below passive
flutter (qF = 75 psf). Attachments 1, 2, and 3 are included to assist in
describing the problems encountered in the tunnel. The first attachment
presents zero airspeed transfer functions for the control law using either
the leading or trailing edge surfuce as input. As can be scen, the gains
arc quite high across the frequency range. This 1s particularly true for
the T.E. surface. Attachment 2 presents peak hold data taken during the
test, while attachment 3 provides model responsc data at the various test

points.

Initial tests indicated signiticant winyp reséunsv near 3u liZ. Respcnse
data for test point 419 with the expanded time scale illustrates the problem
which is particularly noticeable in the wing bending respensc. For test
point 114, the control law was turned off while 1 Northrop leuding edge law
was activated. This also shows the significant trequency content of the

command signals.

Since there was no one availahle at the test who could offer guidance
in modifying the control law, ... , 30 HZ notch filters were incorporated
into the control law. With this chinge, test point 475 still shows soue

high frequency content and significant L.L. commands. As a result, the
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global gain was reduced 25%. While increasing dynamic pressure from 65
to 70 psf, a divergent oscillation was encountered and the control law
was deactivated. The frequency of the divergent oscillation was about
14 HZ. Further modifications to thc control law were not attempted.
All high frequency modifications affect the performance of the overall
control law and without guidance it was not practical to compensatc for

these changes in the flutter frequency range.'

Part of the attachment 3, relating to test point 419, is presented

herein as Fig. 10,

ANALYSIS OF WIND-TUNNEIL TEST RESULTS

It was found impossible even tu attempt any correlation bctween
analysis and te,t results, since the control laws used in each cuse were
widely different. The chanyges introduced in control law Il (see Eq.(6))
include high frequency transfer functions which, as noted in the previous
section, "affect the performance of the overall control law.'" Consequeatly,
it was decided to analyze the control law, as mcchanized by Northrop, and
compare the analytical results with those obtained during the wind-tunnel

tests.

The new analysis reported hercvin, is based on the updatcd mathematical
modcl and the refined aerodynamic coefficients., Since thce wind tunnel

problems ceported above relate to high frequency regions, no attempts are
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made to investigate the possible effects of the 1/(s+S) integration,
The effective control law tested in the xind tunnel is given by the

following expressions

8 Qg O 0 L. ©
_ 300 . )
S*!UU

5J O Q| U0 -1.8¢] § o0 R

h, - h
4 41__4._..__2

x b )
4 2.8 } a - a
P
where QL E and QT p, @are the transfer functions transforming the
original control law 11 into the mechanized control law 11, .nd where
RL.E. and RT.E are defined in kq.(3). Using Eq.(6) the following
rclations can be written
(s + 24)(5 + zoo)
24 260
Qg ) = 7 3
U S+ 28)/S + 2045+ 28,900\/S” + 6165+ 193,600
2R 28,900 193,600
(8)
S+ ZbO)
Qp g, () = —oy i
= S° 4 4408 + 95,596)
98,596

The control law defined in Eqs.(3), (7), (8), will be refered to

as the Northrop modified control law II.
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The root locus plot for the closed loop sysiem is shown in Fig. 11

(with g = 0). Similarly, for comparison purposes, the closed loop ruot
locus plot for the original control law II, but with the updated dynamical
model and aerodynamics, is shown in Fig., 12. As can be seen, the changes
in the mathematical model degrade the root locus plot for the original
control law Il (Fig. 12). For g = 0 flutter occurs at QDF = 128 psf,
whereas for g = 0.015, flutter occurs at QllF = 152 psf. In addition,

there is a lower frequency flutter branch yielding QDF = 143 psf (g = 0)

with W 16 rad/s, and a high frequency negutive damping mode at around
w = 270 rad/s. This latter high frequency mode becomes stable for values
of g 3 0,015, Tt can be concluded that the updating of the mathematical
model, especially the changes introduced in the control surface aerodynamic
coefficients, degrades the ciosed loop performance of control law II (sece

for comparison Fig. 6) to the extent which warrants its modification.

The root locus plot for the Northrop modificed control law 11 (Fig. 11)
shows flutter at QDF = 68 psf (g = 0) or QDF « 82 psf with g = 0,015.

The flutter frequency lies around 110-115 rad/s. In addition, some high

frequency modes show low damping when compared to the = 0.015 line
shown in Fig. 11. Hence, thers is no wonder that the wind tunnel tests
could not proceed beyond QD = 70 psf. Furthermore, at QD = 60 psf
(relating to TP 419, see also Fig. 10) low damping modes can be observed
at w = 160 rad/s and around w = 260 rad/s, thus explaining the high . 3

frequency content of the responses of the system and of the control signals.

An example of PSD representation for control surfacce deflections, using

the Northrop modified control law IT, is shown in Figs. 13, 14 (with values



g s

of g as defined by ground resomance tests (GRT)). Fig. 13 shows the

PSD representation for sout and 6out (at QD = 60 psf) and Fig. 14
shows a similar representation for Bin and Gin (also at QD = 60 psf).

These latter figures were computed for comparison purposes with the test

e

recordings, shown in Fig. 10,

Three main points emerge from the above comparison: First -- both
Figs. 10, 13, show correlation with respect tu the low frequency content

(around 15-17 HZ) of the 60u signal, and with respect to the lack of

t
any significant high frequency signal. Second -- both Figs. 10, 14 show
that Bin has the large~t hign frequency content (around 40-50 HZ).

Third -- Buu in both Figs. 10, 14 show lower amplitudes in the high

t
frec..ency content of the signal. The superposition of two signals with

frequencies of urder 15 and 40 H7 can be seen in both figures,

The analytical simulation of the wind tunnel test results relating to
the 34 HZ notch filter was found impossible since no data regarding the

notch filter was supplied to the authors of this work.

The control surface activity, with values of g as determined by
GRT of the model, at various valucs of QD’ are shown in Fig. 15 for the
Northrop modified control law II. The control activities can be seen to
be much larger than those relating to the original control law Il (by a factor

of about 3) and presented in Fig.7.




CONCLUDING REMARKS

The control law, as mechanized by Northrop and tested in the wind
tunnel, bears no analytical resemblance to the original control law II.
The main deviation lies in the form of the effective control law used,
which does not compensate for the actuator transfer functions (part of them
could have easily been compensated). A second, smaller deviation, originates
from the fuct that control law II was derived using the older mathematical
mociel (the updated model was sent too late to be included in the original
analysis). The control surface aerodynamic derivatives in the updated
model were computed by Northrop using a more rational box allocation over
the control surfaces than in the older model (both computations uszd the

Doublet Lattice method).

The analytical simulation of the flutter suppression performance of
the YF-17 model (using control law II, as mechanized by Northrop) shows good
correlation with the wind tunnel tests both with respect to flutter dynamic

pressure and to the response characteristics of the model.

A
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APPENDIX 1: OPTIMIZATION OF A CONTROL LAW IN THE PRESENCE OF

TRANSFER FUNCTIONS REPRESENTING ACTUATORS AND FILTERS,

The control law for the YI-17 flutter model has been recomputed using

the following data:

(a) The new mode shapes and dynamic diata and the new aervodynamic

coefficients,

(b) The new sensor locations (at W.S., 51.45 instead of W.S. 44,85

previously used),

(c) Incorporation of the following filters for both the L.L. and

T.E. control surfaces, following a specific request,

sy = s?e21s+ (13 | sty (552,002 (264)2
$%42995+ (213)%  S%4 5525+ (552.6)°  S%+ 2645+ (204)°

(d) Incorporation of the following actuator transfer functions taken

from Northrop's papers attached to the above mentioned letter:

; L 5+20 124 | (138)° . 314)°
STE 3 ) :
5,T.E. 260 S+ 124 S°+ 1385+ (138)° 52* 4408 + (314)2

i
_S+24  Se260 _ 28 . 94 (170)“ i (440)°
2
s,L.E. © T2 60 SV e T T Sh o165+ (440)°

G

The results presented earlier! employ an older set of dynamic data and
were computed using the doublet lattize box distribution used by Northrop

at an earlier stage of the work. None of the filters H(S) and G(S) were
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then used, although G(S) could have partially been accounted for by a

simple transfer function compensation,

Nu attempt was made to rederive the previous control laws, using ths
new information included in the above paragraphs (a) and (b). Instead, the
recomputation includes all the new elements mentioned in the above

paragraphs (a) through (d).

Before presenting the ncw results it should be stressed that the
constraints imposed by having to use the filters denoted by 1(S) anu the
form of G(S) which appear to include compensation filters, do not seem
to he justified. These filters represent an integral part of the control
law developed by Northrep and they were required for stabilization of their
resulting closed loop system. It is difficult to sec the nced for their
introduction herein since if it is assumed that the mathematical representation
is satisfactory, why is it not possible to rcly on the control laws previously
derived, which stabilize the closed loop system and have to resort to the
statement that "based on previous testing experience, Northrop has found it
necessary to insert filters in all the feedback sigrals to prevent system
instability?" If, on the other hand, the mathematical model is not
satisfactory, then there is no value to the present results and there is

very little trust one can put in them,

As already mentioned, the above constraints were adopted in the new
computations (some of these constraints weve eventually compensated by

the introduction of appropriate transfer functions in the control laws).

It was found possible to stabilize the system by using different

control laws which yielded reasonably high 'iutter margins. The chosen




control law gives the smallest flutter margin but shows the best behaviour

at lower values of dynamic pressure and at lower values of structural
damping (g). The results include a root locus computer run which includes
the values of g defined during GRT of the model. To cut down labour,
the results are brought to the form used by Northrop (degrees per g) and

their sign convention is used (in this Appendix only).

Finally, before presenting the results, attention should be drawn to
the fuct that the control law requires that a free flying model (that is,
having plunge and pitch degrees of freedom) should be fitted with reference
accelerometers located along the center line of the fuselage. or near it.
In the present results, the location used for these accelerometers is

denoted.
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Sensor Location, Units and Sign Convention:

Four accelerometers are used, a0 a,, . ao The accelereomcters
a,,a, are located at W.S. 51.45, F.S, 145,18 (25% C) and F.S., 158,00
(76%C) respectively. The accelerometers 8.1 and a, are located along
the fuselage centerline, at F.S. 131.85 and F.S. 165.5 respectively.

The accelerations are positive downwards and the units are assumed to be
given in 'g" units. The deflection of the control surfaccs is given in
degrees with positive rotations obtained by deflecting the T.E. control
downwards (ST.E.) and the L.E. control upwards (BL.E.)

Suggested Control Law:

The suggested control law involves the uactivation of a combined
L.L.-T.E. system. The block diagram for the activation of the L.E.-T.E.
control is shown in Fig. A.1 and the expressiuns for the different transfer

functions are given in Table 1.

Flutter Resuts:

Figure A.2 shows a root locus plot using the above control laws with
zero structural damping. Fig. A.3 shows a similar root locus plot using
the values of structural damping as measurcs by Northrop. The parameter
of variation in the root locus plcte i, the dynamic pressure Q. The spacing
between adjacent points along each branch represents a change in Q of

10 psf. The plots were obtained by varying Q between 0 and 200 psf.




It can be seen that the flutter dynamic pressure is around 158 psf when

structural damping is present and 147 psf with zero structural damping.
Figs. A.4-A.7 show the variations of the activities of both L.E. and

T.E. control surfaces {(due to unit RMS gust input with dynamic pressure
Q). It can be seen that both the deflections and the rates are relatively
small., Structural damping (Northrop's measurcment) was assumed to be

present in deriving Figs. A.4-A.7.
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TABLE 1. EXPRESSIONS POR THE VARIOUS TRANSFER FUNCTIONS USED IN &
ACTIVATING THE SUGGESTED L.E,.-T.E. SYSTBM

s?v21ss (13)% . s*e(s52.6)% . (264) 2

5242098+ (213)° 5245525+ (552.6)° 5%+ 2645+ (264)°

H(S) =

S+260 . 124 | (138) ) (314)2

(S) = ]
S,T.E. 260 S+ 124 ?, 138S + (138)2 %4 4405 + (314)2

() « 52260, 94 Se24 28 (170) 2 . (440)°
- TSR —
S,L.E. 200 S+94 2 * 28 52,2045+ (170)7 5%+ 6165 + (440)°

2 2
o (138) -E.
2 2 2
R(S) = S”+ 2645+ (264)° . 2060 _ S+60 225 (347.9)
2 a ]
(264)° S+ 260 60 S+ 225 52+ 4925 + (347.9)2

S+ud . S+28 . 24 . S°+ 2045+ (170)% |

Mg G =RE) == =5~ " 5o 1702

L.E.

KL.g. ()

2 2

, ) [S© + 43.35+ (94.3)°1
Kr.g,(8) = 3.09 2 7.2 2
[S+21.6S+ (45)°)[S° +88.35+ (152.3)°]

2 2
K, £ (S) = 1.874 (s +291.l§+ (;68.6)l .
" 152*39-‘*5* (41.5)°][S” + 400S + (200) ]

-
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1. THE EQUATIONS OF MOTION FOR FLUTTER AMALYSIS WITH
MULTI-ACTIVE CONTROLS

A simplified method of formulation of the equations of motion for
flutter 2nalysis with any number of active control systems is presented
in this work. The suggested method combines computational economy and
programming simplicity with generality of formulation. It enables the
treatment of multi-active control systems with no limitations on the form
of the activated control laws. By way of introduction, two current
methods of analysis will first be described and their limitations will be
discussea. Following the presentation of these current methods, the new
proposed method will be presented and its special features will be
described.

The Equations of Motion

Re oo

Let the ng equations
(MIs% + 3 o2 (A) + [KD)T = O (1)

represent the equations of motion of n_ structural modes (inciuding

s
rigid body modes) with ne activated controls where [M] represents the
mass matrix; [A], the complex aerodynamic matrix; [K], the stiffness
matrix; p, the density of the surrounding fluid; V, the velocity of the
fluid; and q , the response vector. All the matrices in equation (1)
are of size ng X (nS + nc), that is, ng structural modes + N

active controls. The response vector E' can be expressed in terms of

n_ structural responses and e control deflections, that is,

s
- q
c

1 e a———————— b V67 o Ao
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Equatfon (1) can therefore be written as

q
([Ms Mc]szq-%pVZ[A‘ Ac] + [x$ x.c]) {qj- 0 (3)

where subscript s denotes a structural quantity and ¢, a control.
quantity. Assum2 now a ccntrol law of the form

¢« =I[T] aq (4)
where [T] is a ne X Ng matrix representing the transfer functions of

the control law. Substitution of equation (4) into equation (3) yields

(M) + (M ILTD)s? + ﬁ}z—ms] + [AJITD) * (KD + [KIT])  qg = O
' (5)
Typically, the elements of the aerodynamics matrices As and Ac are
avajlable as functions of the reduced frequency k and the Mach number M
whereas the transfer function matrix [T] is a function of the Laplace
variable s, normally expressed in terms of rational polynomials in s.

FLUTTER ANALYSIS BASED ON THE COMMON DENOMINATOR METHOD (CDM)

This method of analysis is described in ref. 1. It is based on

the representation of the matrix [T] by

(7] = 515y [Ty (6)
where Q(s) is a scalar polynomial representing the common denominator of
all the Tij terms and where [TN] is a matrix involving the resulting
numerators (as a function cf s).

The variation with s of the aerodynamic matrix [As AC] can be

approximated by the following Pade representation

r
[A] = [A,] +[A1](%)s + [Azl(;,tl)z*s2 * J,Z EL?LL‘)I_].:_ (7)
= Sty By
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where all the matrix coefficients and the ’ values are real and
constants and where r normally varies between 1 < r < 4. Substitution of
equations (6) and (7) into equation (5) yields a rational matrix equation
in s. The common denominator of the equation of motion 1s given by the

scalar D(s) defined by
r
0(s) = Qls) IL [s*§ syl (8)
J=1

To solve the above rational equation of motion, it is multiplied by D(s)
where D(s) is assumed to be of order s(p'z). Hence equation (5) which is

2

of order s§° turns to be of order sP and assumes the Yorm of a matrix

polyromial expression
((Fg] * [Fyds * [Fp1s8 + o + (FISP) gy = G (9)
where the matrix coefficients [FJ} are functions of M, V, and dynamic

pressure qn(. §pv2). Equation (9) can be reguced to the following

%canonical form for eigenvalue solution
s X = [U] X (10)

where [U] is of size (p x ns) x (p x ns) defined by

o=l -1 -1 -1 1]
[—Fp Fp—I] [-Fp Fp-z] . [-Fp FI] [-Fp Fo]
[U] - [I] 0 LY 0 0 (11)
0 L1l ves 0 0
0 0 vee {i] 0 J
and X is given by
s(p-1) g
< (p-2) q
X - | : (12)
S q
s
s° q
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It can thus be seen that the original ng structural equations of motion
end up with (p x n‘) equations which need to be solved for their
eigenvalues.

The main disadvantage of this method lies in the very rapid expansion
with control law transfer function of the order of the eigenvalue
problem., For 1llustration purposes, consider a 10 degree of freedom
flutter problem (n‘-IO) with aerodynamics approximated using 4 lag
terms (re4) and with two active control surfaces driven by control laws
having four poles each, Hence Q(S) will be of order 58 ang D(S) of
order S12 (see eq. (8)). The value of p will therefore be equal to
psld. It can therefore be seen that the original 10 degree of freedom
flutter problem turns into an eigenvalue problem of order (14 x 10), that

is, of order 140.

FLUTTER ANALYSIS BASED ON OPTIMAL CONTROL FORM OF TRANSFER FUNCTIONS
(OCF) (Ref.2)

Consider eauation (3), substitute equation (7) ana multiply by the
common denominator of the lag terms to obtain a matrix polynomial

equati_; of the form

2, 4 (r+2) 9
]S "y [F(r+2)s r(”?)c}s ){chn 0

(13)

(F, Fo 1+ [Fy Ty Js* (7, T,

c

where r represents the number of lag terms in equation (7) and where the
matrix coefficients [Fj] are functions of M, V and g,. As in the

previous case treated above, equation (13) can be brought to the form

s X .[KS] Xg +[FC] X (14)

where




.,

S

S

-5.
4(r+l) a
s" a,
< : :
Xg = s (15)
1
\fa 9
(r+2) q
xc - (r*l) qC
C
: (16)
$ q
So QC
(6, Flrep) 1 16 Fp 3o o - 16, F) 108 rosﬂ
(1] 0 ... 0 0 (17)
(A] = 0 (13 ... o0 0
0 0 ... [1] 0 |
where
(6 - Flrag), 1! (18)
and where
(G, I—'(m) ] 76, F(M)J GS F’lc] {6, roc].
(6] = 0 0 ... 0 0
: : : : (1)
0 0 ... 0 0

To inciude the effects of actuator dynamics using optimal contrcl
form of transfer functions, the actuator model is aescribed in
statz-space form, For simplicity of illustration, consider the case of a
single actuator that is, when e is a scalar rational polynomial

quantity. Assume the following form for the actuator transfer function 3
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qc,l(') ‘n*‘n-l‘

n:l’ O.l‘o (zu)

where q. I(s) represents the input signal to the aciuator.
Equation (12) can be brought to the form

n-1

(s" + 5" +...8,)q = Doac | (21)

which, in turn, can be represented by

S X.’C - [AC,C] Xa’c + [BB,C] uﬂ,C (22)
where
sn--l e
sn-2 0.
Xa,c ® . (23)
S q
o c
$ a.
Ya,e ™ Y%7 (24)
i'an—l A2 | 'aoﬂ
l 0 [ ] [ ] » . 0 0
0 1 0 ] ‘
[Aa,c) - . : : : (25)
L 0 0 . . 1 0-
bo
0 (26)
[Ba,cj " :
0

For a number of cuntrol surfaces, an equation similar to equation (22) is
obtained.

Denote by i& the longest of tne vectors X  end X, . anc
modify either [Aa,c] or [Bc] accoraingly (aenoted by adding an
additional bar to these matrices. In so doing, it is possible to merge

equations (14) and (22) into a single equation of the form
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0 K X B a,c

X R ; X 0
;k R c s/ . u (27)
&,C ¢ a,C

The matrix As is of order [n‘x(r+2)]x[nsx(r+2)l;uhereas [I; c] is of

order "a,c X na’cwhere
n
na,c s max [E%ini : (r+3) x nC] (28)

where n, denotes the value of n for the ith control.

Optimal control analysis yields control laws of the following form
X,
ua.c = [E] Y(: (29)
where [E] 1s a matrix of constants. Substitution of equation (29) into
eq. (27) yields the following eigenvalue equation which forms the basic

equation for flulter analysis

r% Iz B 0 X
sr‘.([s ¢ + [E] {S (30)
YE f’ Kﬁ,c Fa,c xh

The order of this eigenvalue equation is therefore [nsx(r‘+2)+na C]x[nsx(r+2)+

For comparison purposes, consider the example treated earlier, that

is, the case where

ng = 10 , n. = 2 ,r=4 , n=4 (tor each contru.)

Hence, the order of the eigernvalue equation (30) will be, in this case,
10 x (442) + 7 x 2 = 74

which is almost half the order obtained by using the CUM methoa (= 140).
The main disadvantage of this method involves the limitation brought

about by the use of a control law defined by equation (29). In this

latter equation, the control law transfer function is linear with XS

a,c

J.




and is therefore limited to derivatives of a not exceeding the order
of (r+l) whereas a yeneral transfer function may employ any order of q
derivatives provided it is smaller than the crder of its denominator,

In the following section, a different method is presented which is
very similar to the methoa just described but which avcids the use of the
limiting forms of cortrol laws, such as the one described by equation

(29).

THE PRUPOSED METHOU

Consider equations (3) and (4) and represent the matrix [1] in

equation (4) by

(71 = Ugey) [P(8)] (31)

where [Q%ET] is a diagonal matrix consisting of the common denominators
of each of the rows of matrix [T] and where [P(s)] represents the
remaining numerator polynomial (in s) of matrix [T]. Substituting
equation (31) into equation (4) and combining it with equation (3) we

obtain

______ [~ ----=-=--- = 0 (37)
gy P 1]

or, after some rearrangement

E =]

q
2 S
My Mels * ol Ad LG K .0 (33)
T-5(3)™ "alsT] .
Substitute equation (7) into equation (33) and multiply the structural
equations by the common denominator of the lag terms to obtain after some

rearrangements

E(s)  6(s) {qs} |
- — - - U (34)
-P(s) Q(s) % 3

where E(s) and G(s) are matrix polynomials of order S(r+2).

Fiod




Define the following matrices ;

nE(s)-
R(s) = |- - + (35)
-P(s) |
6(s) |
D(s) « |~ - 4 (36)
| Q(s) |
where R(s) and D(s) can be written in the following matrix polynomial
form.
R(S) = R+ Rys + R.s + R " 7
= 0 l 25 e e s mS . (3 )

D(s) = D, * D;s + 0252 + .. .05

n (38)

The value of m is (r+2) unless the order of the numerators P(s) is larger
than (r+2). In this latter case, m assumes the maximum value of the
power (in s) of the numerators. Similarly, the value of n is equal to
the largest value of the powers of Q(s) (which represents the
denominators of the control laws transfer functions), provideu it is
larger than (r+2). Otherwise, m will assume the value of (r+2).

It should be stated at this stage that the representation of D(s) by
equation (38) is convenient for mathematical representation and for
programming, but is somewhat wasteful regaraing the final oraer 7f the
eigenvalue problem. However, these chanyges in the order of the
eigenvalue problem are generally small, and do not, therefore, warrant a
different, more cumbersome formulation. It should also be observed that
the highest powers in s of both E(s) and G(s) are of order (r+2) and that
the highest powers in s of P(s) are either equal or smaller than the
highest powers in s of Q(s) (since P{s) appears in the numerator of the
transfer functions whereas Q(s) appears in the aenominator). Hence it
can be stated that

mg¢ (39)
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substituting equations (35) - (38) into equation (34) and rearranging
yields the following eguation

[[Rm Dn]s [Rm-l Dn-l][Rm-Z Dn—Z] et [Ro Dn-m] [Dn—m~1] e

z
where

Sm—l R

Sn-—l A

sm-2 a

Sn—2 Q,

$0 ag Sm--l q

Y = n-m ;L = (41)

c Sn--1

-1 S
9c

\50 9

For the case where n=m, all the terms appearing in equations (40),
(41) which involve powers or indices smaller than (n-m), should be

omitted from the equations.

Premultiplying equation (4) by {Rm Dn]*1 and detining
-1
[R& Ui] =-[R. D] [Rj D,] (42)

we obtain the following equation

. . o (2
[[1s (R, B, MR, O, ,0e.i D, 30 . 1. 00,]] {Y}, 0

Finally, equation (43) can be written in the form

o _ - _ - e — . e
[Rm~1 Dn-lltRm-Z Dn~-2]"'[R1 Dn—m—leRO Dn—m]LDn—m~1]"' LDIJ[DOJ
(1] 0 . 0 0 G 0
0 (1] 0 0 0 ... 0 0
s Y = 0 0 [1] 0 0 0 G | v
0 0 0 0 I*] 0 0 0 T
0 0 0 0 0 ... [I*] 0




or sY = [U]Y (45)

where | 1] is a unit matrix of o-der (ns+nc) and [I*] is a unit matrix
ot order ne- Equation (44) represents therefﬁre an eigenvalue problen
of order (m x ns+n X nc).

For 1llustratior purposes, consider the example treated carlier in
this work, that 1is

nsslu.nc=2,r:4
with contro!l surtaces transter function with 4 poles each. In this case

m=©6 ; nNn=6
Hence, the order of the eigenvalue equation will be

6 x10+6x2 =72
This is about the same order as the OCF method (= 74) and is of
considerably smaller order than the CDM method ( = 140). Hence, the
method proposed herein, enjoys the compactness of the OCF method while
maintaining the utmost generality in the form of the control Jaw used for
activation. It should be mentioned at this stage that care must be
exercised while setting up equation (4U) so as to ensure that the matrix
[Rm Dn] is non-singular (since it needs to be inverted). This

point is important while programming equation (40).
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2. THE EQUATIUNS OF MOTION FOR GUST RESPONSE OPTIMIZATION
ANALYSIS WITH MULTI-ACTIVE CONTROLS

The ng equations of motion represented by eg. (1) now assume the

following form
2 1 2 r oy
([M]s® + 5 oV°[A] + {K]) @ = Fg (46)

where FG represents the gust force acting on the system due to a
sinusoidal gust velocity of unit amplitude at a specified Mach number and
a specified dynamic pressure. Following identical steps represented by

eqs (2-4), the following equivalent form of eq. (5) i1s obtained

2
(M + [M.] [T1)s? + &(A] + [AJITD) + ([KD + (KT g, = Fg

(47)
Eq. (47) yields
qS - LB] FG (48)
where
2
(8] = [(IMI+IMICTI)S? + BLo(LA JHA TLTIIH(IK I+ DT (49)
Using eqs. (4), (48), the control response can be computed
o = [TI(B] Fg (50)
The control rates can similarly be represented by
G = s[TIB] Fy (51)
.th s . th
The i root-imean-square (rms) control deflection or the 1 rms

control surface rate per unit rms gust input 1s then computed using the

th

following relations for the i~ control surface

(O Vg = (f2 . lw)au)/? (52)

-
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or

CHpMIE (-{2 &31 #(0)dw)!/2 (53)

where ¢(w) represents the Von-Karman gust spectrum.

The gust optimization program seeks to minimize a target function
consisting of weighted rms responses or weighted rms response rates of
the control surfaces by varying the various specified control gains
available in matrix [T]. For the optimization results to yield sensible
values it is absolutely necessary that the initial values of [T] (for the
specified flight dynamic pressure and the specified Mach number) be such
as to yield a stable system. Under this condition, stability is
maintained during the optimization process while the control surface rms
responses are reduced.

Further details regarding the gust optimization methoa for flutter

suppression are presented in ref. 1.
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3. APPENDIX A
OPERATION INSTRUCTIONS FOR THE FLUTTER PROGRAM

The program computes the eigenvalues cof the flurter equations of
motion with active controls. The dimensions assigned to the different
arrays permit the simultaneous activation of up to 6 controls (of
leading-edge (L.E.), and/or trailing edge (T.E.) types) with resulting
augmented eigenvalue problem of up to 100 values (the basic unaugmented
system is limited to 15 modes, including rigia body modes). The input
data is organized on file 5, with the aerodynamic data (defined by array
AERO(1,J,K)) located on file 2. The printed output is located on file
6. The control law transfer function matrix is computed in subroutine
CONTRL. The program includes two versions for CONTRL based on the
concept of aerodynamic energy. It is imperative to extract one of these
two versions of CONTRL before running the program. For other types ot
control laws, subroutine CONTRL needs to be reprogrammed. To ease this
task, details relating to subroutine CONTRL are given in Appendix C.

The output of the program consists of the input data together with
the system's eigenvalues over a selected range of dynamic pressures. The
package includes all the subroutines used by the program except for the
plotting subroutines {which are installation oriented) and the eigenvalue
routines (IMSL routines). To ease the substitution of these eigenvalue
routines by other ones (should the [MSL library be unavailable) a full
description of the COMMON parameters of these routines is given in
Appendix D. A root-locus plot (with dynamic pressure as variable) may
form a part of the output when desired.

The program is written in FORTRAN and was aeveloped on an IBM 370/168

computer. Double precision is used throughout the program due to the
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shorter IBM word length relative to the COC computers. For CDC

installations, it is recommended to convert the program to a single

precision version. An example of an input and an output is included
. herein.

INPUT OF DATA

In the following, the data required for the operation of the flutter
program is described. For sake of clarity and brevity READ
statements are reproduced here toygether with the specified FORMAT and
with the full explanation of the variocus parameters.

READ (FORMAT (15A4)), (HDR(I), I=1,15)
HDR an alphanumeric header for the job {up to 6U characters,

including spaces).

READ (5, CASE)

where 5 designates the input file and CASE is a namelist cdefind by

NAMEL IST/CASE/NM, NC, NAER, B, NG, NL

where
NM Integer specifying the number of modes (<15)
NC Integer specifying the number of controls (<6)

NAER -1 Input aerodynamics will be introduced by means cf PADE
interpolation coefficients
-0 Input aerodynamics will be introduced by means of
aerodynamic coefficients at different values of reduced
frequency k.
B Array of values cf lag terms to be used during the PADE

interpolation (<4)
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N -1 If gust aerodynamic coefficients are included in the
aerodynamic data.
-0 If gust aerodynamic coefficients are not included in ihe
aerodynamic data.
NL Integer specifying the number of lag terms to be used
during the PADE interpolation (<4)
The aerodynamic data is then introduced as follows:
If NAER = 1 then
D011 =1, NM
DO 1 J =1, (NMNC)
REAU (FORMAT (6x, 7E10.4)), AO(I,J), AL(I,J), A2(I,J), A3(I,J), A4(1,J),
A5(1,J), A6(I,J)
1 CONTINUE
where the aerodynamic matrix A (see eq. (1)) is assumea to be

expressed by

NL
) i 2 .
A] = [AG] + [Al]{ik) + [A2](ik)" + ALJ (ik
] = Lho] = LA el e it

and k denotes the reduced frequency. The aerodynamic matrix [A]
should be arranged so that control coefficients are located in the
last columns with the gust coefficients at the very last column,
If NAER = O then

READ (5, FT)
DO 1K =1, MK
DO 1 J =1, (NM+ NC + NG)
DO1TI =1, NM

READ (2, FORMAT (2E15.5)) AERO (I,J,K)
1 CONTINUE




where FT 1

NAMELIST/F

and where

located.

NK

AX

MAXNK

NPRINT - O
-1

NPUNCH -~ 0

IRIGID,JRI

-18-

s a namelist defined by

T/NK, AK, MAXNK, WPRINT, MPUMCH, IRIGID, JRIGID

2 designates the file in which the aerodynamic data fis

The various parameters are defined as follows:
Number of reduced frequencies k used for the
interpolation of the aerodynamic coefficients.
Array (< 20) containing the values of k corresponding to
the aerodynamic coefficients. The first value of k must
be zero. The order of the frequency values must
correspond to the order of the aero coefficients AERO (I,J,K)
- see below.
Maximum vaiue of NK ( = 20 in present program).
No printed output from the Pade interpolation routine
(named subroutine FIT).
Printed output is available.
No punched output from subroutine FIT,

GID
Interpolation coefficients for the aerodynamic
coefficients (PADE representation) of the first IRIGID
rows and first JRIDIG columns are determined using the
first few values of reduced frequency k (assumed to be
the lowest) without resorting to a least squares
procedure. In this case the rigid body modes must be
located so as to be the first modes. This is done in
order to increase the accuracy of the aerodynamic
coefficients at low k values where steady state stiffness
and aamping terms are zero (the least square routine may

render them negative).
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AERO(I,J,K) Array containing the values of the aerodynamic matrix A

(see eq. (1)) - that is, the (I.J)th coefficient at the

th reduced frequency. The order at which the

K
different K values are arranged must correspond to the AX
values The first k value must correspond to keU. For

order of columns in [Aj see remark for case NAER4U.

The program proceeds to the construction of the equations of motion

fin subroutine FLUTCA) in first order form, &s explained in the

theoretical section of this work. The data required for this purpose

1s the following:

READ (5, FLUT)

where FLUT is a namelist definea by

NAMELIST /FLUT/MASS, OMEGAN, QBEGIN, QEND, NG, VEL, BTRAN, CTRAN,

CREF, ZW, ZREF, IPLOT, CLF, CTR, HCACT.

and the parameters are as follows:

MASS
OME GAN

MASS matrix (< (15 x 15)

Array containing the values of the natural freauencies
(in HZ). Stiffness 1s computed from MASS and OMEGAN and
is therefore correct for diayonal mass matrices only.
For nongiaqonal mass matrices the stiffness computation
in cards 331-333 (in FLUTCA) must be replaced by an

appropriate READ statenment,

OBEGIN, QEND, M)

VEL

The flutter eignevalue equations are soulved for (NG *+ 1)
values of aynamic pressure 0, starting with the value of
Q=QBEGIN and enuing with the value of (=QENU.

Flight velocity.




BTRAN

CTRAN

CREF

IW

ZREF

IPLOT

-1
-0
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Array of semichora lengths of wing (and/or tail) sections
where the different controls are located (at mid-span of
control sections). - (<6)

Array of distances between the two transducers at each
control surface mid-section (used to compute the angle of
deformation) - (<6).

Reference semi-chord length (normally wing root
semi-chord length) - should be consistent with the
reference length used in computing te reduced frequency k
(in aero program).

Matri« where ZW (1,J) inaicates the acisplacement
(positive down) of the Ith transducer due to the Jth
mode. For each section, two transducers are allowed.

The fore transducer should be placed (in the oata) ahead
of the aft transducer. The present subroutines CONIRL
assume the fore transducer to be located at 30 chord
from leadiny edge (L.E.) and these sets of transaucers
should be arranged in the same order as the controls - (<
(12 x 15)). For other types of subroutines CONTRL see
Appendix C.

Values like Zw of reference transcucers are usea to
detect the rigid body motion of the aircraft. They are
used in this program ic determine the elastic deformation
of the wing. If not needed, use zero values vtor ZkEF -
(¢ (2 x 15)).

A root locus plot will be maae.

No plotted output.
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CLR Array of X distances (positive aft) between the fore reference
transducer and the fore control transducer - (<6).

CTR - Distance between the two transducers at the reference section.

NCACT - Number of active controls starting from control No. 1. No
intermediate controls can be assumed to be inactive (control
gains can, in this case, be made equal to zero).

Remark : The transducer data as indicated above is tailored fit to the

control laws employed using the aerodynamic energy concept. The form of
control law assumed is as follows:

p-

1 . . b
1) s PLaleds - - Plsh
s, 1 h,
a = 1: . M,(s) . : : :
c : | .

SNC Oy (5) fnc,l(s) FNC,NA(S_)J hya

T . i t

[ m'g)-— ] [ p(S) ]

where the vector [hl, h2 cee hNA]T denotes relative uisplacements
andfor relative rotations. The aerodynamic energy control law

assume that g 1is driven by h1 and h2, that 85 is driven by h3 and h4
and so forth, so that NA = 2*NC. The matrices [—5%57] and [P(s)] are
computed in subruutine CONTRL (see Appendix C). The above form,
however, 15 very general and can be readily used for other types of
control laws which are driven by any number of either relative or
absoiute (or both) displacements (and/or rotations) at any chordwise
location. The cards 473-482 in FLUTCE precess the transformations
matrix [H] (or order NA*NM) connecting the vector th, h2"‘hNAJT

with the generalized coordinates

f
h2 = [H] qS

( "na
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. and computes the product P(s) (see eq. (31)) denotsd by PH in the
proyram), that is
(P(s)] = (P(s)](H] (A3)
where [P(s)] is of order (NC * NM).
In summary, subroutine CNTRL provides the matrices [6%371 and [5}5)]
whereas the matrix (P(s)] is computed 1n cards 473-482 (in FLUTCA).
If and only if the parameter [PLOT « 1 the progrum then reads the
namelist PLOTPA

READ (5, PLOTPA)

det 1ned by

NAMELIST /PLUTPA/XZ, Y., XSCALE, YSCALE, XL, YL, ISYM, IENTRY

where

X/ Left hand limit of real part of root locus.

Y. « U

XSCALE Abscissa scale (value per inch),

YSCALE Ordinate scale (value per inch),

XL. Length of abscissa 1n inches.

b { Length of ordinate 1n 1nches,

[SYM Integer defining symbol during root locus plot (=3 1s
recommended) .

IENTRY -]

The prog-an then reads the namelist MXSIZE
READ (5, MxslZt)
detined by
NAMEL ST /MXSIZE /HAXC, MAXNM, MAXK, MAXT
where
MAXC Maximum number of controls (6 in this program).

MAXNM Maximum number of modes (15 in this program).
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MAXK Maximum number of polynomial terms per element in the
transfer function numerator and cenominator matrices

(« 10 herein).

MAX T Maximum order of final matrix [U] (where
dY /dt « [U] Y- - - assigned the value 100 in this
progyram,

It, and only 1f, RCACT 4§ U the progvam reads the namelist CONC

READ (5, UONC)

det ineu by

NAML L IST/CONC /WR O NTE, X

whete

WK Reterence trequency (rad/sec) used only tor the D.T.T.FH,
cantrol law (aeroaynamic enerygy) - the value chosen is
normally around the value of the tlutlter trequency.

NTE Integer array (tollowing the order ot the controls) which

1dentities between L.[. and T.E. controls.
= 1, T.E. control
« 0, L.E. control.
Note that whenever a control is not active, put NTE « O when using
aerouynamic energy versions for CONIRL.
X Array of gains. There are 6 gains per control surtace
for the L.D.T.T.F. ana 1 gamn per control surtace tor the
D.TVTWFL (< 36).  The values of X(I) for the L.D.T.T.F.
should be usea considering the tollowing basic form for
the lth control surface transter function

x(1+6%(1-1))*¢°
of ¢ 2ax(246%(1-1))*X(3+6*(1-1))*s + (X(2+6*(1-1))2

+

. X(4+6* (1-1))*s |
6f + 2%X(5+6%(1-1))*X(6+6*(1-1))%*s + (X(5+6*(1-1))°




For L.E. control

6 = F

For T.E., control
- 4
6! F!L

For further details see Ref.

3.
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4. APPENDIX B
OPERATION INSTRUCTIONS FOR THE GUST OPTIMIZATION/GUST SENSITIVITY PROGRAM

The gust package permits the computation of the spectral responses of
an aircraft due to a continuous gust environment. The effects of active
controls (up to 6 controls) on the gust response can be accounted for,
Furtnermore, the basic gust program is coupled, in the present package,
with an optimization routine which enables the determination cf the
various control gains which minimize the control responses to gust.
Sensitivity studies (with plotted output) around the given or optimal
contol gains can also be made.

The input data is organized on file 5, with aerodynamic data {aefineu
oy array AERD (I,J,K)) located on file 2. Most of the printea output is
located on file 6 with some additional output (arising from the
optimization stage) located on tile 4. File 13 15 used by the package
for labelling of plots and needs to be declared by the programmer.

The control law transfer function is computed in subroutinea CONTKL.
The program inc ludes two versions for CONTRL based on the concept of
aerodyramic energy. It is imperative to extract one of these two
versions of CONTRL before running the program, For other types ot
control laws, subroutine control needs to be reprogrammed. To ease this
task, cetails relating to subroutine CUNTRL are given in Appendix (.

The output of the program consists of tne input data togetner with
tne optimal control gains and the power spectral aensity (PSD) plots of
the control responses, when used in its gust optimization version, when
used a. a control gain sensitivity program, the output is supplemented by
sensitivity plots showing the variation of the rms control responses with

tne various control law gains. The jackage includes all the subroutines
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used by the program except for the plotting subroutines (which are
installation oriented).

The program is written in FORTRAN and was developed on an IBM 370/168

"computer. Double precision is used throughout the program aue to the

shorter IBM word length relative to the COC computers. For CDC
installations, it is recommended to convert the program to a single
precision version. [Input/output examples are included herein.

When using the program in its gust optimization version it is
advisable to extract subroutines GUSPLT and PLT from the packaye. The
input data for the gust optimization version will tirst be presentea.
The changes required in the cata and in the program when running tne

program in 1ts gust sensitivity version will then be presented.

INPUT OF DATA - GUST OPTIMIZATIUN VERSIUN

In the following, the data required for the uperation of the gust
optimization program is described. Here again READ statements will
be reproduced together with the specified FURMAT anu with the tull
explanation of the various parameters

READ (FURMAT !(15A4})), (HDR(1), I=1,15)
HDR An alphanumeric header tor the job (up to b0 chardacters,

including spaces).

READ (b, CASE)

where 5 designates the input file and CASE is a namelist defined by

NAMELIST/CASE/NM, NC, NAER, B NG, NL

where
NM Integer specifying the number of modes (<15).
NC Integer specifying the numper of controls (<6).

NAER - 1 Input aerodynamics will be introduced by means of PAUE

interpolation coefficients.
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-0 Input aerodynamics will be introduced by means of
aerodynamic coefficients at different values of reduced
frequency k.
B Array of values of lag terms to be used during the PADE
interpolation (<4).
NG -1 If gust aerodynamic coefficient are included in the
aerodynamic data.
-0 If gust aerodynamic coefficients are not included in the
aerodynamic data.
NL Integer specifying the number of lag terms to be used
during the PADE interpolation (<4).
The aerodynamic data is then introduced as follows:
It NAER 4 O then
DO1 T =1, NN
DO 1 J =1, (NM+ N *+ NG)
READ (FORMAT(6X,7E10.4)), AO(I,J), Al(I,J), A2(I,J), A3(1,J), A4(I,d),
A5(1,d), A6(I,J)
1 CONTINUE

Where the aerodynamic matrix A is assumed to be expressed by

_ AL(ik
A = AD + Al(ik) + A2(ik)2 + L%% Tk+B(L)

and k denotes the reduced frequency. The aerodynamic matrix [A]

7 should be arranged so that control coefficients are located in the
last columns with the gust coefficients at the very last column,
The program proceeds to read the namelist GST defined by
NAMEL IST/GST/RMASS, OMEGAN, VEL, BTRAN, CTEAN, CREF, ZW, ZREF, Q,
CLR, CTR, WR, NTE, NCACT

where




VEL
BTRAN

CTRAN

CREF
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Mass matrix (< 15 x 15)

Array containing the values of the natural frequencies
(in HZ). Stiffness is computed from RMASS and OMEGAN and
is therefore correct for diagonal mass matrices only,

For non-diagonal mass matrices the stiffness computation
in card 437 (in subroutine SOLGST) should be replaced by
an appropriate READ statement. It is important to note
that 1.5 structural damping is assumed in the program,
Modify card 438 if other values are desired.

Flight velocity.

Array of semichord lengths of wing (ana/or tail) sections
where the different controls are located (at mia-span of
control sections) - (<6).

Array of distances between the two transducers at each
control surface mid-section (used to compute the angle of
deformation - (<6)).

Reference semichord length (normally wing root semichord
length) - should be consistent with the reference length
used in computing the reduced frequency k {in aero
program).

Matrix where ZW (1,J) indicates the displacement
(positive down) of the Ith transducer due to the Jth
mode. For each section, two transducers are allowed -
the fore transducer should be placea (in the data) ahead
of the aft transaucer. The present subroutines CONTRL
assune the fore transducer to be located at 30 chord
from leading- edge (L.E.) and these sets of transducers
should be arranged in the same order as the controis -
(<(12 x 15)). For other types of subroutines CONTRL see

Appendix C.
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ZREF Values 1ike 2w of reference transducers used to detect
the rigid body motion of the afrcraft. Used in this
program to determine the elastic deformation of the

wing. If not needed, use zero values for ZREF - (< (2 x

15)).
Q Flight dynamic pressure
CLR Array of X distances (positive aft) between the fore

reference transducer and the fore control transducer -

(<6).

CTR Distance between the two transducers at the reference
section,

WR Reference frequency (rad/sec), used only for the D.T.T .F.

control laws (aerodynamic energy) - the value chosen is
normally around the value of the flutter frequency.
NTE Integer array following the order of the controls which

identifies between L.E. and T.E. controls.

=] T.E. control
=0 L.E. control
NCACT Number of active controls

Note that whenever a control is not active, put NTE = 0 when using
aerodynamic energy versions for CONTRL.

Remark: The transducer data as indicated above is tailored fit to
the control laws employed using the aerodynamic energy concept. The

form of control law asumed is as follows:

- "
1 2 5 y
) 1 ) . hy
a= | - Q,(s) . . : : :
C . * . :
SnC eI Pac.is) Paeonk® Nowa
! 1t 4
¢ ¢

[ —mlgy ] [ B(s) ] (B1)
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where the vector th, hZ"' huAJT denotes relative displacements
and/or relative rotations. The aerodynamic energy control laws

assume that & is driven by hl and h2' that § is driven by h3 and h4
. 1 ,
and so forth so that NA = 2*NC. The matrices [G—T;T] and [P(s)] are

computed in subroutine CONTRL (See Appendix C). The above form,
however, is very general and can be readily used for other types of
control laws which are driver by any number of either relative or
absolute (or both) dsplacements (and/or rotations) at any chordwise
locations, The cards 282-288 in the main program prccess the
transformation matrix [H] (of order NA x NM) connecting the vector
wl h2 ves hNAJT with the generalized coordinates

hy

hy ¥ = [(H] a (B2)

. h
so that the matrix [P(s)] in eq. 31 can be computed by

[P(s)] = [P(s)][H] (B3)
In summary, subroutine CONTRL provides the matrices [Q%ET] and [P(s)]
whereas the matrix [H] is computed in cards 282-288 (in MAIN).

If NAER = 0 then

READ (5,FT)

D01l Ka=1, NKK
D01 J <1, (NM + NC + NG)
D01 I =1, NM

READ (2, FORMAT(2E15.5))  AERO (I,J,K)

1 CONTINUE

where FT is a namelist defined by
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NAMELIST/FT/NK, AK, MAXNK, NPRINT, MPUNCH, IRIGID, JRIGID

and where 2 designates the file in which the aerodynamic data is

located. The various parameters are defined as follows:

MK Number of reduced frequercies k used for the
interpolation of the aerodynamic coefficients.

AX Array (<20) containing the values of k corresponding to
the aerc tynamic coefficients. The first value of k nwst
be zero. The order of the frequency value must
correspond to the order of the aerodynamic coefficients.
AERO (I,J,K) - see below.

MAXNK Maximum value of NK ( « 20 in present program).

NPRINT

'
o

No printed output from the PADE interpolation routine
(called FIT).

- 1 Printed output is available.
NPUNCH - O No nunched output from subroutine FIT.

- 1 Interpolation coetficients are punched.
IRIGID, JRIGID
Interpolation coetficients for the aerodynamic
coefficients (PADE representation) for the first IRIGID
rows ana first JRIGIU are determined using the first tew
values ot recuced f-equency k (assumed to be the lowest)
without resorting to a least squares procedure., In this
case the rigid body modes must be located so as to be the
tirst modes. This is done in order to increase the
accuracy of the aero-cvefticients at low k values where
steady state stiffness anu damping terms are zero (the

least square routine may reunder them negative).
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AERO(I,J,K) Array containing the values of the aerodynamic matrix A
(see eq. (1)) - that s, the (I.J)th coefficient at the
Kth reduced frequency. The order at which the
different K values are arranged must correspond to the AX
values. The first k value must correspond to ka0, For
order of columns in [A] see the remark above for case
NAER40.
READ (FORMAT (4E10.0)), ETAl, PHI

ETAl Accuracy of computer relative to 1 (on 1.B.M. double
precision = 5.E-13). Absolute accuracy = X*ETAl (value
unimportant for gust sensitivity-version).

PHI Relative size of “suction zone* within which the
optimized parameter is "suckedg® to the constraint in
order to avoid false convergence., Absolute size ot zone
= X1(1)*PHI or X2(I)*PH] depending on whether near lower
or upper constraints (value unimportant for gust
sensitivity version).

READ (FORMAT (5I5), NV, NPR, NDR

NV Numnber of independent control gains in the control laws
(< 36).

NPR = O

NOR - O Optimization is based on the minimization of the RMS

responses of controls.
-1 Optimization is based on the minimization ot the RMS
response rates of cortrols.
READ (FORMAT (515), NONACT
NONACT Number of non-active optimization parameters (that is,

number of control gains kept fixed auriny optimization).
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READ (FORMAT (5I5), (MA(I), I « 1, MOMACT)

KA Integer Array containing the location of the non-active
paramseters in the X array (see below). If MOKACT =« O, a
blank card should be placed here.

READ [FORMAT (4E10.0), WL, WT

WL, WT Two weights for emphasizing the contribut‘oas of any of
the control responses in the target function expression
(defined as FUNCTN in subroutine SOLGST, cards 461 and
467). More details regarding the target function FUNCTN
will be given below at the end of the uata description.

DO 203 I » 1, NV

READ (FURMAT (4E10.0)), X1(I), X(I), Xx2(I), EPS(I)

200 CONTINUE

x1(1) Value of the lowest bound of the Itn control parameter
(during optimization).

X(1) Initial value of the Ith control parameter (at the
onset of the optimization process). There are 6 gains
per control surface for the L.D.T7.T7.F. and 1 gain per
control surface for the D.T.T.F. (< 36). The values of
X(I) for the L.D.T.T.F. shoulu be used considering the
following basic form for the Ith control surface
transfer function

fo- XI1+6%(1-1))*s° .
$€ 4 2RX(2+6%(1-117%K! 3+6%(1-1))*s + (X(2+6*(1-1))2

X(4+6*(1-1))*s°
s¢ + 2xx(5+6*(1-1))*X(6+6*(1-1))*s + (X(5+6*(1-1))°

For L.E. control

s, = F L4 4 (h/b) . 3¢

a




bad 4

- e

For T.E. control

g = Fra 2.85) "% o3cf - 1.8

For further details see Ref. 3.

x2(1)

EPS(1)

VYalue of the upper bound of the Ith control parameter
(during ontimization).

The desired absolute accuracy of the optimal final X(I)

value,

READ (FORMAT (4E£10.0)), FMIN, ETA

FMIN

ETA

Parameter containing an approximate value to the minimum
of the target function FUNCTN (see remark at the ena of
this section). If unknown, use FMIN = 0.

Parameter containing an estimate of the relative accuracy
of the rms vesponse computations. Used to determine the
type of difference approximation to the gradient (value

unimportant for the gust sensitivity version).

RFAD (FORMAT (515)), ITMAX, IW

[ TMAX

IW

-0

An input/output integer. On input, ITMAX contains the
maximum allowable number of optimization iterations, On
output, ITMAX contains the number of iterations used
(value unimportant for the gusl sensitivity version).
An integer code for printing during computation (value
unimportant for the gust sensitivity version),

No printing.

Print gradient vector, direction of each linear
minim:. ation and function value before and after each
linear minimization.

In addition to the above, print function values

calculated during the course of linear minimizations.
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- 3 In additfon to the abcve, print function values
calculated in evaluating the gradients.
READ (FORMAT (110, 2E10.0)), NF FBEGIN, FEND
NF Number of frequency intervals used in computing the
spectral response (Total number of frequencies used = NFT

= NF+1, should be < 100).

FBEGIN Lower value of frequency (in HZ) in computing the

spectral response.

FEND Upper value of frecuency (in HZ) in computing the
spectral response.
READ (FORMAT (4£10.0)), LENGTH
LENGTH Gust scale length. Used to determine the Von Karman gust
spectrum.
READ (FORMAT {4£10.0)), EM
EM Flignht Mach number,
Remark: The definition of the target function FUNCTN (in
subroutine SOLGST, card 461 for function based on rms control
def lections and ~3ara 467 for functior based on rms rates of control
deflections) is left open to the user. It can be defined for example
as a weighted sum of the rms responses, that is
NC

FUNCTN = > W,
i=1

(a_ )

LCrm
C1 rins

or
NC

TN+ 2 W G e
1= 1

th weight.

where wi represents the i
In some cases it may be of interest to keep the various rms control

responses equal and a penalty function may be introduced into the
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target function. Note the following equivalence relations between j

the notations used in eqs. (52), (53) and those used in the program:

(qci)rms = DRMS (I)
(dc Jrms ®=m  DRRMS(I)
i
Important: Do not foryget to check whether the deftinition of FUNCTN

in the program (cards 461, 467) is applicable.

As already mentioned earlier, the gust sensitivity version of this

program yields plots showing the sensitivity of the rms responses of
the controls with respect to variations of the various X(1) gain
parameters. To accomplish this, the following moifications should be
made to the program:
1) Replace cards 299-308 by the tollowing
IFINAL = ] °*
CALL GUSPLT (XX, XI1ACT, X2ACT, EPSACT, QQ, tM)
2)  Delete cards 320-321.
3) Uelete cards 472-526.
4) Delete one of the two subroutines CUNTRL present in the packaye
or replace both of them by a new one.
Une should make sure that both subroutines (GUSPLT and PLT) are
inc luded in the source program,
The data required is identical to the one vutlined in the above gust
optimization version except for the following change in the meaning
of the tollowing data:

DO 200 1 = 1, NV
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READ (FORMAT (4E10.0}), XxI(I), x{1I), xe(1), EPS(I)
200 CONTINUE
x1(1) Value of the lowest bound of the Ith contro! parameter

(during sensitivity variations of this parameter).

X(1) Initial value of the Ith control parameter (at the
onset of the sensitivity veriation),
xZ2(1) Value of the upper bound of the Ith contrul parameter
(during sensitivity variations of this parameter),
EPS(1) The stiep size used in moving from X(1) to both X1(1) and
x2(1).
Furthermore, some of the data needed for the gust optimization
version is still read but the values are irrelevant for the
gust-sensitivity version since they are not used. These parameters
had been naicated while explaining their meaning in the gust

optimization version of the program,
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5. APPENDIX C
SUBROUTINE CONTRL
DETAILS ON THE COMMON PARAMETERS

Subroutine CONTRL computes the control laws used for either the
flutter package or the gust package (including gust optimization
program, or control response sensitivity to control law parameter
variation program). The subroutines included in the above packages
relate to aerodynamic energy control laws of the D.T.T.F and of the
L.D.T.T.F. Whenever other types of control laws are required,
subroutine CONTRL has to be reprogrammed (the same subroutine CONTRL
can be used for both packages mentioned above). In the following,
some explanations regarding the COMMON prameters employed by
subroutine CONTRL, will be given in order to facilitate the
reprogramming of subroutine CONTKL whenever deemed necessary. The
subroutine is defined by

SUBROUTINE CONTKL (NP, P, ND, QD, NC, WR, NTE, X)

where

NP Two~-dimensional integer output array. NP(I,J) contains
the number of polynomial terms (as function of s,
starting from s°) in the numerator control law element
(1,3) of matrix [P(s)] (see eqs. (31), (B3) above) -
(1<6).

P Three-dimensional output array representing the numerator

control law matrix [P(s)]. P(I,J,K) reoresents the

(k-1)

coefficient of s in the numerator polynomial

located at position (I,Jd) in [P(s)].
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One-dimensional integer output array. ND(I) represents
the number cf polynomial terms (as function of s,
starting from s*) in the denominator of the Ith element
in the diagonal matrix [U%ET] which forms a part of the
control law transfer function matrix [T.]

Two-dimensional output array representing the denominator
control law diagonal matrix [5%§7]' QD(1,K) represents

(k-1)

the coefficient of s in the denominator of the Ith

element in the diagonal matrix [6%37] .

Number of controls.

An input parameter. Used in present program for the
aerodynamic energy control law of the D.T.T.F. to
represent reference frequency (rad/sec). The value
chosen is wormally around the value of the flutter
frequency.

One dimensional input array used to distinguish between
L.E. and T.E. control surfaces.

= 1, T.E. control.

= 0, L.E. control.

One-dimensional input array of control gains used for
computing both [F(s)] and [U%ET]'

Note that matrix [P(s)] (see eq. (31)) is not computed in
subroutine CONTRL ([P(s)] = [P(s)] * [H] where [H] is the
modal matrix connecting the deflection at the different
sensor locations with the generalized coordinates of the

system, (see also eq. (B3)).
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APPENDIX D
EISENVALUE SUBROUTINES
DETAILS ON THE COMMON PARAMETERS

The subroutines described in the following pages belong to the IMSL
library. They can easily be used in installations enjoying access to the
IMSL library. Their replacement by other routines, if necessary,
involves little effort and can be easily accomplished using the

information included herein.
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C SUBRUUTINE EGALAF (A ;N lAsD KoL) E8ALO010
C EBALOORC
C=EBALAF v e e wwn] JBRARY o= — E£9AL.0030
C EBALOJAO
C FUNCT ILN - HALANCE A REAL MATRINX A, E8ALCO0S80
C USAGE - CALL EBALAF (AN, 1A,DeKoL) EBALOGOO
C PARAML TER S A - THE N X N MATRIX GIVING ThE ZLEMENTS CF THE EBALOO70
C HATKIA TO UE dALANCED. THE INPUT A IS BEBALOOSO
< HKEPLACEW Y THE UALANLLD MATRIXe EBALOO90
C N - Tz CRUER OF THE MATRIX A ANO ThE LENGTH OF 0 EHALOLOO
C 1A - HUW LIMENSION UF A IN CALLING PRCukAM EbBALOLIO
(4 8] - THE CUTPRLY ARKAY UF LENUIH N whiICH CONTAINS EBALVOL2O
C INFGRWATILN DLTERMINING THE PERMUTATIUNS EEALOIJQ
C USt) AND THE SCALING FACTCORS EBALOLSO
C x - K AND L AxL Tal LUTPULT INTEGERD SUCH THAT EBALOLISO
C Al{led) = 0, IF EBALOLIGO
C (1) § 19 GREATER ThAN J AND EBALOLT7O
C (2) J = lyseeek~1l LR EBALOL 8O
C 1  Ltloeoeeh EBALOLISO
C L - SEE ABLVEe IF L e€UWe 0 THE URIGINAL MATRIX A EBALD20Q
C 19 IN FLODENBLKG FLhMe EBALOZ1 O
C PRECISLION - SINuLL/70CULLE EBALO220
C LANGUAGE - FLRThAN EBALOR230
oo oo 0 s e v e e o ot e e ot 1 o e e o e o S e = 10 e s o e et e et o e o s s im0 E AL QO 24 C
C SUBKRLUTINL LHELSF (AsKsbLeNoe lAs0) ERES001L0
C ERESQDZ0
CoERLYSE ————mmmm e e e {JRARY L m e m e e e —————— ~—£hLES0030
EHES004C
t UNCT IUN - KtJULE A AUNSYMMETRIC MATRIX TL JPPENR EHESOULSU
HESSLNDERGUG CUKM BY CGRTHCOGUNAL EHES0060
TRANLFCKMAT LUNS EHESQQZ70
USAGE — CALL LHEESE (AshasloNslAU) EHESQOUEY
PARAME TERS A - N Y N ANCNSYMAETHIC MATRIX TU of REDUCED TC LEHESQOYC
JPRFER FEDSENOBUKG FLRMe (INPLT) ERESU100
LN JLIPLT e A LECNTAINS THE UPPER HESSENBERG ERESULLO
MATRI X, EHESQ1LZC
K - TrL KFLCUTINE REDUCED UNLY ThI SUB~MAYRIX OF EHESOL143C
CRDER L=K*l, wHERL K 1L GREATEK THAN OUR ErES0140

EUVAL Td 1 AND LESS THAN Lk EGUAL TO Le K EFESULE0
15 ThHE RJw ANUD CULUMN INUVEX UF THe STARTINCG EHESOL6GO

NN ODODAOADANAARN

ELLMENT . (INPUT) ERESVLIT70

L - ThHt wuwn AND CulusdhN INOEX LF THE LAST ELEMENT. EHESQL180

L IS5 LEDS JIHAN UR tJJUAL To Ne (INPUT) EFESULIYO

- otk O A AND THL LENGTR CF DLJUINPUT) ERESQ0200

1A - Ruw JIMULNLIUN UF A IN CALLING PHOCOURAMI INPUT ) EHES0Z10

- CUTALY VECTAOR UF LLNGYH N CUNTAINING THE Eht>0220

VETAILS UF THE TRANSFCRMATIOUN LHESUZ30

PheCISLILN - alNGLE/ZVLULLLE EHESO0240
LANGUAGE - FCRVKAN EHES02SC

- o o ot e i o e e e o e - g e e e o e e EHESO0200

C SUBRLUTINL EQRHIF (HeNoslhoKoL sWNRowlolo Il lti) £QRNOCGLO
C EQRNOQZ2U

ORIGINAL PAGE I8
OF POOR QUALITY
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CmEQHMH N m=mmmeemecwne ==l [BHARY | = NE—————— g . T, Y % ¥

C ZORMNOOAD
C FUNTIUN ~ FIND THE ELluENVALUES AND (OPTIONALLY) EIGEN- LGRADOBO
C VECIURS Wr A REAL UPPEN HESSENBERG MATRIX. EQRNOOSO
C USAGE - CALL EGHMIF {tieNelMoKoleuRoWlos2e1241ER) EGRNOOTO
[ & PARAME TENRS " - CN INPUTs H CUNTAINS THE UPPER HESSENUERG EQRNMNOOSO
C MATRIXe THL REMAINING FRIANGLE UNDER H MAY EURNOO9O
C COANTALN INFURMATICLN FROM THE HESSENBERG EQRNOIL10O
C RLUUCTLILN PRUGRAM EMCESMFe LN DUTPUT K IS LGRNOLLO
Cc DeESTRCYED, EURNOL2C
C - N I8 YHE Okt Uk THE H MATHIXe EQRNOL 30
C In - Ik S Tri Ruw DIMUNSIUN GF M IN THE EQGRANO1 4O
C CALLING PRUGKRAN, EQRNOL1BO
C K ~ K ARD L Arbk PRUDUCEY BY THE JALANCING EQRNUIL60
(4 L KUUTINE FUALAF o IF EJALAF HAS NUT BEEN USEDEQRNOLZC .
C SET K=]1, LaN. EQRNV 18O
C 'Y} - LN ULTRPUT, TFE VECTORS BHR AND Wl UF LENGTH N EQRNOIYO
C wnl CUNTALIN T4E REAL AND IMAGINAKY PARTYS OF THE EQRNO200
C LAGUEAVAL UL HESPECTIVELY. EORNO210
c Tht LElueNVALULYD Akt UNGRDERED EQRNO240
C LXGCERE THAT CUMPLEX CUNJUUAIL PAIRS WF EARNO2JI0
C VALUES APILAK CUNSECUTIVELY wllH THL elubN~ EOHNDO24O
C VALUL HAVIAG YTkt PGSITIVE IMAGINARY PART EQRNOLSC
C FIkSTe IF An ErRUx EXIY 1S MAOEs THL ECKkNOZDO
< LIGLANVALUES SHUULWY Bt (URRECT FUR INDICEYS EQRkNOZ70
C JtloeseooN wrtikt JrlER~-1d8e EJRNOZ28O
C Zz - uN INFUTs 2 CUNTAINS THE LUENTITY MATRIX FAURNV2YO
C WF LRUEKR N It Tht LIULAVECTORS UF THE UPPER EGRNOJOO
C nE L3t hpticy MATHREX Ak LUbaihtie E0KkANCSLIO
C IF TrE tlochVELIUkS UF A wEAL GLNERAL MATRIAEWRNOJIZ0
C AL LESIREUs THEN CN INPUTe £ CUNTAINS THEe ECRINVJIIC
C IRANSEFURMALIUN MATRIX PrULLCUCLU IN ERLOHSF EURNOJIND
C WHICH heoulkl ThEe UVENEKRAL MATHIX Tu EAQRNO03%0
C RLSLDENLIERG FUhMe ThIH MAT«IX CAN BE EURNUJIGC
C e TALAEL BY DSEITING 2 TU ThHE N Uy N TOENVITYEQKkNUIZO
C MATRIAR ANU CALLING EHEROKRE EFUKRE CALLIENG L GRNOLBY
. CGmt 2F o EURNO3YO
C LN LLTBUTY Tt N BY N MATRIX Z CUNTALINS THE EQNOACC
C REAL ANY LIMAGINAKY PARTS UF THE ELGEN- L QNNO4LD
C veeTunSe The I=TH CubUMN uf 2 1S A kKEAL LARNQ420
C ElobNVLCTUR It YTrtk 1=Tk t IGLNVALUE IS HReALe BEURNUA IO
C IF Tk 1=-Th ElubANVALULE 1S CLMPLEX wWiITH EukNO44Q
|8 PLSiTive IMAGINARY RPAKRT, IHE J«7%H AND EURNQ4SO
C (I+1)=Trm LCOLUMNSG Ut Z CUNTAILIN THE REAL EQRNDA46O
< AND IMAGINAKY FARTS UF 1T ELIGENVECTOR. EURNOATZV
C 1F Tk J=Tm tloubbhevALUE 19 CULMBLEX wlTH NLEOUGA-EWKNOAHO
C TIVE IMAGWINAKRY PARTs Tk (E=-1)=TH CULUMN CF EQRNU4SO
C 2 CUNTAINS Tht KEAL PART OF 115 ELFTGENVECTUR EQGRNOSOO
C ANC TRE D=1t CLbuMN UF 2 CUNTAINS MINUS THE EGQRNOSLIO
C IMAGINARY PAKT OF ITS EIGENVECTUR. EGQRNOS20
C Tt EIubNVECTURS ARE UNNGHMAL LZEDS IF AN EURNOS 30
C Enkuik EXLYT 195 MADL e NUNE UF THE tIOENVECTURSEUKRNODAO
C HAVE cEtN FUUND. EQRNUSS50
C 12 - IZ LIS ThEe Huw DIMENLICN o 2 IN THL EWRNOSGC
C CALL ING PRUGLRAMe IF IZ 19 LESH THAN N THE EQRNUS70
C LICENVLCTURS AKE NLCT CUMPUTEDe IN THIS EGRNUOSHO
C CASL 2 1Y NUT ubtDe EGRNUSYO
< [ER - EhoUb PARARMLTEWR EQRNUECQ
< TERMINAL (RERUR EQRNOG1L O
C IER = 128 v Js INUICATES THAT EQrHJIF FAILLLU EGRNOG2O
C TL CUAVLEWRGE UN ELGENVALUEL Jeo ETGENVALUES EQRNOG IO




ad

o e G

(s NaNaNaEaNalal

PRECISILN
RedDe IMSL
LANGUACE

43

JeledtZossesN HAVE BEEN COMPULTIED CORRECTLY. EQRNOGAO
CIGENVALULYS Jeeeesd ARE 36T TL ZERD. IF 2

18 GREATER THAN OR EQUAL TG N

Ak 5e1 TC ZEhGe
- SiNnulLb/sO0CJUbLTLL
WILTINES =~ LexT ST
- FURTKAN

- -

CIGENVECTORS

€ARNUGBO
KORNVGGO
EQRNOBT O
EQxNOSHC
EQRNOGSC
EQRNOTOOQ
EORNO710
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APPENDIX E
SOURCE LISTING AND INPUT/OUTPUT EXAMPLE FOR FLUTTER PROGRAM

The first part of the Appendix consists of the source listing of the
pr:;ram and is followed by an input/output example. The example chosen
relates to the DAST configuration at Ms0.9 with one active T.E. control
surface based on the L.D.T.T.F. The output of the computer run includes
a root-locus plot together with all the data rquired by the program, The
aerodynamic coefficients AERO (1,J,K) used by the program are listed for
convenience (this aerodynamic data is retrieved by the program from file
2).

It is recommended to use the plotting symbol '+' in the root locus

plot., The symbol used in the present example is a resul:v of some

transient difficulties encountered using a new plotter.
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IMPLICIT REAM*8(A~H,0~2)

00000001

CLCCCCCCCOLLCLLCCCCCCCCCOULCCCClleCCCCCCCCOLCCCLCCCCCCCOCCCCCLCCCLCCCCLCo0000002

C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C

FLUTTER SUPRESSIUN PACKAGE(WITY

HDR -~ HEADER (FORMAT 186AAN

NAMEL IST/CASEL ~
NM = NUMHBER UF JMODES(1S MAX)

NC - NUMHBER UF C(UNTROLS(6 MAX)

OR wITHOUTY ACTIVE CONTROLS)
USING RUUT LLCUS TECHNIQUES. THE FOLLOWING INPUT DATA 18

NAER = | INPUT AERU IN TERMS OF INTERPOLATICN COEFFICIENTS OF K

= 0 INPUT AERO FUK DIFFERENT VALUES OF K -
CUEB¢ v ICIENTS TU HE CUMPUTED IN SUBRUUTINE F T,

INTRPOLATIOUN

B = ARKAY UF LAG TERMS USED DURING INTERPOLATION(S HAX)

NG = 1 1F wUST AERU S SUPPLIED

- 0 IF OUST AERC I35 NUOT SUPPLLIED.

NL — NUMBER OF LAG TEWRMS TO Bt USED DURING INVERPOLATION.

IF NAER=] THEN AtRO COLFFICIENTS

ARE READ(FURMAT O6X.7E10+4)

IF  NAER=x0 NEXT INPUTS ARE READ IN SUDRUUTINE FIT,

SUBSFEQUENT INPUTS ARE READ IN SUBROUTINE FLUTCA.

LXTERNAL OREAL +DAINAG

CUMMON/AERF ZA0(15022) s AL 15522)+A2(1%+22)+A3(15422)4A0(15422).,

*AS(15¢22)0A(15,22)
COMMON/ZICASE/B(4) sNMyNCoNGoNL
DIMENSION HDOR(1%)

NAMEL [ST/CASE/NMsNCoNAER o B NG o NL
READ 100»(HUR(1)elx=}1,415)

PRINY 101, (HOR(I)elI=l,l1%)
READ(S,CASE)

WRITE(O6sCASE)

NMNC =NM+NC

IF (NAER«EQeJ) CALL FIT

IF ANAER«EQeDO) GU Tu 10

DO 1 11=1sNM

DO 1 Ju=]1 NMNC

READ 200,A0CT1eJJ)sALCIT4JUVeA2(T14JJ)eA3(1TsJIdsAMITT4JJU),

€00000002
C00000004

REQUIREDCO0D000008

C00000006
C00000007
00000008
€00000009
C00000010
€00000011)
Co0000012
C00000013
C00000014
C00000018
C00000016
C00000017
C€o0000018
C00000019
00000020
C€o0000021
C00000022
C00000023
c000000"s
00000028
C€00000026
C€00000027
C00000028

CCCCLCCCCCCLCLCCCCLCCCCCLCLLCCCLCCLCCCLCLLCCLCTCCCCCLCLCCCCCCCCCCCCCCCCCo0000029

00000030
00000031
006700032
00000033
00000034
00000035
00000036
00000037
00000038
00000039
00000040
00000041
00000042
00000043
00000044
00000048




s

i

A3

SAS(ITeJJ)eASLEva D)
1 CUNTINUE
10 CONTINUE

CALL PFLUTCA

sTOP

100 FORMAT(1SA4)
101 FORMAT(IH ,iBAS)
200 FORMAT(OX,7L10.4)

END

SUBROUTINE CUNTRLINP P MO QDN WRoNTE X))

00000044
00000047
00000048
00000049
00000080
oo0o0GBOB1
00000082
00000033
00000084
00000068

CCCCLLCCCCCCCCLCCCCCCCCOCCCLL Cl T CCCCCCCCCCCCCCLCCCCCCCCCCCOCCCCCCCCCLOOnoo0ns

c
c
C
C
C
C
C
C

[eWalal [a a3

afon

LeDeToaTeFe CONTRUL LAW FUR ANY NUMBER UF CONTROL SURFACESe CAN
BE USED FUKR dUTH FLUTTER AND LJUST PKOGRAMSe THE HASIC GAINS
USED HERF IN ARF APPKORRIATF FOR 20 PERCENT LeEs AND 20 PERCENT
Tele CONTRUL SYSTEMS wiTH THE FORE SENSUR LUCATED AT THE 30
PERCENT CHURD LUCATIUN = JDIMENSIUNS ARL LIMITED 10 0 CUNTROLS.

IMPLICIT RECAL*®H(A-HU~-Z)

DIMENSIUN NP(Os1 ) oeP{uslel ) sl 1001)sF(2e2) oNTELB) e X{306)eCN(I),

SCOL(3) e CL2I3) W TEMORL(S)TEMP2{ ) ,NI(¢)

t({isl)=-4,D)

E(le2)24,00

F(2+1)=%4,.00

E(2:2)%2.800

C21=-1 800

NC222¢NC

DO 1 121 oNC

DO 1 JEleNC 2

Ne(TsJ) 3

Dy ot K=1412

P(IledekK)=0,00
1 CONTINJE

DU 2 I=x=1l.NL
CASE UF Tefo CUuNTrRu

EH=E(2,41)

FARE(2,4.2)

IFANTECI JeEuel) ol fu 3
CASE Ot LeEs CUONTRUL

EHzE (R o1)

EA=E(1,+2)
3 CONTINUC

C00000087
€C000000%8
C00000089
€000000860
C00000061
C00000062
€00000063

CCCCLCCCCLC e CClLe e ClllCClelCe i ClCllCClLCCCCCCCCCCCCCCO0000006

00000068
00000066
000000067
00000068
00000069
00000070
00000071
00000072
00000073
2000007e
00000075
00000076
00000077
00000078
00000079
00000080
00000081
00000082
00000083
0000008s
000000895
00000086
00000087
00000088
00000049
00000090
00000091
00000092
00000092

DETEFMINATIUN of THL OENGWMINATIR PULYNOMIAL HUR EACH CONTROL SURF.00000094

CN(L)=3,D0

CN(2)=9.D0

CDLI{LY=X(6*k]~a) k2
CDI(2)=2eD0%X (D% ]-3)*x(c*]~-3)
CDL{3)=1.00

CO2(1)=xX(H¥]=1)%92
(D2(2)=leil¥s (k] -1)eX{t:%])

CD2(3)=1,0¢0

CALL PRUPULICD Ly 30CD2¢ 3200011 )eND(L))

00000095
00000096
00000097
00000098
00000099
00000100
00000101
00000102
00000503
00000104

g




B e

A6

c 00000108
c DETERMINATION OF THE NUMEKATOR SOLYNOCMIAL FPOR EACH COUNTROL SURFACE00000106
C 90000107
CN(3)=x(6*1-5) 000001008

CALL PROPOL(COZ43sCNo 3o TEMPL oN) 00000109
CN(3)mx(6e]l~-2) oooeoll0

CALL PROPOL(CDL o3+sUNy I TEMP24N) 00000111

DO &4 Waf,N 00000112
PlIosRF [~ LK )mEHS(TEMB]) (K)¢TEMP2(K)) 00000113

P(I o281 oK )mEAS(TEMPI(K)STEMPRIK) ) 4+CRESTE(II®QU(K, 1) 00000114

& CONTINUE 00000118
NP(Los2%]-1)=N 00000116
NP(lLls2¢])aN 00000117

& CUNTINUE 00000118
RETURN 00000119

END 00000120
SUBROUTINE CONTARLINP P eND QU oNCowRoeNTE ¢ X) 00000121
gececcececceccecceecccerecccceccciancecccecccceccecccocccocccecacceccacccooooonas
C C00000122
Cc VeTsTaFo CONTHOL LAW FUR ANY NUMBER UF CONTRUL SURFACESe CAN C00000124
C BE USED FUR BUTH FLUTIER AND wUSBT PROGRAMS, THE BASIC GAINS €00000125
C USED HEREIN AHE APPHUPHRIATE FUR 20 PERCENT LeEe AND 20 PERCENY C00000126
C TeBe CONTROL SYSTEMS wiThH THL FUKRE SENSOR LOQCATED AT THE 30 c0o0d00127
C PERCENTY CHURD LUCATIUN ~ ODIMFNSTUNS ARE LIMITED TQO ¢ CUNTROLS. co00o01i128
o C00000129
CCCLCLCLCLCETCLCCLCOCC Ll efrCTCCCCllrCCCCCLCLCCCCCCCCCLLLCCcCCCCcCcoo000130
IMPLICIT REAL®I(A-HyU~2) 07900131
DIMENSTON NP(O6ol ) oP(H0 0201 )sGOCLIe L} sE(202) o NTE(%)eX(30)sND(B) ouooo1 32
E(lel)==3.00 00000133
E(l1s2)=24,0C 00000134
E(201) 24,00 000001385
E(242)23.20) 00000136
C2l=-}.860V 00000137
A=10000.00 00000138
NC2=28NC 00000139

DL 1 I=1¢NC 00000140

DO 1t J=EleNC2 00000141
NP(lsd)=1 00000142

DO 1 K=, 000001423
P{lesJeK)=0,D0 00000144

1 CUNTINUE 00000148

N0 2 I=1eNC 00000146
J(Le2%[~141)=Q0,00 00000147

PUTL 2% o1 ) =2ARC2LENTE (L) 00000148

C 00000149
C CASE OF TaeEe CUNTRLL 000001 350
C 00000151
EH=E (2 41) 00000152
EAXE(242) 00000153
IF(NTE(I)eCQel) 6O TU 00000134

C 000001598
C CASE OF LeEe CUNTRUL 000001 56
C 000VO0157
EH=E(14+1) 00000158
EAzE({142) 00000159y

3 CUONTINUE 00000160
00000161}

ann

DETERMINATIUN UF 16 NUMERATUGR POLYNUCMIAL FOr EACH CONTHUL SURFACE00000162

60000163




c
c
<
2
’
coeetd

AR ANNHANARAONONNANAANONONONAOAAN NN ACAHAAANARANNCANAD

A7

Hlle20 =t sl)TAOL HOX({])700
W(le201,2)0A0LAOK(] )/ Wi

INTPRMINATION (¢

un(t el )sa
it2e1) 100
NE(lol01-1 )y
NP(le2¢])s2
NOLL)=2
CONT INUE
HE TURN
'ND
SUHKHOUT I M
IMisL §C I Y

FLOICA
HREAL ¢M(A-11412=2)

00000164
000050168
00000164

I Ll NUMIMNAT 1 PUL YNUMIAL FOR FACH CONTKOL SURF.00000167

000v0168
00000169
ooeoo0L7e
00000171
00000172
00000173
00000170
0000017Y
00000176
00000177
00000178

CCOLCL e aatCltaCled et QOO il CCluCCCCCCrLCCO000001T9

THE [QUATILNS UGF MOTION AKE WS DUHT N THIES SULBKUUTEINE TU A
CLUNVENTINT F st et e FPORM DY /DT Uy AND SOLVED FOR A LIVEN
VELNDCETY AND MACK NUMHE R AS A FONCTION b THE WUYNAME,

(WHICH 1> VAFTII D Al THIN A PrE GCRIHGFD RANGE ) e UK T SIX ACYIVE
CONTRIL S CAN BE USTD N THIS SUIRULUTING o RE 9 TY ARE SUI TABLE
FOR ROODT LOCUS M uTS,

NAMEL 1T/ LUT

MASS - MASGS MATcEx (1, X | MAX)

UM GAN - NATURAL F b QuUbt wC [ES ANKHAYCLSN MZF - (1% MAX) - HUIE-

STEFE*E S iS5 Gl FaM 8 o AND M AN AMD (Y THERET (ORE

CURRECT Fiik OIAGUNAL MALYS MAT [ X UNL Y,

UBFGIN = IMITIAL VALt Lt DYMAMIC P SHUN o

UEND = FINAL VAL UL 1 F JYNANLIC ikt S9Uukl U

NQ - UMHEFR LE L QUAL INTLEVAL S DEVIOEING TP U RANOGE INUMSER UF
VALUES UF Q=NQtl).

VEL - FLIGHY vELCCLYY

HYRAN -~ ARKAY UF SEMBCHOLRD LEmaTri, uF wINO(UR TAJL) SECTIUNS

WHFRF THE DIFEFFENT CUNTRILYS ALY LOCATEOCAT MIO CUNTHUL 9PAN
SECTIONS) -~ (& MAX)

CTRAN -~ ARRAY UF Ul VANCES Jt Tat IN THL
CONTRUL SuxibPALE MO SECTIOUN(USE D
DEFUORMATIUN) - (¢ MAX),

Twi) TRANSDUCERS AT £ ACH
Tu CUMPUTE THF ANGLE OF

CREF =~ REFEKRENCE SFMI £t LiNaTh (NURMALLY wiING KulT SEMI
CHORO) -~ SHOULD wE COMSISTENT w]TH THE KEFERENCE LENGTH USED IN
CUMPUT [NG THF RFCOUCLU FREOQUENCY K,

Iw ~ MATHIX wWHERE Zw(lsJ) INJDICATES THE DISPLACLMENT(PUSITIVE
DOWN) UF THE I-TH TRANSDJICER LVJUF Tu THE J-TH MLDE. FCR EACH
SECTYION THFRE ARE Twlu TIANSDUCERS == THE FUORE TRANSHUCER SHUJLU
HE LUCATYED AHUCAD UF THt AFT THANSDUCER(AT 3) PERCENT CHORD FROM
LeEe)e THESF SETS OF TRANSDUCERPS SHUULD BE ARKANGED IN THE SAME
OKOER AS THE CONTROLS = (12 X 1S5S MAX)a

RE SSUKE Q

C00000180
00000101
C000001 82
C00000183
C00000184
Co0000018%
C00000186
€00000187
C0000018A
co00000189
€00000190
C00000191
00000192
C00000193
C00000194
C0000019%
C00000196
C00000197
C00000198
C9000019¢%
€00000200
00000201
(00000202
00000203
00000204
C0000020%
CQ0000206¢
C00000207
c00000208
€0000020%
c00000210
Cco00000211
cdoo000212
C00000213
C00000214s
00000218
C00000216
C00000217
C00000218
€00000219
C00000220
C00000221
€0c0n000222
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ZREF — VALUES LIKE 2Zw OF REFERONCE TRANSDUCERS USED TO DETECT
THE RIGID SUDY MOTION OF THE AIRCRAFT -~ (2 X 18 MAX),

[HLOY =~ l=== ROOT LOCUS PLUOT wlLL BE MADE
- 9 ===NO PLUT will BS MADE

CLR ~ ARRAY UF X DISTANCES (POSITIVE AFT) RBETWEEN THL FOKRE
REFERENCE TRANSDUCER AND THE FOKE CONTKOL TRANSDUCER - (6MAX)

CTR = DISTANCE HETWEEN THE Tw() TRANSDUCEKRS AT THE REFERENCE
SECTIUN.

NCACT ~ NUMBELK OF ACTIVE CONTKULS FOLLOWING THE ORVDER OF THE
CUNTRUL S

NAMEL T OV/PLUTPA
XZ - LEFT HAND LIMITYT (F REAL PART OF ROUTYT LOCUS

Yi=0e.

XSCALE =~ AHSCISSA SCALE(VALUE PER INCH)
YSCALE =~ URDINATEL SCALE(VALUL PER INCH)
XL — LENGTH OF AHSCISSA IN INCHFS

YL -~ LLNUIH OF CURDEINATE IN INCHE S

ISYM — INTEGFR DEFINING SYMHCL DURING RUCT LOCUS PLUT(=3 IS
RECOMMENDOL ) »

[ENTRY ~ 1

NAMt L [ST/MXS12E
MAXC = MAXIMUM NUMUJLK UOF CONMTRULS(=6 N THIS PRUGRAM)

MAXNM - MAXIMUM NUMBtKR OF MUDES(=15 IN THIS PRUGRAM)

MAXK= MAXIMUM NUMHBER I PUOLYNUMIAL TERMS PER ELEMENT IN THE

TRANSFER §f UNCTIUN NUAFRATOR AND UENUMINATOR MATRICES(=10 HEREIN)

MAXT — AAXIMUM OKDER ur FINAL MATRIX A(WHERL DY/DT=UYy -- =120
IN THIS PROGRAM)

NAMEL I ST/ZCOUNC
NOTE THAT IT IS NECESLARY TU DELETE ONE OF THE TwD SUBROUTINES
NAMED CUNTRL ACCURDING TO THF DESIRED CONTRUL LAW,

WR ~ KEFERENCE FREWUENCY(RAD/SEC)sUSED UNLY FUR THE DeTeToFs
CUNTRUL LAWS =~=VALUE CHUSEN 15 NURMALLY ARGUND THE FLUTTER
FREGUENCY VALUE.

NTE — INTEGER ARKRAY FULLUWING THE ORDFR OF THE CONTRUOLS AND
IDENTIFYING 3ETWEFN Lete AND ToE e CUNTHROLS,

=1y TeEs CONTROUL

=0y LeFs CUNTRUL
IT 19 IMPURTANT TU NOTE THAT wWHENEVEK A CIONTROL IS NOT ACTIVE
PUT NTE=)

c00000222
C00000224
co0000228
cnoooo0226
Co0000227
coooo00228
C00000229
€00000230
C00000231
C00000232
C00000233
C00000234
C00000235
C00000236
C00000237
C€00000238
00000239
€00000280
C00000242
C00000242
C00000243
C00000244
C00000245
C00000246
C00000247
C00000248
€C00000249
€00000250
C00000251
C000002%2
€00000253
C00000254
C00000258
C0000029%6
C00000257
€00000258
€N0000259
€00000260
C00000261
C€00000262
€00000263
C00000264
CC0000265
00000266
C00000267
00000268
C00000269
C00000270
€00000271
00000272
€000002723
C00000274
€0000027s
€0000027%
C00000277
C00000278
C00000279
00000280
cooo000281
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X = ARRAY UF GAINS.THERE ARE 6 GAINS PER CONTROL SURFACE FOR

THE LeDeToeToFe AND | GAIN FER CONTROL SURFACE FOR

(=36 MAX)
X(1)$SE32/7( 582425 X(2)6X(I)s5¢X(2)882) +

THE DeToeTeFe

X(a)eS5e82/(S¥32+28X(S)eX(6)kS+X(S5)e¢2)

*AS5(15:22)4A6(15:22)
COUMMON/ ICASE/B( 84 ) snM g NC o NG o ML

DIMENS ION OMEGANTLID) ori(12915)3A0C(15,8)eAIC{15:6)3AZC(1566)
SA3C(15:0) e AACI15:6)sASCLIBs06) +AGC(IBs6)sZW(12015)ZREF(2,18),
*BTRANC(O ) s CTRANI S) s ACL (15360 4) s AL (15015¢4)eFCTLISH4T)eD(3I) e
BDL(LS) e CMUL501507 )3 CALLD015:37) s CACIL1%5¢69T7)eNP(6E2L12) ¢NPIMX(E)

END(B)sQDE10¢8) s RMI21015410) ¢OM(214601))eP(6012:10)¢PH(61B501)),

BCAB)sHRDOMN(21 921 ) oFR(1B9)SEI(189)+PV(189) +CLRIE) ¢ NPC(6),

ENTE(G) s X (30 )
*T{100,100)
REAL*8 MASS{19419)yKUAR(15,15)

cooooo0z82
Coo0000283
C00000284
C00000285
c€oo000286
cooo0o0o0287

CCCLCCCCCCLCCCOCCLLCCLCLLCLECCCCLCCCCCCCCCCCCCCCCCCCCCCCCCCCLaceecceccccccooonozsae
REALS$4 XZ2oVZs XSCALE YSCALE o XL s YL +BUF(100)
COMMON/ZAERF /AU 1B 0221 0A1(15:22)0A2(15:22)9A3015622)4A4(15,22),

00000289
00000290
00000291
00000292
00000293
00000294
0000029%
00000296
00000297
00000298
00000299
00000300
00000301

NAMEL [ ST/FLUT/MASS sUMEGANs QREGINIUEND s NG VEL o+ BTRANCTRANSCREF ¢ ZWy 00000302

$ZREF o IPLUTCLRICTRWMCACT

NAMEL [ST/ZPLOTPA/ X293 YZ e XSCALE o YSCALE o XL o YL o1 5YM IENTKY

NAMEL IST/MXSIZE/MAXC s MAXNM g MAXK g MAXT
NAMEL IST/ZCUNC/WR oNTE v X

REAUCSWFLUT !

WRITE(OsFLU .

PRINTY %00

DA=(QE ND ~JUF JIN) /Nu

NQT=-Nu+l

PIz3,1415926%4D9

CALL SLOTS{UUE y100st01060)
CALL FLul{lesles=3)

IF(IPLUT sEGel ) READ{ 2, 2L GTPRA)
IFCIPL NV el Uel) WRITF(APLLTPA)
READ(S MXSI1ZE)

WRITE(b6s AXSTZE)

IF ANCACTeNESO) KZAD( 2y CUNC)
IFINCACT oNE o)) WRITL (62 CUNC)
NC=NCACT

MAX=MAXC + 1A XNM

!

COMPUTATION UF THE STIFFNLSS MATRIX KBAR

ec 1 1=14NM

UMEGAN( [ )=2.DJ*P I *IMEGANC]T)

[TV | J=1sNM™

KBAR(Y »J) =sMASS( T+ J)RUMEGAN([)®%2
CONTINUE

FORMATIUN Of THE VARJIJUS AL RU MATRICES

VELI=CREF/VEL
VEL2=VEL1*VEL1
IF(NCEQe ) GU TC 6J
DU 2 121N

00000303
00000304
00000305
0000030606
00000307
00000308
32000309
00000310
80000311
00000312
00000313
00000314
00000315
00000316
00000317
00000318
00000319
00000320
00060321
00000322
00000323
00000324
00000325
00000326
00000327
00000328
00000329
00000330
00000331
00000332
00000333
00000334
00000335
00000336
00000337
00000338
00000339
00000340
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DO 2 Js 1 ¢ NC
ACC(1:J)=2A0(l s NME))
ALC(LeJd)mAlL (]l NMEJ)
AZC(LeJ)ImAZ( ] sNME))
ACL ST s Jo L IsA3(TIoNM )
IFI(NLLTC2) il 1 2
ACL(LlsJe2)AR( 1 eNM+ )
IF(NL «LT43) (M4 T0 2
ACLEY s Js3)sAS(] NM+J)
IFINL L Toa) G0 Tu 2
ACL (I ed)uAG(] JNMEJ)
CUNTINUF

CONT INUE

po 3 131 sNM

DL 3 Jsl¢NM

AL({T vJoel)=A3(1 )
IF(NL LT 2) wl) T0 3
AL(19Jds2)sAA(14sJ)
IF(NL L To3) oU fc 3
AL{T sJdes3h=AE(14J)
IFANL oLT o 4) GO Tu 3
AL(TIsJea)=A0(LsJ)
CUNTINUE

DO 4 I=5yNL
Bl(lL)=u(l)/VEILIL

CONT INUE

REODUCTIUN LE THE FQUATICNS CF MUTIUON YU A CUMMUN DENUMINATUOR -

IN Tt FOGLLURING Tw( STALESI-

00000341
00000342
00600343
00000344
00000348
00000346
00000347
00000348
00000349
00000350
00000381
00000382
00000353
00000354
00000358
00000356
00000357
00000358
00000359
0000036
00000361
00000362
00000363
00000364
00000368
00000366
00000367
20000368
00000369

(1) THE ~M STHJCTURAL EQUATICNS WITHOUT THE CONTRUL CUNTRIBUTIONOOODO370

CALL  FACTR(FCToHeNL sLP4LF )
LoMXsL Fe?

DU [ Ks]l (L F

CIK)=FCT(KLF)

CUNY INUE

DO 5 I=1+NM

DU 5 J=1+NM

D1 )I=KBAR( 1,J)

D(2)=0.00

D{3)=MASS(]I,)

CALL PROPUOL{CHLF oDy oD ]l 2u9)
DO 7 K=14L S

CM I+ JsK)=D1(XK)

CUNT INUE

D{1)=A0(1,J)
D(2)=A1(T.J)*VELL

D(3)=A2(L s )¥VELZ

CALL PRUPUL(CosLFsDe 3D, y)
218} B K=lsl S
CA{LleJek)=D1(K)

CUNT INUE

Do 9 it g NL

D(1)=J.09

D(2)=AL{1aJex}

CALL  PRUPILIFCT (1K) oL Pode s 214l 3)
DU 10 ¥ih=lelon

CACT o JoKK)I2CA{L s JoKK}IHDLIKK)
CONTINUE

00000371
00000372
00000373
00000374
00000375
00000376
00000377
00000378
00000379
00000380
00000381
00)00382
00000383
200000384
00000385
00000386
00000387
00600388
0000038y
00000390
00000391
00000392
0000039.

0000039«
00000395
00000396
00000397
00000398
00000399
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13
11

33
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CUNT INUE

CONT INUE

NRR =l SMX

NR D=, SM X

NMTaNM+NC

NM | sNM+ L

NC2=2%NC

MAXC2=2&MAXC
IF(NCeFUL0) (*1d} TU 48

(2) ADOITIONS TO THE NM STHW TURAL EWUATIUNS DUE TO THE NC

CUNTROL SURFACF S

Lo | | In}) o NM

DU 1l JrleNC

DE1)=A0C(lsJ)
DE2)=A1C(1e.")*VFLI

D(3)zA2C (]I )*VELD

CALL PROPODL(ColLF sl e3eD1 ol S)
Do 12 Kz1,LS
CACEIeJek)=D1(K)

CUNT INUL

DL 13 K=]oNL

D{1)=0s00

DI2)=ACL{IsJeR)

CALL PRUPLLIFCT( 1 oK) sl FaUos2st)l oL 5)
L 14 KK=1,L95

CACIT o JsKR)=CAC(IsJoKK) DL (KK)
CuN{ INUL

CONT INUL

CUNTY INUE

30 313 =1 sNC

pu i3 J=1sNLS2

319] 33 Kz 1 s MAXK
P(lsJsK)=0,D9

CONTINUE

FURMAT LUN UOF THE NC CUNTRGL SURFACH FUUATIUNDS THRAUGH THF USE

OF THE CONTROUL LA

CALL CUNTRLUND Pyl Jstd Do NC gk g NTE o X)

NCMX=0

NPMX =0

ou a5 I=1eN¢C

NRIMX(1)=NP (sl

IF (ND(LYataTeNCHMX)  NOCMXx=NO(T)

DU 45 U=l eNC2

IFAINP(L+J)aGT o NPIMX(]1)) NP IMXCL)=ENP (L)
IF(NP(LsJ)eOTaNIMX) NOMX=NP (14 J)

45 CUNTINUE

IF (NPMX s UT ol SMX) NRK=NBEMX

00000400
00000401
00000402
00000403
00000404
00000406
00000406
00000407
00000408
00000409
00000410
00000411
00000412
00000413
00000414
00000419
00000416
00000817
00000418
00000419
00000420
00000421
00000822
00000423
00000424
0000042%
00000426
00000427
00000428
00000429
00000430
00000431
00000432
00050433
00000434
00000435
000004306
00000437
00000438
00000439
00000440
00000441
00000442
00000443
00000444
00000445
00000446
00000447
00000448
00000449
00000450
00000451
00000452
00000453
00000454
00000455
00000450
00000457
00000458




52

[aNaNalale!

IF ACNCMX oG oL SMX) NROENCMX 00000489

48 CONYINUE 00000460
DO A6 =1 s NMY 00000461

DO 46  JeloNM 000004062

DU L 1. KE ]| g MAXK 00000463
RM{I+JeK)=20,00 000004064
46 CUNTINUE 0000046S
IFINCeEQeD) U [ EVIEY | 00000466

DU A7 Isl¢NMT 00000467

DU A7 Je ] ¢NC 00000468

OC &7 Kzl MAXK 00000469
OM{14sJ K }u04NO 00000470
47 CUNTINUFE 00000471
INC=0 00000472

Do 3t I=1 oNCQe Sl 00000473
INCe INC+] 00000474

DU 31 Jz 1 JNM 00000a7S
HMOToeJD)2{ZWI1ad) ¢ (CLE CINCIZCTR=L DO P EZREF (1 0 J)=CLROINCI/CT RS 00000476
CIREF (R2+J))/BTRANCINL) 00000477
HOT 4L o)== (Zn(E ¢ o)) =7wl Ll od) I CTYHANCINC) = (ZREF (24 J)=ZREE(L1:J))I/CTR 00000478

31 CONTINUJUL 00000479
Do 30 K=zl g NPMX 00000480
CALL MAXPROD(P() o1l oK) eHePH( Lol oK) e NCeNC2oNMoMAXCoe MAXC2oMAXC ) 00000481

30 CONTINJL 00000482
Py 17 I=1eNC 00000483
NNz=ND( 1) 00000484
NPC(1)=NRU-NDILIT) 00000485

Du 17 K= 1 ¢ NN 00000486
DM{NM4 [ ¢ I s NRD=KR+1 ) =UDI(NN=K+1,41) 00000487

17 CONTINUL 80000488
Du 18 [z21¢NC 00000489y
NNsNPIMX (1) 00000490
NR=NPC{II+NPIMA(L) 00000491
NPIMX(1)=NK 00000492

0. 8] I8 Jel ¢NM 000004%3

[ 14] 18 K=1 g NN 0N0004a94
RM(MNVME+] ¢ JINR=K+ 1 z=P4{ ] o JoNN=K+ 1) 00000495

13 COUNYINUE C0N004YG
NNPMX =0 00000497

puw 52 I=1aN¢ 00000498
IFINPIMXCI)eUToNNPMX) NNPMX=NPIMX(]) 00000499

<& CONTINuL 00000500
IF (NNPMXeoTeNKR )  NER=NNPMX 00000501

91 COLNYINUE 00000502
NKRMI=NKkKk=-1 00000503
NKOML=NRU~1 00000504
NT=2NRRAL * 9T ¢ { Nk D= Nid? ) #NC 00000505
NYTS=NMT* (NRK=-2) 00000506
NTSSaNRD ="K 00000507
NTSI=NMT 2N R 00000508
NYSC=({NRD~NKkK )} £N( 00000509
PRINY Q01 ¢ NKILWNRID oNMT 00000510
00000511

FORMATIUN UF THE EXPANDED + IRSY OKDER DEIFFERENTIAL EQUATIUNS 00000512

UF MUTIUN (SUITAHLE Fu CIGENVALUF SOLUTICN ub YHE T MATRIXY - 00000513
REPEATED IN A LUOP FUk THE VAKIUUS VALUES UF DYNAMIC "RESSURE Q 00000514
00000515

DU 10V [CASF=1 ¢NUT 00000516

D0 32 I=14NY 00000517
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32

18

16
49

29

21
19

22

23
50

24

2%
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DO 32 J=lNT
T(leJI™0,00

CONT INUE
QuQBEGIN+(ICASE-1)2DY

PRINY 100+Q

00 18 Im] o NM

DU 1S J=m]lyNM

DO 18 Kw)l LSMX

RM(I o JoNRR=K# 1) 2aCM( T¢I oLSMX=K$1)+QRCA(] e Jol. SNX=K¢+1)

CONT INUF

IF(NCeEQ0) GO Tu a9

0g 16 I=] ¢ NM

00 16 Jm]l¢NC

D0 16 K=l,LSMX

DM( 1 +sJeNRR=K+1)12Q&CAC(]1sJolSMX=K+1)

CONTINUE

CONY INUE

Do 19 Ix 1o NMT

DO 20 J=]l NM

ROMN( T o J)z==RM( 1 o JoaNRR)

CUNT INUE

IF(NCaFQe0) ofl TU 19

pu 21 J=1 oNC

ROMN(I o J¢NM)=~OM( 1 4 JoNRD)

CONTY INUE

CUNTINUE

CALL  MXINVR(NMT ; QJ;MAXDMN)

DU 22 K=l NHPMI

NI=NMT2(K~-1)+1

KK=NIRIR—-K

CALL  MXPRUDIKOMN ML o LoRK ) s T{ Lo dd) o NMT o NMT o NM s MAX o MAX s MAXT)
CUNTINUE

IF{NCeEQeD) 1V} TU )

DO 23 k=l ,NRDM]

KKENRD~-K

IF{KoelLE s NRRM1) NJENMTEK=NL+1

IF(KeGT o NKixM1) NJI=NMYENKRM I NC ¥ (K=nhkML=1) ¢1

CALL MXPRUDIRDOMNsDOM{ 1 o1 s KK ) s T{1oNI) s NMT NMT ¢NC s MAX g MAX ¢ MAXT)
CONTINUE

CONT INUF

DU 24 I=1oNTS

TINMT+I,1)=1,00

CCNTINUE

IF(NTSS.EQu0) (€1 ¥} Tu 20

DO 2% I=) yNTSC
TINTSI®LINISI-NC+])=1laD 0

CUNT INUE

CONT INUE

EIGENVALUE SOLUTIGN OF THE FINAL T MATRIX
CALL
CALL
CALL
PRINTY
Lo 82
PRINT

CHALAF (T oNT MAXT oPVe INKyINL)
EHESSF{T 4 INKyINLNTaMAXT,,PV)
EURHIFIT ¢ NT o MAXT o INKs INLoFRoE10ZZv0yIERR)
600, IERR
I=1NT
200, FRCID)JELCT)

82 CONTINUE

00000518
00000819
00000520
00000821
00000822
00000522
00000524
00000528
00000526
00000527
000600528
00000529
00000530
00000531
00000832
00000833
00000834
00000838
0000085306
00000837
00000838
00000D39
00000840
00000841
000003542
00000543
00000544
00000545
00000548
00000547
00000548
00000549
00000850
000005851
00000552
00000553
00000554
00000555
000005506
00000557
00000558
00000559
00000560
00000561
00000562
00006563
00000564
00000565
00000566
00000567
00000568
00000569
00000570
00000571
00000572
00000573
00000574
00000575
00000876
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IPUIPLOTEQel) CALL PLTDATINT ERGELoX2sYZo XSCALE . YSCALE WXL oVL,

+ISYMLIENTRY)
1000 CONTINUE
CALL PLOT(0e004¢999)

100 FORMAT(//10X* DYNAMIC PRESSURE =°*,F10s3./)

200 FORMAT(10XeE1Se40® ¢ *E1B.4)

800 FORMAT(//10X* ROOT LUCUS - CLUSED LUOP ~RPFAL ACTUATORS *//)

600 FORMAT(10X® JEKR = '[4)
900 FORMAT(T7EL3.,0)
901 FORMAT(51S)
902 FORMAT(9€13.95)
903 FORMAT(&X,EL14:6)
RETURN
END
SUBKOUTINC FACTRIFLTBeMN +LPLF)

00000877
00000578
00000579
00000380
00000881
00000882
00000583
00000884
00000385
00000586
00000387
00000588
00000589
000008590
00000591

CCCCCCCCCELLCCCCCCCCCCCCCCCCCCLLCCCCCCCCLCCCCCCCCLCCCLCCCCCCCCCCCLCCCCCCCnoooos92

C00000893

THIS SUBRUUY INE CUMPUTES THE VARIOUS FACTORS WHICH ARE NECESSARY C000003594
SO AS T0) HRING THE AERO PADE APPRUXIMANTS TO A COMMON DENUMINATORCO0000059%

AERO TERM - C00000596

IN TERMS UF FPOLYNOMIAL FCT Ll 4J)¢FCT(2:J)8SHFCT(34J)%%882%000000s CO0000B97

C
C
C
C FCT(1eJd) IS THF FACTOR WHICH MULTIPLIES THE J-TH
o
C
C

C0000059%98

CCCCLCCCCCCCCCCCCCCCCCCCCCCCLCCCCCCCLLCCCCLCCCCCCCCCCCCCCCCCCCCLLCCCCCC00000599

REAL®8 FCT(D«5)e3(4)
1FI{NL oeNEo 1) (5] 70 1
LP=t
LF=2
FCT(1ls1l)=14D0
FCT(1.2)=R(1)
FCT(2¢2)=1eD0
KRE TURN

1 1F(NI oeNLC o) (Y] To 2
LP=x2
LF=x3
FCT(1s1)=8(2)
FCT(2+s1)=1eD0
FOCV(1e2)=B(1)
FCT(2e¢2)=x1,DD
FCT(1+:3)=83(1)e8(2)
FC1(2+3)=8(1)+8(2)
FCT(3¢3)=1.D0
RE TURN

2 IF(NLeNE«3) GO TC 3
LP=3
LF=4
FCT(1,1)=28(2)%3(3)
FCT(2:.1)=p8(2)+88( )
FCT(3¢l)=1eDO
FCT(1+2)=B(1)%B(3)
FCT(2:2)=B(1)4B(2)
FCT(3:2)=1D0
FCT(1,3)=B(1)%8(2)
FCT(2+3)=8(1)#8B(2)
FCT(3¢3)=1.D0
FCT(1e4)=8(1)%B(2)%H(3)

FCT(2,4)=B(1)%R(2)+H(1)*B(3)+8(2)%B(3)

FCT(3:4)=08(1)4+R(2)¢8B(3)
FCT(A4,4)=1,00
RE TURN

00000600
00000601
00000602
00000603
00000604
00000605
00000606
00000607
00000608
00000609
00000610
00000611
00000612
00000613
00000614
00000615
00000616
00000617
00000618
00000619
00000620
00000621
00000622
00000623
00000624
00000625
00000626
00000627
00000628
00000629
00000630
00000631
00000632
00000633
00000634
00000635
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J IF(NLeNECA) GO TO 4 00000636
LP=y 00000637
LfF=g 00000638
FCTli+1 )mB(2)%8(I)0B(A) 00000639
FCT(Ze1)%8(2)8B(3)+B(2)8B(A)eB(3)oB(s) 00000640
FCT (3ol )mp(2)¢0(I)PB(S) 00000641
FCT(@sl)=],D0 00000642
FCT(1+2)=08(1)2A(3)eB(4) 00000643
ECT(2e2)s8(1)2(3)ep(1l)sB(4)+H(3)xB(A) 00000644
FCY(3e2)mB(L)¢B(3)e( ) 00000648
FCT(A4s2)=1,00 00000646
FCT(13)=B8(1)%u(2)cs({A) 00000647
FCT(2e3)=B(1)eR(2)+U(1)3B(A)¢(2)sB(0) 000006408
FCT(3:3)=B{1)+B{2)+E(A) 0000064
FCY(403)=],.D0 00000680
FCT(1e4)aB(1)80(2)9H{( 3) 00000691
FCY {28 )=u(l)en(2)eB8(1)%B(3)¢3(2)0B(I) 00000652
FCT(3es8)=n(1)4B(2)eB(3) 00000653
FCT{4,4)=1,D0 00000654
FCT(lo%)=Bl(1)%3(2)st3(3)23(8) 00000655
FCT(2:5)=8(1)s8(2)en(3)¢B8(1)2R(2)st¢4)+B8(1)*0(3)eB(A)+B(2)*B(I)* 00000656
*B3(s) 000006%7
FCTY(3e¢5)=a3(1)%B(2)eti(1)3B(IIFB(1)CH(A) eB2)%u3( J)tU(2)03(A)+H(3I ) 00000658
*B(s) 00000659
FCT (A S8)2H{L)¢H(2)e3(3)¢H(a ) 00000660
FCT{5e9)=1eD0 00000661
RE TURN 00000662

4 PRINT 190 00000663

10U FURMAT {5X* NUMBI K UF AERUDYNAMIC LAUL TERMS FXCFEOS THE MAXIMUM OF 00000664
*FOUR TERMS ¢, /) 000006065

STCP 00000666

END 00000667
SUBKOUT I Nt FIT 00000668
IMPLICIT REAL®HB(A~H U=2Z) 00000669
CCCLLLCCCCCCCCUCCCCCCLOCCCCl il ClCCCeCClCCCCCCCCCCCCCCCCCo00006?0
C £00000671
C FITS THE AERU CCEFFICIENTS IN TERMS OF PADL APPROXIAANTS USING C€00000672
C LEAST SQUARE TECHNIWUL . C00000673
C C00000674
C NAMEL 15T/t T C00000675
C NK = NUMBER OF RLEDUCED FROQGUENCIES K USED FOR INTERPULAY TUN Ca0000676
C C00000677
C AK - ARRAY CONTAINING THE K VALUES(20 MAX) ~ (FIRST REDUCED K 00000678
C MUST Bf tJUAL YO ZERC) C00000679
C C00000680
C MAXNK ~ MAX VALUE OUF NK(MAX NK=20 [N PRESENT PRUGRAM) C00000681
C ‘ C00000682
C NPRINT - O NJ PRINTFD LUTPUT FRuY SUBROUTINF FiTe. €00000682
C - 1 PRINTED OUTPUT IS5 ATALLABLE(FOR DEJULGING PUKPUSES) C00000684
C €0000068S5
C NPUNCH =~ 0 NU PUNCHED OUTPUT FRUM SUBRUUTINE FIT C0000068¢
C = 1 PUNCHED OUTRPUT{INTLRPOLATION COEFFICIENTS). C00000687
C C00000688
C IKIGID» JRIGID =~ CURVE FITTIANG(WITH NU LEAST SQUARES TECHNIQUE) €00000689
C UF THE FIRSY IR1IGID RUwWS AND JRIGID COLUMNS UF AERO MATRIX - C00000690
C ASSUMED TO CUNTALIN RIGIC BUDY AERU - TU IMPROVE RESULTS. C00000691
C C00000692
C READ(2» )} AEKC(1edeK) FORMAT(2E15495) C00000693
C C00000694
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g CCCCCCCCCCCLCCCCCLCCCCCCLCCLCCCCLCCCiCCCCCCOLLCCCLCCCCCCLLCCCCCCCCCCCCCOo00000698

esReNaNa!

e

e 2

t4

COMMON/AERF /AD(LDs22) e AL (15422) 0A2(15,22)+43(185:22)0A8(13%:22),

PAB{18:22),A6(15,22)
COMMON/ ICASE/Z7B( &) e NMINCoaNG e M.
COMPLEX®16 AERU(154224+20) +CCEF

DIMENSION AK(20)eAK2(20)9X(40¢0) o4XTL(O1A40)sV(40)eXTX(Os5)»

eXTY(6)eSLO) s CLRUA420),CLICA,20)

NAMEL IST/FT/NK g AK g MAXNK ¢ NPRINT « NPUNCHO IRIGIDWJRIGID

READ(S,FT)

WRITE(OFT)

MAXNK2=2 $MAXNK

NMNC =NM+NC NG

DO 1 KalyaNK
AK2(K)nAK (K ) SAK(K)

DO 1 U=l sNMNC

00 1 I=1NM

READ{(2+,20)) AEROU(IeJeK)
CUNTINUF

DO S5 I=1.NL

B2=R{(I)*d(1)

bu 4] Kzl ¢ NK

CLREI WK )=AK2(K)/Z(M2¢+AK2(K))
CLICIWR)=HII)SARIK)/({U2+AK2(K))
CONTINJUE

IF (AK(1)eNE S JeDJI) PRINT 100
IFCAK (1) «eNEeOsDO) STuP

DETERMINATIUN i THit (NTROOLATION LTAST SQUAFLE MATRIX

THE KNUWN AFRL VECTUR  XTY

oo 2 [=1sNM

DO 2 J= 1 o NMNC
IF(laGToIRIGIVeUReJeuTadnIGID) o
NK T=NK
NK=(J+NL)/72¢1)

CUNT INUF

[o]8] 3 K=24NK
X{2%K-3,1)=0,09
X(2¢K=2,1)=AK (K}
X(2¥K—-3,2)=—~AK2(K)
X(2%K~242)=0eD0

V25K~ 3)=DRFAL(AERU(LyJoK)~AFRU(Lvdel})

Y{2%K~2)=DAIMAG(AERO(LlsJoK))
DO 3 L=1sNL

X(2%K—=342%L )=CLK(L +K)
X(28K~-2,2¢L)=CLI(L+K)
CONTINUE

NROWS=2%{NK~-1)

NCOL S=24+NL

IF(NRUOWS oL T o NCULS) PHINT 110
IF (NRUOWSSLT«NCULS) avae *
DO 4 IR= 1 ¢ NRUWE

DO & JRx=]1,NCOLS
XTCJURGIR)I=X(IRIR)

CUNTINUE

CALL  MXPRUD(XT o X e XTX o NCUL S o NRUNDoNLUL S 9 6 s MAXNK2 0 6)
CALL  MXPROD(XT oY o XTY ¢ NCULS s NRUNS 91 96 e MAXNKZ 46 )

SULUTIUN FUR THF UNKNuwN INTEKPOLATIOMN COEFFICIENTS

10

00000096
00000697
000L Y698
00000699
00000700
00000701
00000702
00000703
00000704
00000709
00000706
00000707
00000708
00000709
00000710
00000711
00000712
00000713
00000714
00000715
00000716
00000717
00000718
00000719
00000720
00000721
00000722
00000723
00000724
0000072%
00000726
00000727
00000728
00000729
00000730
00000731
00000732
00000733
00N00734
0000073%
00000736
00000737
00000738
00000739
00000740
00000741
00000742
00000743
00000744
00000745
00000746
00000747
00000748
00000749
00000750
00000751
00000752
00000753




1

10

non

299
210
600
700

109
110
201

57

CALL MXINVRINCGLS 090 XTX)

CALL  MXPROD(XTX o XTY oSy NCOL SeNCOL 301060046)
AO(I o J)SAERO(I,J01)

Al(l+Jd)mS{})

A2(1+J)88(2)

AJC(L+J)=5(3)

IF(NL .LTe2) GO TU 10

Ab(loeJ)mS(a)

IF(NLLTLI) GO TO 1

AB(Led)nS(%)

IF(NLJLT.4) GO 10 10

A6(1+4)m5(0)

CONT INUE

IFlIaLEFoIRIGINGANDsJeLE o JREGID) NK msNK T

PRINTED AND/OR PUNCHED QUTPUTS

IF(NPRINT NE 61 e ANDa NPUNCHeNF o 1) 6C 1O 2
IF (NPUNCHsNE o 1} w0 TQ ¢

PUNCH SU LeJsAC(L4J)e(S(IU) U=l NCIWLS)
CONTINUE

IF{NPRINToNL 1) wJd 13 2

PRINT 7000 0eJ

PRINT 2004AI(1eJd)e(S(Uddeduxs]«NCLLY)

0O 8 IK=]1 ¢ MK

CUEFzDCMPLA(QeUN404I)

DO o 1121 eNL
CUEFSCUEF#S(2+T1T)30CHMPUX{CLRITTWEK) o CLECTITwin) )

CONT INUE

COEF=CUEF+AFRUCTI2Jo1 ) +L( LI ENCMPLX(0sDOJARTIK) ) -5(2)8AK2( (K)
QUOTR=DREFAL(AER I(L s JsIK))

QUOTI=ODAIMAGIAERGC{ [ sdsIK))

IF(UUCTR,FUeIeDO ) UUUTR= 1 e="0Q

IF(QUDT] 4£Qe0eDO) QuuTisleD=~20

CRREDREAL (AL <O( 1 ¢S IK)—=CCEF )¥*1 ))J)etdd/UUDTH
ERIZDAIMAGIAFRU( L9 Jy IK}~COFF)*1LIN0,D0/7QUuTI

PRINT 2100 Lo IRgAK(IK) s AERU( L oI o IR) yCOEF oExRJERIT

CONTINUE

CONT INJUF

FORMAT(LOX® CUEFF = '8EL1244)

FURMAT(2X: 315¢4Xs7E12:4)

FUORMAT (22X 4212424470 1004)

FORMAT {20 AERC( UEF MCDE = * 4[24 PRES MLUE = ]2, *)?/)
RE TURN

FORMAT (¢ FAISST <~LDUCED FREWQUENCY MUST BL EQUAL TQ0 ZERDY/Z )
FURMAT (¢ THERFE ArF LESS CQUATIONS THAN UNKNURNS? o /7))
FURMAT(2E15+5)

END

SUBRUUT INC PLTYDAT(INGFLRIEL I o XZoYZeXSCALF 2o YSCALE o XL o YL ¢ ISYMyIFENTRY
+)

REAL*3 ELR(LI)+ELLICL)

00000784
000007358
00000786
00000787
00000758
00000789
00000760
00000761
00000762
00000763
00000764
00000768%
00000766
00000767
00000768
00000769
00000770
00000771
00000772
00000773
00000774
0000077%
00000776
00000777
00000778
00000779
00000780
00000781
00000782
00000783
00000784
0000078%
00000786
00000787
00000788
00000789
00000790
00000791
00000792
00000793
00000794
00000795
00000796
00000797
00000798
00000799
00000800
00000801
00000802
00000803
00000804
00000805

CCCCCCCCCCCCCLCCCCLCCCCU OO ClCCCCCCCCLCCCCCeCCCCClCLecccccoo000806

[aRaNaNaNelNe!

RUUT LuCUS PLLT = FUR FLUTTER PRUGKRAM

NUM = A4xNUMBFK OF MODES

XZ = LEFT HAND LIMIT OF KEAL PART

€00000807
C00000808
€00000809
€00000810
Co0000811
cooooo08l2

»




-

C
C
<
C
<
c
C
C
C
c
C
c

cood00813

YZ = 0. (@ 1.7.7-7.7 3% )
C00000818

XBCALE = AABCISSA SCALC C00000B816
Co0000817

YSCALE = UKDINATE SCALF Co0000081 8
C90000819

XL s LENGTH OF LAY IN INCHE S OF PAPER C00000820
Coo0o00821

YL s HEIWHT OF PLCT IN INMREY OF PARPER co00000822
Coo000823
CCLCCCCCCCCLCCCCULECCUCLLCLCLCCLlLeClCLCCLCCCLCCClCCCCCCLCCCLCCCCCCCCCCO0000824
DIMENSION ER(IS0)ET(1%0)EX(150)4EY{1%0) 00000828
M=0 00000826
DU Lt Is14N 00000827
ER{I)sELK(L) 00000828
efi{l)=EL 1(]) 00000829
ROHTILMeXZ ¢ XSCALE ® X1 00000830
UPLMTsYZ+YL*$YSCALF 00000831
IF(ER{T1 )L TaxZ2) Gu Tu ] 00000832
IFCEL{ T}l Tele) G TO I 00000833
IF(FRITI) eI aGHIL M) Wt To 00000834
IFC(EL (L) el 4uPLMT) QU TL 1 00000838
IECABSCERCI) ) oL T deBI)eANDSARSIEL(L) VoL T4 QeB0) wl 10 1 00000836
MM+l 00000837
EX(M)=tr(]) o0o0go08eles
EY(M)=cl(i) 00000839
CUNT INJF 00000840
EX(M¢])3x? 00000841
EY(Mel)=v! 30000842
EX(M+2)=XSCALF 0000084
FYy(mes2) - YSCALE 000006844
LU TU (2 3) s IENTRY 00000843
CONT INUE 000008406
YAXISO3AUS (s //XSCALF) 00000847
CALL AXT 300 ae0astkbt AL PAITY y-Q ¢ XL 0 Jdes X2 s XSCALE) 00000348
CALL AXIS{YAXIGSO 400 s " FE Q' y~8,YL oP0e9Y¥ZyYSCALE) 00000849
IFNTRY =2 00000850
CONTINUE 00000851
CALL PLUOT(Jas0a9 ) 000008%2
CALL LINECEX oY ¢Myla-LoloYm) 00000853
HETUKN 00000858
END 00000858
FUNCTIUN ORI AL(Z) 000008%6
THIS SUJKUUTINE CAN st USED wiITr L ITHER THE SLUe OR FAST . (B3M, 00000857
DUUBLE PRECILIUN y CUMPRESSIOLLE ALKUDYNAMIC CUEFFICIENTS PRCGRAM ,00000838
IMPLICTIT REAL®S(D) 000008%9
RE ALxH Z(2) 000008690
DREAL =2( 1) 000008061
RETUKRN 00000862
ENYTRY DAIMAG(Z) 000008623
DAIMAG=Z2(2) 00000864
RE TURN 00000868
FND 00000866
SUBROUT INL ORC20UL(AeNe 3 eMeCHhl ) 00000867
IMPLICETY REAL®B{A-t,L=2) 00000868

CCLLCCCCLCLOCC Ll (e CCLOCLCCUlCCCCCCCCCllLe e lelClCeCCClCCCLCeeeccC 00000869

C
C

€00000870
A ROUY INE FuakR MULTIPL YING PGLLYNJUMIALS (zA%H  wHERE AsB,.( ARF cooo000871




e

annbanon

()

(2N aNaNaNaNal

[aN el

(s NaXal

Z

1

1000 FURMATIL® NU SLLUTT uw (W g
+ THIS VERSINDN UF MXINVR!)

10

20

o4J

59

POL ‘NOMIALS OF THE FURM

ABA(LICA(Z)OXPA{IIEXSRLIA(Q)OXS 83 ¢, 0000000 sA(M)IBXEE(N~-1)
BuB(l)ed(2)oXeBlI)IEXB42¢R(A)SXEEIPoccnovnoccB(M)SXOS(M~])

CuC 1) eCl2)EXPC(I)EXPB20C(A)8 X083 000000 eCINIM—~])EXSO(NIM )

AND WwHEKRE LaNéM=-|

DIMENSION CC1)eA(L)oH(1)
NMwuN M-~ |
DO 1 Is=1.NM
C(i1)=0.,0)
DO 2 121N
DO 2 Jsl M
ClI+J=1)sA{I)OR(I)+C(I¢u~1)
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APPENDIX F
SOURCE LISTING AND INPUT/OUTPUT EXAMPLE
FOR_GUST OPTIMIZATION PROGRAM

The first part of the Appendix consists of the source listing of the
program which is used for both gust optimization and gust sensitivity
purposes. The operating instructions indicate which subroutines and
which cards need be deleted or replaced.

The example chosen relates to the same DAST configuration (M=0.9)
chosen for the flutter example with one active T.E. control surface,
(using L.D.T.T.F.). Therefore, the aerodynamic data AERO (I,J,K) which
resides on file 2) is not listed again in this Appendix. All the data
required by the program appears in the output. The two PSD plots for the
control surface deflection and for the control surface rate of deflection
are supplemented by a tabulation of these plots. These appear in fuur
tables as follows:

The first table shows XF(I)(=w rad/sec), DEFLN(I)(-&i’PSD) and PSD(I)
(= the Von Karman gust spectrum).

The second table is similar to the first but shows DEFNR(I)(= F PSD).

o

The third table shows DEFLNZ2(1) (=&

—

,PSD)

The fourtl. table similarly shows DEFLNR2(I)(= 6? PSD)

Note that all the control defections are given in degrees per unit
gust velocity.

The last table summarizes the optimization iterations and is very
important in studying the progress of the minimization process. The

notation used is as follows:

PRECEDING PAGE BLANK NOT FILMED




ITERNS Jteration number.

FOPT. Value of the target function FUNCTN during the present
iteration.
GMAX The absolute value of the maximum gradient component during

the present iteration.

IGMAX The active control law variable number to which GMAX
relates.

DELMAX The maximum absolute value of the optimum direction
component during the present iteration,

1DMAX The active control law variable number to which DELMAX
relates,

E(LOWEST) The step size to the minimum along the optimum direction.

The output also includes the initial values of the gradients G(I)
(with respect to the controul variables) and the final values of the
gradients G(1) (after completing the minimization process) together with
the optimum values for the control variables X(I) and the minimum value
of the target function FiNCTN.

Note also that when a control variable resides on a constraint and
its gradient leads to the violation of that constraint, the gradient is
artificially changed to assume zero value.

Note that the plotted output shows labels which appear to be
displaced. These displacements reflect transient difficulties
encountered while using a new plotter and they 2o not originate from the

programs used.
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IMPL ICIT KEALSB(A-H,0~-Z) 00000001
CCLCCLCCCLECCre il teCClClel CCCClLCCeCClCLCClCCCCCCCLCCCCLCeCCC00000002
C C000000013
C GUST HE 2PONSE HPACKAGFE wHI(H PLRMLITS THE CUMPUTATION CF THE C00000004A
C SPECTHRAL RESPUNSE UF ALRCRAFT DuyuE T0 CUNTINUUUY GUBT ENVIRUNMENT.C0000000%
C THE EFFECTa UF ACTIVE CUNTRUL S UN THE RLSPUNSE CAN Af. ACCUOUNTED C00000006
C FuURe FPURTHURMURE  THEL UBADIC GULY PxIIORAM 1S CUUPLED N THE cCoo000007
C PRESONT PACKAGE wiTH AN UPTIMIZATION KOUUTINE saHICH FENAULES THE C0Q0000008
C DETERMINATION OF THF VARICUS CUNTRUL GAINS SU AS Tu MINIMIZE THE C00000009
C AIRCRAFT RESPUNSE T} wdbdT,. SELMNSITIVITY STUDIES AROUND THE C00000010
C GIVEN (LR JOPTIMAL ) CUNTHRUL GAINS CAN ALSO JF MADEe. THF C00000011}
C FOLLUWINU DAYA S RUQUIREL (== 00000012
C C0000001t3
C HOR - HLADER (FULAAT 15HAs) CO0000001 4
C C00000015
C NAMFLISTZCASE - C00000018
o NM - NUMBER UF MLULNEFS{ 1y MAX) c00000017
C C00000018
C NL = NLMHER ULt CUNTRULS(C6 MAKX) 00000019
C c00000020
C NAER ~ 1 INPUT ALRU N TERMS UF INTERPULATION CUEFFICIENTS UOF K C00000021
C - 0 INPUT AERU FUH DIFFERENY VALUES UF K -~ INTRPOLATION C0d000022
C COEFFICIENTS TU HE COMPUIFD IN SUBHUUTINE FLT, C00000023
o C00000024
C B - ARRAY UF LAG TERMS USED DURING INTERPOLATICONI{S MAX) C0000002%
C coooo0026
C NG = 1 IF ouUbdT AFKU 1S SUPPLILIELD 00000027
C -~ 0 It OUST AERU I35 NCYT SU/PLIED. c00000028
C C00000029
C NL = NUMBER OF LAG TEKMS TUQ HE JSFD DURING INTFRPULATION, 00000030
C C00000031
C it NAER=1 THEN AERQ COEFFICIENTS ARE HEAD(FORMAT G6XTEL10.4) 00000032
C C00000033
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NAMEL 1 $1/6G8Y
HMASS ~ MASSE MATRIX(156186 MAX)

OMEGAN - NATURAL FREGWENCIES ARRAY(IN HZ) ~ (18 MAX) -~ NOTE-
STIPFNESS IS COMPUTED FRUM MASS AND OMEGAN AND 1S THEREFORE
CORRECT FOR DIAGONAL MASS MATRIX ONLY.

VEL - FLIGHY VELOCITY

BTRAN ~ ARRAY OF SEMICHGRD LENGTYHS OF WING(OR TAIL) SECYIONS
WHEHE THE OIFFERENT CUNTROLS ARE LOCATED(AT MID CONTROL SPAN
SECTIUNS) - (6 MAX)

CTRAN =~ ARKRAY OF DISTANCEL SETWEEN THE TwD TRANSDUCERS AT EACH
CONTROL SURFACE MID SECTIUN(USFD TO COMPUTE THE ANGLE OF
DEFOKMATION) - (& MAX),

CREF ~ REFERENCE SEMI (HURD LENGTH (NORMALLY WING ROOT SEM]
CHORD) ~ SHOULD RAF CONSISTENY WwITH THE REFERENCE LENGTH USED IN
CUMPUT ING THE REDUCED FREQUENCY K

Zwn = MATRIX WHERE Zw(lsJ) INDICATES THE DISPLACEMENT(PUSITIVE
DUWN) OF THE I-TH TRANSQULUER LUL TO THE J-TH MQUE. FOR EACH
SECTION THEKE ARE Twl TRANSDUCERS -~ THE FORE TRANSDUCER SHOULD
BE LOCATED AHEAD 0OF THE AFT TRANSODUCER(AT 30 PERCENT CHORD FROM
LeEede THESE SETS OF TRANSDUCERD SHUULD BE AKRANGED IN THE SAME
ORDEK AS THE CONTROLS = (12 X 15 MAX).

ZREF - VALUES LIKE 7w UF KEFFRENCE VTKANSDUCERYD UJUSED TO DETECY
THE RIOGIV BOVY MOTION OF THE ATRCRAFT = (2 X 1% MAX).

Q « FLIOHT OYNAMIC PRESSURE

CLR - ARRAY UF X DISTANCES (FUSITVIVE AFT) BETWELN THE FORE
REFERENCE TRANSDUCER AND THE FORE CONTRUL TRANSDUCER - (6MAX)

CTR — OISTANCE HETWEEN THE Twl TRANSDUCERS AT THE REFFRENCE
SECTIUN.

WH - REFFRENCE FREUUFNCY(RAD/SEC)-USED ONLY FOR THF DeTeTeFe
CONTRUL LAWS —~~VALUE CHUOSEN IS NORMALLY ARQGUND THE FLUTTER
FREQUENCY VALUE.

NTE =~ INTLOFR ARKRAY FOLLUWING THF URDER WUF THE CONTRULS AND
IDENTIFYING BE TWEEN LeEe AND Tetie CUNTHRULSS
z=ly TeF e COUNTROL
=0y LeEs CUNTKRCL
IT IS IMPURTANT TO NOTE
PUT NYF=0

THAT WHENEVER A CONTRUL IS NOT ACTIVE

NCACT - NuMBEKR OF ACTIVE CUNTRULS

I+ NAEK=0 NLXT (NFPUTS AKRE RFEAD IN SUBRUUTINE FIT,.
ETAlL¢PHI ~ ETAL = ACCURACY UF CUMPUTER RELATIVE TO 1 (ON letieMe
DUUBLE PRECISIUN=S.F=-14)« ABSOLUTE ACCURACY=XSETAL.
-~ PH] = RELAYIVE SIZE OF *"SUCTION ZONE* WITHIN WHICH
THE OPTIMIZED PAKAMETER IS SUCKED TO THE CUSTRAINT

C00000034
Co0000038
Co00000)
C00000037
Co0000038
CoD00003e
C00000040
C00600004)

C00000042
C00000043
C0000004s
CO00000048
C00000046
C00000047
C000000AS
C00000049
C€00000080
C00000081

€000000%2
C€00000083
C00000054
C0000008%
C€000000%6
C00000057
€00000088
C00000099
C€000000060
€00000061

C€00000062
C000000063
C00000064
€0000006%
C0000006&
C00000067
C00000068
C0000006%
C00000070
C€00000071
coo000072
Cc00000073
C00000074
C0000007%
C90000076
coo0000077
C00000078
00000079
C00000080
C€00000081
C00000082
C00000083
C€0000008s
C0000008S
€00000086
C00600087
Cooo000088
€00000089
C00000090
C000600091
C00000092
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4 IN ORDELK Tu AVUID FALSE CONVERGENCE. ABBOLUTE SIZX CO0000093
!

c
c OF ZUNEsXI(I)®PHI OR XR(I)ePi] DEPENDING WHETHER NEAR COR000094
c LOWER Ok UPPER CCNSTRAINTS(FORMAT 4£10.0) Co0000008
: c Co000009%8
! (4 NV, NPR.MDH - NV = AN [INPUT INTHFGER(36 4AX) CONTAINING THE C00000097
; c NUMBER OF INOCPENDENT (ONTROL GAINS IN THZ SYSTEM CO0000098
i c - NPR - ) C00000099
T [d - NDR - ) OPTIMIZATION BASED OM MINIMIZATION OF RMS  C00000100
c RESPONSE F CUNTROULSe co0000101
c - 1| UPTIMIZATION SASED ON MINIMIZATION OF RMS  C00000102
c HCSPONSE RATES OF CONTROLS.(FORMAT BIS) C00000103
c CO0000104 ’
c NONACT - NUMBEKR 0OF NON ACTIVE OPT/MIZATION PARAMETERB(FORMAT 818)C0000010%
c C000001 006
c NA - INTEGEK IMPULT ARKAY COANTAINING THE LOCATIUN OF THE NON C00000107
c ACTIVE PARAMETEKS IN THE X APRAY(SEE BELOW) - (FORMAT SIS). C00000108
C IF NUNACT®0, A BLANK CARD 3HOULO B8€ PLACED PMERE, C00000109
c C00000110
C M. W7 ~ Twu WEIGHTS FOR FMPASIZING THE RMS CONTROL RPFSPONSE Co0000111
4 (OR HATL) OF ANY DCSIRED SPECIFIC CONTRUL SURFACE. THIS 1S USED C00000112
c IN CONJUNCTION WITH THE OFFINITIUN OF THF TAKRGET PFUNCTION C00000113
C TFUNCTNY o (FURMAT A4F10e0) e C000001 14
c C00000118
C XLCE Do XCUDoX201)oPS(1) — THLHE AKE NV SUCH CARDS(FORMAT 4E10.0) CO000011B
c X1([) - DFNUTES THE LOWEST BuJ4D uFf THE | - TH CONTROL C00000117
c GAIN PARAME TEh c00000118
C X(1) - DENOVES THE INITIAL VALUE OF THE | - TH CONTROL C00000119
c GAIN PAHAMETER, C00000120
c X2(1) - DENOTLS THE UPPER BUUND OF THE | - TH CONTROL €00000121
c GAIN PARAME TEFR. C00000122
[ CPS(L) - THE DFSIRED AUSOLUTY ACCURACY UF THE UPTIMAL 00000123
C FINAL X(I) VALUE(IN CASE MINIMEZATION IS MADE) <IN C0O0000124
c CASE OF CUNTWRCL GAIN SENSITIVITY STUDY EPS(1) DENOTES THE C0000012%
c INCRCMENT AL VARIATIUN CF X(I) wiTHIN THE REGIUN X1(I)==X2(1)e. C00000126
C MAX e NUMEk OF INCREMENTS=34e MAAe SIZE OF ARKAYS= JU, cooo000127
4 C00000128
C FMINLETA - FMIN = INPUT PARAMETLCR CUNTAININW AN APPRUXIMATICUN C00000129
C TO THE MINIMUM (M5 RESPONSEt VALUE. LIF JUNKNUWN C00000130
C IS FMINZQO, CJ00001 31
C ETA = INPUT PARAMETER CONTAININO AN ESYIMATE OQF THE C00000132
C RELATIVE ACCURACY GLF THE KMS RESPJINSE FVALUAT- 00000133
C TUNS wHICH AfcL USED TUL UVETERKMINE THE TYPE QOF C00000134
C DEFt RENCE APPROXIMATION TG THC GRAUIENT, COo000013%
c (FURMAT 4E10e0)e C00000136
c C00000137
C ITMAX . IW - ITMAX = AN INPUT/ZOJIOUT INVEGERe UN INPUT,s [TMAX cC000002 38
< CUNTAINS TrHF MAXIMUM ALLUNABLE NUNMBER OF C000002 39
c UPTIMIZATION ITERATIUGNSe UN UUTPUT. [TMAX C00000140
C CONTAINS THE NUMPER JF [ TERATICNS USEDe. C00000141]
: [ Iw - AN INPUT INTLOER (ODE FUk PRINTING DURING C00000142
g C CUMPUTATICON. C00000143
¥ C - 3 ND PRINTING C00000144
.ﬁ C Te 1 PRINT GRADNIENT VECTURWDIRECTION CF FACH LINEAR C000001453
= C MINIMIZATIONGZAND FUNCTYIUN VALUE HEFURE AND AFYER C000001408
C EACH LINFAK MINIMIZATIUN, C00000147
. C ~ 2 IN ADDITIULN TU THE ABUVE + PRINT FUNCTIUN VALUES C00000148
- C CALCULATED DURING THFEF COURSE OF LINEAR MINIMIZAY.C000001L49
. C - 3 IN ADDITICN TU THL AHBOVE +PRINT FUNCTION VALUES C000001%0
y C CALCUL ATED IN FVALUATING THE GHRADIENT(FURMAT S[5)C00000151
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‘ coasooing

NP PBEGINIPFEND ~ NUMBER UF FHEGUENCY [NTERVALS USKD IN COMPUTING CO000018)
THE SPECTRAL RESPONSE,LOBER VALUE OF FREQUENLY COONOD1S84A

CIN MZ)RESPECTIVELY(FORMAT 110,2€10.0). TOTAL COO0D0IGS

NUMBER OF FREQUENCIES USED NFTsNEeL connooles

caeodni8?

LENGTH -~ GJBT SCALF LENGTH., USED TU DETERMINE THE VON Coo009188
KARMAN GUSY SPLCTRUM(FORMAY AE1040) CoOa000189

Co0000 140

EM = FLIGHT MACH MIMUER (FCRMAT AEL10.0). caovooial
(471013 ¥CF 3

NUTE THAT THE MAIN PRUGRAM wHITES AND READS FROM A TEMPORARY C00000153
FILE 13.(500ULD Bt DCFINEDO AS NeW.PARS). FILES 18 USED TU QUTPUT CO0003164
OPTIMIZATION =EBS5UTS ANO SHMCUL.O ol LEFINED A EUUAL TO UUTPUT, coeooQ168
C00000164

NOTE ALSU THAT PLUTS SHUWING THE SENSITIVITY Uf ANY CONTROL C00000167
LAW »iTH RESPECT TU THE VARIUUS X(I) PARAMETERS CAN BE MADE C00000160

USING THIS PACKAGL: TU ACCOMPLISH TitiSe THC CALL TO SUBROUT INE C00000169
SOF P SHOULL BE REPLACLD wiITH A CALL TO SUBRUOUTINE GUSPLT. WHEN cC00000170
SENSITIVITY PLOTS AxE NCYT REQUIRED IV (& POSSIBLE YO DELETE THE C00000'71

SUUBRUUT INES GUSFLY AND PLT(WHICH IS CALLED BY GUSHLTY)s THE cCo0000L72
SENSITIVITY RANGE 1S HOUND oETWEEN X1(1) AND X2(1) IN STEPS OF C00000173
EPS(I)sDIARKTING wlTH X((). C00000174
cCo0000178

NOTE ALSO THAT Twl GENERALLZED CUNTRUOL LAWS AREF IMCLUDED IN C00000176
THIS PACKAGLEI=THE LedeTeleFs ANO THE DeTaToeFs CUNTROL LAWY, cC00000177
MAKE SUKE TO LELETE THE SUPERFLUUUS CUNTRUL LAw, C000001 78
CO00000179
CLLLCCLCLEECLLLllClCCCCLLCllECCCLCLCCCiCCLlCCCLCCLCCCCCCCCCCC oL rLClacd 000001860
REAL 4 Xit, Y 00000181
EXTERNAL SULOGSTDREAL ¢ JAIMAL 000001382
COMMUN/ZCLUSTENZX{3U) oPHD (L0 ) s CREF ¢ XF L1033V eQVELH(L12:15), 00000183

SHMASS{ 19415 )sOMEGANTLY ) s wb s NTHXR(IO03) 2 Y(103) ¢ WRLORME(E)JDRRMS{G) 00000184
CUMMUN/CUSTEN/NFT ¢y NVACT o IF INAL o NDRyNA{ 36 ) oMV LABELX( 1 54+6) o NMNC, 00000189

*NCACTINTE(D) 00000180
CUMMOUON/ZALRFZADU15422)0A1 (15 422)eA2(15:22)0A3(15422)0A0(15,22) 00000187

+eAS(15420)sA0(15,22) 00000188
COMMUN/TCASEZU(A) o NMeNC o NGy NL 0000018¢

DIMENSIUN HUOR(LIG) 3201 2015) s LHFF(2419) ot PD(30) s XR(I6)EPSACT(36),00000190

RORV{IG) sDRVACT (30D o R 1L 30D o XLALT(I0) o X2( 30) o X2ACT( 36) sBTRAN(O) » 00000191
*CTRAN(G) +CK(GO) 00000192
KEAL *3 LENGTH 00000193

NAMEL IST/ZO0ST/EMASS o IMI GANs VL s 3TRANJCTRANSCHREF o ZW o ZHEF sl o CLR,CTH 00000194

e NR¢NTEJNCACT 00000195
NAMEL IST/CASE/NMoNC ¢ NALR o1 g NG o NL 00000190

00000197

INPUT/Z7QUTPUT UF DATA 00000198

00000199

HLAD 13D (HOK(I)eI=1,15) 00000200
PRINT 1314(HOR(1)eI=n}),1%) 00000201

READ{(S+CASE) 00000202

WRITE(OLL,LASE ) 00000203

NMNC=NMeNC NG 00000204

AF (NAER«EJeQ) GU TQ D 00000205

DU )} I131yNM 00000206

DU 1 JJ=] yNMNC 00000207

READ 1320A0( 113 JJ)eAL1 T4 JI)aA2(IT400)eA3(T1edJ)eAA(TIT.0I) 00000”08

+eAS{ILeJdI) A1 40J) 00000209

1 CONTINUE 00000210




[alalaWal

anNne

10

108

200

20%

2006

220

CuNt INUR

AEAD(B.G8Y)

WRITE(G.88T)
IF(MAER.E2.0) CALL *IT
NIC whid ¢ NC + NG

FORBMAT( NFo?,[3,° PUHEGIMNS® yE 13,6 FENDS* 4 E13,0,4/)

NC R ReNC '
READ L00,ETA )]
Uimd

PIs3s141%920654D0

READ 103 NV «PRMNDK

READ 103 .NCRACT

READ 103, (MNAT(TI) Im1 o NUNALT)
NVACTasNV-NUNACT

KREAD 100.wl o WY
WRITE(IJLL11S)
wRITE(IUL,108)

DU 20) ls| NV

KEAD 100, X1 €1 )exX{E)eX201)EPS(])
WHEITECIUL ¢102) X1CE)ex (i) X20(1)etP3(1)
0L 208 [=] 4NV
DRyY(1120,0001D0

CONT INUE

KEAD 100 ,FMINETA

READ 103, ITMAX, [ &

HEAC 123 ,NFoFOFGEINJFEND
REAU 100 LENGTH

PR INT 1J1.,LENGTH

CF a{FENO-FUEGIN)/INF

PRINT 0SS NF +FHFEGINGFEND

NF [aNF ¢}

HEAD 1U0U0,E™

PRINT 139 M

ENCODING THE PLOT LABELS

VU 20 I=1eNC

~E wIND 13

WRITE(13,133) EMaUsl

RE«INO 13

READ(13+1480) (LASELX{Jel)ouzly9)

COMPUTATIGY JF TH. VUN KAKMAN oUST Py

DL 220 1=1eNFT

XKFE{L)=(FREGINtDF e([-1))¢2.0I#P1]
XR{I)=xF(1)/7(2«sD0%21)

F=xXF(1l)

pscodRL 1
co0bozi2
ctaoeR1d
00800214
(2132738}
004003216
oodeds1?
oe000218
oot0oR1e
00000220
ooo00221
00000222
ooo00o223
ned00R2N
(-1.1-1-1-F ¥ 3
oo0v00220
00000227
00000228
00000229
Q0000230
00000231
0ooo00232
00000233
00000234
00000239
00000230
00000237
00000238
0000023¢
00000240
00000241
00300242
00000243
00000244
00V0024S
00000248
00000247
00000248
00000249
00000250
000002531
000002%2
00000283
00000254
2000028%
000002508
00000257
000002%8
00000259
00000260
000002¢1

PSOCIIsLENGTH/Z(PESVEL )$ (10480 )/ 3403%( 1433 /WISLENOTHSF /VEL )*#2)/700000262

$01aDO+{ 14539008 ENGTHIF/VEL )®82)%01,83333335300

CONT INUE

PR INT 108NV sNFRyNOR

PRINTY 116,£ETALPHI

PRINT L1194 NONACT JNVACT

PRINT 120

PRINT 1035I{NA{I )izl +NUNACT)

000002623
00000264
0000020%
00000266
000002067
00000268
00000269
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aBaNalal [a X281 0 2K2 KAl

(o aNalsal

[aBala)

sl ala

2A0

2a

100
101
132
1023
108
1J0

102

PRINT 100.w oY

WRITE(IVL.107)

WRITEC(IUL4102) (ORV(J)eJoioeNY)
PRINT LOVENINCTYA

PRINY 110, 1THMAK, LY

INCaO

COMPUTATION OF THE TRAMSIFORMATION MATRIX W wHiICH EXPRESSES
THE DEPLECTIUM AND TalsT CF THE 30 PRRCENT CHORD POINT FOR THE
VARIOUS MID SPAG SECTIONS OF THE COMTROUL S, INTERNS F THE
GENERAL LZED COODRUINATE S

DO 240 (sl .NC2,2

INCesiNC e

DU 240 Js ). NM
HWEEod)B(Zu(hod) o (Ll INCI/ CTR=LeLO)SLREF{L¢JI-CLREIMNC)IZCTHS
SIREF(24J)I/7BTRANCGIN )

HETLodda(Zw (1) o d)=Zu(lod ) )/CTRANCINCG ) =~(2KFF(2¢J)=2RFF()4J)I/ZCTR
CONT INUE

FORMAT JUN UF NEW ARIMAYS wHE kb ALL THELK CLEMENTS WELATE To
ACTIVE PARAMNE TEHS UMLY,

CALL X2XX{NMVINVAC T, X XXeMA)

CALL X2XX{NV¢NVACT t B3, EPSACT sNA)
CALL X2XX (MY NVALT qUVsORVACLT oNA)
CALL X2XX(NVNVALT s X| o XEACT 4NA)
CALL X2XXINViNVACT ¢ X234 X2ACT o NA)
IFINVACT EU.0F wUTid 24l

IF INAL 2D

THE FULLOWING UPTIMIZATION SUUNGUTINE CALL Stwuuly) BT REPLACLY
Y A CALL Tu GUSPLY wht N SENSITIVITY PLOTS Ak HEJUIRED.

CALL 9SOF O (NVACT 4 nLACT o XX o X 2AC T ot MINQLPSACT ot T2 9ETALWPHIWORVACT,
CLTMAX s o UNCTNGSULGOST o IFRRE ¢NVeNA)

CALL XXZX{INVINVA(T ¢ XoeXXgMhA)
PRINT L1 It R, I TMAX
PRINT 111,FUNCTN

PRINTUUT UF UPTIMAL C . NTRLL UAINL,

PRINT 112

PRINT 1324(X(J)sJd=1eNV)
PERINT 119

CUNT INUE

PRINTOUT OF WPTI4AL GUST FESPUNSE OF CUNTRUL >

IF INAL =1

CALL SOLGUSTOXXF UNCTN)

510P ’

FURMAT (AF 10,0}

FURMAT (1P, LENGTH=® 4t | S0¢)

FORMAT( P AL 14,0)

FURMAT(%]S)

FORMAT(/sIH o*NVa?, [0, 2120 LA WP NDRE? 1 2,/7)
FORMAT (1P, wh =t ot 1 30y wiz? 4El3,064/)

eo8daRTO
00080271
ao0d0R72
ooa00273
20000274
eod0027e
00 0s7e
08000277
0000087
00000279
00000280
oo000as!
000002R2
00000283
0c000284
000000280
00000286
00000487
00000288
00000289
00000290
V0000291
000002902
00000293
00000204
0000029%
000002ve
00000297
000002ve
00000299
00000300
00000301
00000302
00000303
00000304
00000308
00000300
00000307
00000308
00000309
00000310
00000311
00000312
00000313
00000314
00000315
00000310
00000317
00000318
00000319
00000320
00000321
00000322
00000323
00000324
00000329
00000326
00000327
00002328




; 103
)

! 107 PURMAT(® INITIAL (IMPUT) VPCTOR ORVIL) /) 00000329
i 108 PORMAT(INH o x1¢1) X¢(1) x2(}) EPSLIN*,/7)00000330
: 109 FORMAT(IP/s" FHINS* ;E1J,6¢* ETAR? 4 E1366,4/) 00880331
110 PORMAT (' JTMAX®? 4 [3,% Jws®,[2./) 000900332
L1 PORMAT(IP:* PFPUNCTNS® ,C13,64/) 0000333
L1IR rORMAT (1M , 'OPTIMUN VYECTUR X(1!¢./7) 80000332
116 PORMATIIN ° IERRSC . [ 24" [ITERA'JUNS PERFORMED® Y, [J,/) ©0000338
118 FORMAT (/7)) 00000330
116 PORMAT (1P CZTAIS ' CLlI000° Prilet,,f13,04/7) 00000337
LI9 FORMAT(® NOMACT=®®,12," NVACTa? , 12,/) 00000338
120 FORMAT(* THE NON ACTIVE PARANETERS NAL(L)*,/) 00000339
123 FORMAT(110,2E10,.0) 00000340
130 FORMAT({1%AS) 00000341
13) PORMAT(LH 2 15AN) 00000342
132 PORMAT(OX,7ELQeb) 00000343
133 FORMAT(® ODAST Mot 1, FR,20%Uad P8, 1o 'CONTRUL MU "o 124 HZ*) 00000344
138 BORMAT (1M is ! 4FAe2,4/) 00000345
140 FORMAT(15A4) 000003406
END 00000347
SUBRUUTINE SUOLGST(XXsF UNCTN) 00000348
EMPL ICIT REAL®B(A-H,L-T) 00000349
CCCCCCCCCCLCCCCLCCLCCCLCLTELLCCCLCCOLCCTCLCLCCECCLCCCCCCCLCLCCLCCCLCCCCCcO000C3In0
. C00000391
THE WM RESPUNSE UF TrHE CONTRUOL JEFLECTIUONS AND/ZUR RATES ARE Co0000382
C CALCULATED IN THIS SUBROUTINE USING THE VON KAKMAN GUST SPECTRUM C00COD383
C C00000384
CCSCK(((CC(LCLC(L(CLLCCC-CC(CCCCCCCCCCCCLLC(CCCCCCCCL(CCCC(CCLCCCCCCCLCCOOOOO355
CUMMON/ZCUSTENZXC30) sPLoDl I )+ URLF o RE (1 I3) sUleVEL sH(124+198), 00000356
CRMASS{LISs 18) sUMTGANT LIS ) ol onT o AR(103)oY{103) oaX ORNS(A) DRRMS{G) 00000357
CUMMONZCUSTENINE T oNVACT s IF INAL s NOReMA( IO ) oy NV LABELX( 1D90) s NMNC 00000358
ENCACT NTE(S) 00030359
REAML *& AR Yo FPON 000003680
COMMONZ/AERF 7AQ(195:22)0A1(15¢22)eA2(18:22)0A3(19:22)sA8(10422} 00000301
+3AS({195422) A0 1%, 22) 00000302
CUMMEY 2 JTCASE/ZB(A)sNMyNC eNu oML 00000303
DIMENSTIIN G XX(1) 3000065 sP{ts12417) 0L (L0130 ) sDFFR{IILO) 00000364
SODEF2(101+8) 4DEFY2(10100 )0k (102) 00000365
AWK (1R, 2) IPIVUT(1S)enP(0sl2)eNI(G) 00000366
CUMPLEX*10 F ¢HD(B) s tUNI 8- (2)a MLl vFClIDelD9)eFG{1B)eT(15¢1%)s 00000307
$REG ) AKZODETERM G ZERU 000003068
+sAKB L AK 2o AKBIJAKR4,FNC(15,0) 00000369
PiInleia415926%400 00000370
+r20=180,00/P1 00000371
CALL XXZX{NVINVAUT¢XoXXgNA) 00000372
NC 2=228NC 00020373
C 00000374
CALL CONTRL (NP D oudD « NCoWK o NTE 4 1) 0000037%
C 00000376
C THE FQUATIUNS OF MUOTICN ARE CUHNLTRL LD AND LULVED FuUk NE T 00000377
C VAL UES UF FREQUENCICS. 00000378
C 00000379
; DC 200 JFEl o NFT 00000380
) AK=DCMPLX(0e 0 XF{ Ut )*CLRLE /VEL) 00000381}
FrDCMPLX(O+DO XF(JUF)) 00000382
CERO=DIMPLX (200 24130) 00000383
F 2 FafF 30000384
AK 22 AK &AK 00000383
AKBl=zAK/ (AK¢B( 1)) 00000380
AKB2zAK/(AK+H(2)) 000930387



noan

anon

2%0

320
300

340

360

el

380

395

400

4206

¥ e B e S ARt i O

AKBI=AK/ (AR +B(3))
AKBASAK/(AK+B(4))

THE TRANSFORMATIUN MATR'X BETWFEN GUNERALIZIFD COORDINATES ANO
CONTROL RUTATIUNS 15 CONSTRUCTED NEXT,.

00 30V
NNsND( 1)
D () =ZERD

DO 280 K=l NN
BD(I)=BD(I)+QD(Ke[)eF28(K-1)

DO 300 J=ml.NC2

BN(I.J)=EROD

Nis=NP (T4 J)

D) 320 K=)] NN
IF(P(IsJsK)etQa0eDI) GO TC 32)
BNCL1oJdISsUNCL J)¢P( (1) JeK)SFBR(K~1)
CONTY INUE

BN(IJ)=BNI1,4)/780(1)

N0 340 =l WNC

(»]6] 340 J=l g NM

CMC(IeJ)nZERU

DO 349 K=l yNC2

CM( I3 )aCAlToJ) BN LK) ER(KJ)

Im | o NC

CONSTRUCTIUN AND SULUTION OF THE CLQUATIONS LF MOTION

DU 360 I=1  NM
DO 36) U=l.NC
NMJ=NM+J

FNC{LsJ)2(AQCTIsNMI)4AL (] NMI)EAK+AZ(ToNMIIBAK2+AI(I yNMJ ) XAKIL
2AG (T JNMIISAKBZ2HAS( I s NMJ ) TAKB ICAGC( L s ANMI)SAK IS )*Q
CONT INUE
(019} 361 InlsNM
DO 361 Jx] o HNM
FC(isJ)=ZFKQ
DO el K=] 9 NC
FCOIoJIEFC(L o) ol oK) E(M(K,J)
DO 380 Ix=1.NM
FGII)==Q%(1 o/VEL)*S(ADUL«NMNC)I+AL(1 s NMNC )SAK $A2( ] sNMNC)E®AK2¢
FA3C I JNMNC ) S AKBL +AS( [ s NMNC ) AKHZ +
+AS( L s NMNC ) AKB3I+AO( ] s NMNC) X AKASY )
CONTINUE
DU 400 Ix=] 4N
DO 395 J=] NM
TEIsJ)=2RMASS (T 2J)*F2¢0(A0T 10 J)*ALIT sJ)XAKEAZ(T o J)*AK2#
AT o J)EAKUL+AG( ] s I} SAKH2¢AS( T, I} *AKBI+AOGIL )
+XAKHA)+FC(IJ)
CONT INUE
TOloI)=T(I o1 )+RMASS( I ¢ I IROMEGAN(I)SUMEGAN( L1} %4 00%Pj*P]
+2DCMPLX( 103+ 06015%52)
CONY INUF
CALL CXINVRHR(T s NMeFGo LeDETERMH IPIVOT o IWK 154 ISCALE)
DO 420 =] 4NC
R{i)=ZERC
DU 420 Jx] NM
RUI)=REID)CMUE 4 I)IRFGLY)
IF(NDREQGel e ANDSIFINAL ¢EGe0) O TJ 430
DO 421 I=14NC

0000V 388
00000389
00000390
00000391
00000392
00000393
00000704
00000398
000003%6
00000397
00000398
00000399
00000400
00000401
000. 0402
00000403
00000404
00000405
00000406
00000407
00000408
00020409
00000410
00000411
00000412
00000413
Q000041 S
00000415
00000416
00000417
0000C418
00000419
000534220
00000421
00000422
00000423
00000424
00000428
00000426
00000427
00000428
00000429
00000430
00000431
00000432
00000433
00000434
00000435
000004 36
00000437
00000438
00000439
00000440
00000441
00000442
00000443
00000444
00000445
00000446
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az1
430

422
200

423

440

424

425

426

A71

470

427

105

DEF(JF+1 )=CDABS(R(I]))*R2D
DEFZ(JIFo 1 )=DEF(JF,1)eDEF(JF,1)
IFINDR«EQeOeANDIFINALJEGL0) GO TO 200
DO 422 IsfNC

DEFR(JF o 1 )=CDABS(R( | )oF ) 22D

DEPRR(JIF + [ )=DEFR(JIF » 1 ISDEFR(JIF 1)
CONTINUE

IF(NDRFQel e AND IFINALGEQ.O) GO TO «40

CIMPUTATION UF RMS RESPONSE OF CONTRUL SURFPACES

DO 423 I=)¢NC

CALL INTGLSINFT oXF JOLF2(191) s AREA,PSD)
DRMS(I)=DSART(AREA?

FUNCTN=DRMS(1)

IFCIF INALEQ.O) GO TO 080

CONT INUE

DO 428 I=l,NC

CALL  INTGLSINFTeXF DEFRZ(1e1)AREAPSD)
DRARMS (1 ) =D5UKT(AREA)

FUNCTN=®DRRMS( 1)

LF (1F INAL «£Qes0) GC TC 480

PRINT AND PLOT LUTRPUTS

PRINT 100

DO 425% IixlyNFT

PRINT 1100 XFCL )¢ (DEF(LoJd)edml oNC)sPSD(1))
CONTINUE

PRINT 120 (DRMS(ED) o=l oNC)

PRINT 127

PRINT 101

DO a26 [=]l NFT

PRINT L1000 (XF(TI ) (DEFR{TsJ)eJxloNC)PSD(I))
CONT INUE

PRINT 121 {DRRMS( 1) eI=14NC)

PRINT 127

PRINT 125%

DU 470 I=1eNFT

DO 471 Jx1 ¢NC

DEF2(1sJ)=DEF2(1,J)2P3D(1)

DEFR2( 19 JISDEFR2(1+J)PSD(])

PRINT 110 (XFUI)e(DEF2C1sJ) s dx=14NC),PSD(TI))
CONT INUE

PRINT 120 (DRMS{ 1) eix=l oNC)

PRINT 127

PRINT 126

DO 427 I=]l JNFT

PRINY F1De{XFC I D)L (DEFR2(TI 9J)eJ=1eNC)+PSD(L))
CUNT INUE

PRINT 121 (DRRMS{[)e1=1sNC)

CALL PLOUTS{BUF ¢103s6:104)

CALL SCALE(XRs SasNFTH1)

CALL PLOT(10e925¢—3)

DU 900 IP=1 o NC

00 900 IRxl,2

IFUIReEQe L s ANDJDRMS(IP) sEQeVe0) GU YO 900
IF{IRENe2e AND s DRRMS(1IP) oE£Ge0+00) GuL TC 99)
IF(IR«EQ.2) GO T4 910

00000447
00000448
00000449
00000480
00000451
00000482
00000483
00000484
000004858
00000486
00000487
000004558
02900489
00000460
00000461
000004062
00000463
00000464
000204693
000004606
00000467
00000468
00000469
00020470
00000471
00000472
00000473
00000474
00000475
000004706
00000477
00000478
00000479
00000480
00000481
00000482
00000483
00000484
00000485
00000486
00000487
00000488
00000489
00000490
00000491
00000492
00000493
00000494
00000495
00000496
00000497
00000498
00000499
00000500
00000501
00000502
00000503
00000504
0000050CS




e e S S

201

o1 0

911

950

900

A80
100
101
110
120
121
12%
126

oL 9Il

G0 TO
CONT INUE
DO vl

CUNT INUE
CALL

LIPS ] +NFT
YUL1P)SDEF2(ILIP,s IP)
FPNmDRMS(IP)

930

LiPs] JNFT
YIIP)=DEFR2(LIPIP)
FPNBDRRMS(IP)

CALL SCALE(YeSeeNFTol)
IFCIRFUel) CALL AXIS{O0asO0es’DEFILN PHD* v100%90e90as YINFTH®L)

tY(NFT+2)

IF(1ReEUe2) CALL AXI3(De9de e ' DEFLLN KATE

+tYINFTZ)

)

)

CALL LINE(XFeYaNFTol10561)
CALL SYMUUOL(SeD5+8e7%5¢de1Belsdesr~1)
CALL NU““ER(SQ’&.‘;Q?!’.O.lQ"pN.OO‘d,
CALL PLUT(1B5ae00es~-3)

CUNTINUE

CALL PLOV(JdeesQooewiiv)

RETURN
FURMATY (¢
FORMAT (?

FURMAT (1P y0F 1 3e8)
DRMO{L)s*ybE 13000 /)
DREMS(I)3 e 6E 130047}

FORMAT (I
FURMAT (I
FURMAT (*
FOKMAT(?

Xt (L)
XF(1)

Pt
Py
XF(I)
xFil})

127 FORMAT(//)

END
suarR@T ]
IMPLICET

VEFLN(TI)eenvavee P
DEFLNK(L )eooseee

DEFLNZ{1)evevoece
VDEFLNIZ{l )oseoane

Nt GUSPLTIAXR e RXE s XX240LLX QUL M)

KL AL # 3¢

A=-MHgt)= )

AXIS(Oao Voo LABELX (Lo dP) s~ 38,370 e0e e XRINFTCI)sXRINFT#+2))

SO(CI)YYe//)
PSOLL)* /7))

PR0(1)*s77)
S DINN AR YIS

00000804
00000807
00000808
00000608
00000810
00000611
od0o00t12
00000813
00000816
00000818
00000810
0900900817
00000618

PRS0 s 16900 eDDee YVINFTH1)400000819

00000820
00000821
00000822
00000823
000008624
00000528
000005206
00000%27
20000528
00000%2v
00000530
00000531
00000%32
Q000085323
0000834
0000053%
000005 36
000008537
00000538

CCCOLLCCCCCCCCLCU el LUl LUl alllCCueCeCCClCCCCiCCo000053y

C
C
C
C
C
C
C
C
C
C
C

THES SUBRUJTINE 15 NECLaSARY UNLY wHEN SENSIVIVITY PLOTS ARE
REQUIRED ARUUND GIVEnN X{1) CUNTRUL GAINS AND VARIED BFIWEFN

XEC(I) ANO x2(1)
U S0FF SUBKUUTIND .
. dJuTh ot

PLUT duTPul

CALL
SUBRUUT |
DATA INP
ONL Y ACT

VAKIAT LJINS

NU LY
Uuise TH™
Ive x{(1)

Lk x(1)

wAIN> ARL

ThL

IN DTRHES UF bt 3(1)e

THE SF

PLOTTED.

ARt ALLUWED FlUuRe

THIS> SUARUUTINE HEPLACES THE
FOLLUWING >UBKRCUY INE CALLS

SULRCGUTINES HAVE NL CARD
1% AL SU PRINTED

MA X [ MUM

IN SUUBROUTINE PLT.
OF 34 INTERVAL

COMMUN/ZCUSTENZXC30C) oPS0 (101 ) v CKREF ¢ XF (103 sQe VEL 4HIL12415),
FHMASS( 100 15) yOMEGANT LS ) o al s n T o XRELIVS) oY (103)emk

2 yURMS( )

yORRAMS ()

CUMMUN/ZCUSTEN/NF T o NVACT o L INAL ¢ NORGNAT 3C) o NV oL AUELX(1546) s NMNC

SNCACToNT
DIMENSIU
REAL %4
ISTART=0
NCENCACT
oL 260
I1START =]
NP =Q
XT=xXX(1)
XM=XX{(1)

E(6)

NOXXELD) o XXL (1) o XX20 1) Db X (1) eD(3640) 1 DR{I0eb ) XP( I0)
D.UR;XP'XRQ\'

I=1sNVACLT
START+1

<00000540
C20000541
C00000542
C00000543
CO0000544
C00000545
€C00000540
C00000547
C00000548
C00000549

CCLCCCl OOl il el CCeilEulet Ll et eCCLCelCCCeCTeeeecCadalIniIsso

20000551
00000552
000005523
00000554
0000055%
00000556
00000557
00000558
00000559
00000560
00000561
00000862
00000563
00000564




Lee o RISEREE T

107

v o] 180 K=}],34 00000868
IF{XMLTXX1(E)) GO TU 160 00000846

Xtm XM-DELX(]) 00000867

150 CONTINUE 0000085665
XXCI)=XM 000008469

DO 280 K=} .34 00000870
XXCI)=XX (I )®DELX(L) 00000871
EPFEXXC L) eGT e XXREIDoUReXX(IDo: TaXXL (1)) G0 Tu 29%0 00600872
NP=NP+1 00000873
XPINP)»xX(1]) 00000574

CALL SIH.GBTIXX yFUNCTN) 00000878

DO 300 I1C=] ¢NC 00000876
DINPLIC)=ORME(IC) 00000877

300 DRINP, IC)I=DRRMS(IC) 00000878
250 CONT INUE 00000879
XX(1)=XT 00000580

DO 2%1 IC=1sNC 00000881

CALL PLY(NVINVACT s NAGXP QUL o IC) oNP ol o) v UsEMeIC o ISTART ¢ NC) 00000882
ISTART=[START+#+1 gooo0Bsa3

CALL PLTINVINVACT G NAGXPyOR (L o 1C) aNP ol 020 QolMy [0 o ISTARTHyNC) 000005084

251 CONY INUE 0000058%
260 CONTVINUE 000005806
CALL PLUT(106040¢+997) 00000587

RE TURN 00000588

FND 00030889
SUBROUTINE PLTINVeNVACT o NAs X s Y gy NP g IPLT ¢ KyQLPEMDP o JC s ISTART ¢NC) 00GNUB90

REAL %8 ULP (EMDP 00000891
CCCCCLCILCLCCLCLCCCCLLCCCCCLCCLCCCCCLLCCLlCLLCeCClCCCCCCCCLCCLCCcCCCEccccooo00s92
C €00000593
C THIS SUBKUUTINE IS CALLED BY SUBRUUTINE GUSPLT ANU IT DOES THFE €00000594
C ACTUAL PLUTTING AND PRINTINGe FUR FURTHER DFTAILS SEE SUBROUTINE €C0000059%
C GUSPL T, C00000596
C C00000597
CCCCCCLLLCCCCLUCCCCCCCCLCLTCLCCLCCCLCCCCCCLCLLCCCCCCCLCLLCCCCCCCCLCCCcCcCo0000598
DEMENSION NACL)I e X(L)e V(L )eLABELX(1IS)sLABELY(3)sBUF(100) 00000599
IFCISTARTSEQ«l) CALL PLOTS(HUF 31030691 06)) 00000600

W=QDP 00000601
FMxEMDP 00000602
yMx=y{(1i) 00000603

(o] 1% I=2,NP 00000604

15 IF(Y(I)euTa¥YMX) Y¥MX=Y(]) 00000605
IF(YMXeEQeQ.LO) L TURN 00000606

NY=12 00000607

NX= 36 00000608

IF (NVeEQeNVACT) INDE Az [PL T 00000609
IF{NVsEQeNVACT) [CY0 . IS 3 00000610

[I=1 00000611
INONAC =0 00000612

DG 10 I=1 NV 00000613
IF(IeNEJNACILY)) GU T 2 00000614
INONAC = [INONAC +} 00000618
IF(INUNAC.LT«(NV-NVALT)) I1=1i+1 00000616

2 TACTIV=I—INUNAC 00000617
IFCIACTIV.EQaIrLT) INODF X= | 00000618
IFCIACTIVeFQeIPLT) [ Tu 3 00000619

10 CONTINUE 00000620

3 COUNTINUE 00000621

RE wWIND 13 00000622
WREITE(13,100) INDEX:EMeu 00000623
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108
IF(KeEQ.l) WRITE(L3,121) IC 00000624
IF(K.EQ.R) WRITE(13,123) IC 00000628
REWIND 13 000006286
READI(13+120) (LABELX(J)eum=],9) 000008627
READ(13,120) LABELY 00000623
NNX = =N X 00000629
IPLISTART.EQel) CALL PLOT(10e02e59~3) 00000630
CALL SCALE(XeSeoeNP,ol) 00000631
CALL SCALE(YsBaosNP,1) 00000632
CALL AXIS(O0eo0e sLABEL X NNX 700002 XINPEHL) e X(NP+2)) 00000633
PRINT 120,LABELX 00000634
PR INT 102:(X(J)edx]l ¢NP) 00000638
PRINT 120.,LABELY 000006 3¢
PRINT 102¢(Y(J) odm] oNP) 00000637
CALL AXIS(O 090 e s LABELY sNY9Be990es VINPH+L) Y(NPH2)) 00000638
CALL LINE(XesYoNPsl,lel) 00000639
CALL PLUT(15¢406¢-3) 00000640
RETUKRN 0000064}
100 FURMAT(*VAR e X( ¥ 3129 )eDAST Mm? FRe29"DYNPRELSE? 4F3,1) 00000642
Cc 00000643
121 FORMAT(*ORMS(*slle?) PSO*) 000000644
123 FORMAT('DRRMS(*y I1,¢) PSDY) 00000646
102 FURMAT(4EL4e0) 000006446
120 FORMAT(15A4) 00000647
END 00000648
SUBROUTINE CONTRLINP ePsNUeQDeNCoyWRNTEX) 00000649
CCCCCCCCCCCCCCLLCCCCLCCLLLCLCCCLCLCLCLCCCLLOCCCCCCLLCCLLCLCCCCCCCLCCCCCCo000006590
C C00000651
C LeDeToeVafFe CONTRIL LAN FUh ANY NUMHBER OF CONTRUL SURFACESe. CAN C00000652
C BF USED FUk BUTH FLUTTER AND GUST PRUGRAMS, THE UBASIC GAINS C00000653
C USED HEREIN ARE APPRUPRIATE FUR 20 PERCENT LeEs AND 20 PERCENT (00000654
C TeE e CONTRUL SYSTEMS wITH THE FORF SENSUR LOCATED AT THF 30 C00000655
C PERCENT CHUKD LUCATIUN =~ DIMENSIUNS ARE LIMITED TO 6 CONTROLS. C000006%06
C C00000687
CCCCLLCLCCCCCLCCCOLLCCLLCLCCCLULCCCCCCLCCLECCCCCCCLCCLCCCLCCCCCLCCCCCCCC00000608
IMPLICIT REAL®8(A-Hs-7) 00000659
DIMENSION NP(Oel ) oP(6 05208 ) GLIL0e1)sE(292) e NTE(OB)eX(36)CN(3)y 00000660
2CD1(3)osCD2( 3D TEMPLI(B) s TEMP2(5) oND(6) 00000661
E(ls1)=-4,D0 00000662
E(lLe2)=4,D) 00000663
E(2,1)=4,D0 00000664
E(2e2)=22,800 00000665
C21=—143LD0 00000666
NC2=2&NC 90000667
DG 1] I=1+NC 70000668
DO 1 J=14NC2 ‘90000669
NP(Iesd)=] 20000670
DO 1 K=l,10 00000671
P(IeJeK}=JdeDO 70000672
1 CONTINUFE 00000673
DU 2 I=1.NC° 00uUL0674
C 00000675
C CASE OF Te.Ee CUNTROL 00000676
C 00000677
EH=E{2,1) 00000678
EAZE(2,2) 00000679
IFINTE(I).EQ.1) GU TO 3 00000680
C 000006861
C CASE OUF LeEes CUNTKRUL 00000682




R

g

ann

onn

EHuZ(1,41)
EA=EL(]l,2)
CONT INUE
CN(1)=0.D0
CN(R)=0.DO

0000048
000000684
00000648
ok00068%
o0o000eay
00000688
00000689

DETERMINATION OF THE DENOMEINATOR PULYNOMIAL POR EACH CONTROL SURF.00000690

CO1(L )uX(O*]~-a) 02

COL(2)32.,00%X (0% ]~4)sX(8%]1~3)

COL(I)=1.00
CoRMLImX(O®]1—~1 )es2

CO2(2)=22,00¢X(6%I~1)%X(06e])

CD2(3)=1,09

CALL PRUPOL(CD1+33+sCD2e34QD(141)oND(L))

00000691
00000692
00000693
00000694
00000698
00000698
00000697
00000698
00000699

DETERMINATIUN GF THE NUMERATOR POLYNOMIAL FUR EACH CUNTRUL SURFACEDO0000700

CN(3)aX(o%]-5)

CALL PROPOLICDZ2932CNe I« TEMPLIWN)

CN(3)=X(bel-2)

CALL  PRUPDLECDLI s 0eCNs 3« TEMP2oN)

DO 4 K=),,N

PUL o2% 1= 1 oK )IZEHS{ TEMP LK) +TEMP2(K) )
PO o2 L4 RIZCASI TEMPLI(K) ¢ TEMP2(K) ) +C21ENTEL L JSUD(R o T)

CONTINUE
NP(TI.2%1~1)=N
NP(l1,2¢])=N
CONTINUL

RE TURN

CND

SUEZROUUT INE

CUNTKL (NP P02y QD o NC o wR o NTE » X)

00000701
00000702
00000703
00000704
00000705
00000706
00000707
00000708
00000709
00000710
00000711
00000712
00000713
00000714
000007153

CCCCLLLLCCCTCCCCCCCCULLClClCCClC il Ll CCCCCCLClleCTCcCaCccooo0071e

C
C
C
C
C
Cc
C
C

DeTeToeF e CUNTRUL LAN FUR ANY NUMUER UF CUNTRUL SURFACESe. CAN
BE USED FuUR HOTH FLUTTER AND GUST PROOGRAMS. Tt BASIC GAINS

USED HEREIN ARE APPRUPRIATE FOR 20 PERCENT LeEs AND

20 PERCENT

TeFe CONTRUL SYISTEMS #]TH THE TURC SENSOR LULCATED AT THE 30

PERCENT CHORD LOCATION

= DIMENSIUNG AKE LIMITED TO 6 CUNTROLS.

IMPLICIT KFAL®B(A-H,0-2Z)
DIMENSIUN NP(6 91 )eP{asl291)sQDILIs1 )b (22) ' NTE(B)eX(30)yND(S)

E(1s1)=-4.D0
E(1+2)=4.00
E(2+1) 24,00
E(2+s2)=3.2D0
(2l==1.8000
Ax10000.0)
NC2=2%NC

DO 1 1=14NC _
DU 1 J=leNC2
NRP(Ted)=1

(3 ¥] i K=ls2
P(IsJeK)=0.D0
CONT INVE

DO 2 I=leNC
P(Ile2%1-1:1)50400

€00000717
C00000718
C00Q00719
C00000720
Co0000721%
C00000722
C0J000723

COCCLCCCCCL Ll ClCCCll el CCClCCCCCCCLCClCCCLCCCCCCCCCCCLCCCCCCCCCCo0000724

00000725
00000726
00000727
00000728
00000729
00000730
00000731
00000732
00000733
000007 34
00020735
00009736
00000737
00000738
00000739
00000740
00000741
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| ‘ PULe8ls1)mASCRIANTE(]) 00008742
b ' 1 C 00000743
: s C CABE OF T.Ee CONTHIM 0000074as
: C D0000T7AB .
L EHBE(241) 00000T7a0 '
; EAmE(2.2) 00000TAY :
p IFINTE(L)eEQel) GO T 3 00000740
‘ ! C 00000749
' C CASE OF L.E. CUNTRLL 00090780
v ' C 000071
it EH=E(1,1) 00000782
, EA=E(1,2) 00000783
3 CONTINUE 00000754
' C 0000078% )
1 C DETERMINATION UFf THE NUMEKATOR POLYNOMIAL FOR CACH CUNTROL SURFACEQDOOOTSO
C 00000787
Plleld®l=12)mARFhex(])/mnt 00000788
Pl 281 e 2)8APEARX(])/WR 00000789
C 00000760
C DETERMINATIOUN OF THE ODENUMINATUR PUlL YNOMIAL FUR EACH CUNTHRUL SURF .000007061
C 0000C7T02
QD(1e1)=A 00000763
AD(241)=1.00 00000764
NP(ls2¢i-1)x2 00000765
NP(]e2¢])n2 00000760
NO(1)=2 00000787
2 COUNTINUE 000007068
RE YURN 00000769
END 00000770
SUBKOUT INE Fil goDoorY?!
IMPLICIT KREAL®3(A-H,u-Z) 00000772
CCCLCCLECCLCLLLLCCRELLCE LUl OOttt CClCCCrClCeicCCeLCcccononorrs
C CO0D0Q0774A
C FITS THE AERU CUEFFICIFNTS Ife TERMS UF PADE APPRUXIMANYD USING CO00007T7%
C LEAST SGUUARE TECHNIWUL « CQ0000770
C 00000777
C NAMEL IST/F 1Y c00000778
C NK ~ NUMUJER OF REOUCED FREGUENCILS K USED Fuk INTLRPULATIUN c00000779
C C00000780
C AK = AKRAY CONTAINING THE Kk VAL ULS(CO MAX) - (FIwsl RgREDUCED K 00000782
C MUST gt BEUUAL Tu ZL RU) C00000782
C ' 00000783
C MAXNK =~ MAX VAL UF UF NKIMAX AK=20 IN PRLSENT PrRuGRAM) C00000784
< C00000785
C NPRINT = O NU DPRINTLO QUTPUT FRUM SUBRLUTINE FIT, C000007806
C - 1 PKRINTED GUIOUT IS AVAILAGLE (FOR UERUGLLING PURPUSES) 00000787
C C00000788
C NEUNCH = O NU PUNCHED JUTRUT RN SUBKUOUUTINL B IY C00000789
C - L RPUNCHED OQUTRUTUINTIE RPOLATION COECRF ICEENT D) C00000790
C C00000791
d IRIGILIJRIGID — CUKVE FITTING(WEIN NU LEAST HBuUARE 3 TECHNIQUE ) C00000792
C OF THE FIKST IRIOGID RUWS AND JRIGID CLLUMNS QF AFKU MATRIX - 00000793
C A\SSUMED TU CUNTAILN RIuID BUDY ALRJU = TU IMPRCVE RESUL TS, C00000794
C C00000795
(o RLAD( 2, ) AfeLlladex) fFCREMAT(Z2LTISGD) C00000726
L, d €00000797
g COOLLELLTULCOCUCCl Ul it CleCeaeClEileeilCeitatClOeLeCerCeeececcoo0ooras
3 CUOMMUNZAERF ZA0(15002) 0A1 015420 )0A2{15:22)0A3(15:22)4ARM(15,422), 00050799
b BAS(15422) A6 15,422} 00000800
| . bt Fao
i . -."f—x.[,ﬂ'}
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COMMUN/ TCASE/B(4) «NMyNC o NGy NL

CUMPLEX%1¢ AFRU(18+22420)CGEF

DIMENSION AR(20))AKZ2(20)eX%X(4046)eXT(6040)eY(80)sXTX(5Hs6)o

EXTY(O) eS5(0) s LLR( A2} LI(A2))
NAMEL [ST/FT/NKy AK s MAXN' g NPR INT o NPUNCH IRIGID s JRIGID
READ(S+FT)

WRITE{weFT)

MA XNK 25 2 $MA XNK

NMNC mNM +NC+NG

DO 1 =] ¢ NK
AK2(K)SAK(K)*AK(K)

DU 1 Jul ¢ NMNC

00 i =] yNM

READ(2.201) AERC(I ¢+ JoK)

CONT INUE

DO % I =] oNL

Da=u(l)*xd(1)

ou % K=]l,y3NK
CLR{T+K)ZAKZIK) /(13 24AK2(K) )
CLI(TIok)=BIL1ICAK(K)/(HB2¢AKZ2(K))
CONTINUE

IF{AK( 1) eNEosdeDI) PRINT 100
If (AK(1)eNLEOLDO) STu»

DETERMINATIUN (F THF INTROPLLATIUN LEAST SQUARF MATRIX

THE KNOwN AERG VECTOR  XTY

DU 2 [(=14NM

DO 2 Jx 1 ¢ NMNC

IF (] oGT o InIGIDeUReJouTedRIGID) H0 Tu 7
NK T 2NK

NK= (J+eNL )/72+1

CUNTINUE

DO 3 K=2.NK

X(2%K~3591)20e0

X(2*¥K~-241)=AK(K)

X{2%K~-342)2-AK2(K)

X{2%Kk=242)=0eD0

Y{2*Kk=3)=DFAL{AERG Ledek)=~ALKUC(TIoJl))
Y(2%Kk=2)zsDAIMAG(AERC(LsJeK))

DU 3 L=1sNL

X(2%¥K=-3424+4L)=CLR(L¢K)
X(2¥K=24 240 )=CLI(L 4X)

CUNT INUF

NRUWS=2 % (NK-1]}

NCOL 35x2+¢NL

IF{NROW oL [ « NCLL S) PRINT 110
IFI(NROWS LT oNCULL ) sTup

D 4 [R=1 yNRUWS

DO 4 J=14NCOL S

XT(JIReIR)=X(IRyIN)

CONTINULC

CALL MXPRUDIXT ¢ s XTX o NCLLS o NRUR s NCOL S+ s MAXNK246)
CALL MXPRUUD(XT s Yo XTY S NCUL S o NFLUWSs L 96 e MAXNKZ,46)

SOLUTIUN FOR THU JMKNCWwN INIFIPOLATICN CUEFFICIENTS

CALL  “XINVK(NCULSs0sHs XTX)
CALL  MXPROD{XIX o XTYs 3o NCOLSsANCULS sl s0sb96)

00000801
00000802
00000803
00000804
00000808
00000806
00000807
00000808
00000809
00000810
00000811
00000812
00000813
00000816
00000819
00000816
00000817
00000818
00000819
000006820
00000821
00000822
00000823

000007224

000008286
00000826
00000827
00000828
0000NB29
00000830
000008731
00000832
00000833
00000836
00000835
00000836
00000837
00000838
00000839
00000840
00000841
00000842
00000843
00000844
00000845
20000846
00000847
000008s8
00000849
00000850
00000851
00000852
000008653
000008854
00000855
00000856
00000857
00000858
00000859
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AO(1,J)=AEZRO(L4J,41)
AlL(leJ)=S8(1)
AR(L.J)=8(2)
AZ(1eJ)mS(3)
IF(NL.Te2) GU Tu 10
AV (1 4J)=3%(8)
IF(NLT3) Wi TO 10
AB(led)=%(35)
IFE(NLeLTes) Gu TC 10
AG(leJ)=S(0)
10 CONTINUE
IFClLEeIRIGIVDeAND I elLE«JKRIGID) NK =Mk T

PRINTED AND/UR PUNCHED GUTPUTS

onn

IFANPRINToNE e L s ANMDc NPUNCHoNLEWL) GU TC 2
IF(NPUNCHeNEWSL) Gu TO 9
PUNCH 6U0J0 1 eJoA0(T 4 J) s (SCIU)edIm]l yNCOLS)

9 CUNTINUE
IF(NPRINT«NE o1) @O T &2
PRINTYT 700414J
PRINY 2014 A0C L4 J) e (SCUIV o Juxl o NCOL 2)
bu 8 1K= 1 o NK
CLEF3SDOUMPLX{Qauu s e))

DU 6 [1=1.NL
COEFECUCF ¢S24 1) *DCMPLX{CLERET Lo IR)WCLECTTWIK))

6 CONTINJL
COEF=CUEF+AERCT L9 Jol )¢50 1) %0UMPLX( ) eDIsAKLIKD) )~ L(2)%AK2( INR)
QUOTK=UREAL (AERU(I s JeIK) )

GUUTITODAIMAG(ALRC(I s JslK))
IF{QUUTRet WeDeDO) QULUTR=z]l D=2
IF(UUUT et deUeDO) QUOTI=1D-20
ERR=DREAL(AFRUCT sy IK)~CLEF )2 1024 30/7uU0TH
ERLI=DAIMALIAERU( T sJ o IRK)=CLEE )E1TI3,00/7QULTI
PEINT C1lIel s Jo IRVARKCIR) s AERUCT v Jes i n) +CUFF yL R WFRI
8 CONTINVUE
2 CUNTINUE
20 FURMAT{IOX?* CUlFF = *8:12.8)
210 FURMAT{2Xs315¢4Xe7E12e9)
600 FURMAT(2X+21292Xe7E1064)
700 FORMAYT (20X AE RU( DEF MODE = ' ,124¢% PRCS MUDE = '[2, t*)0y)
RETURN
100 FURMAT{?* FIRST REQUCED FREGUENCY MUST [ 1 8 tIUAL Td ZERQ /)
110 FORMAT(? THERE ARE LESYHS tOWUATIUND THAN  UNKNOWAS? 4 /)
201 FURMAT(Z2E156¢5)
END
SUBRUUT INE XZ2XX{NVNVALT ¢ X g XXglvA)
IMPLICIT RLCAL®8 {(A-tiyu—~2)

00000860
00000861
o00o0aeR
00000863
00000884
000060868
00000866
00000867
00000868
00000849
00000870
00000871
00000872
00000873
00000874
00000878
0000087e
oc0o0087Y
oooo0o0878
Qaoo00879
00000880
0000088
00000882
00000883
00000884
00000388
00000880
000008387
00000888
oooo00889
00000890
00000891
00000892
00000893
00000894
00000898
00000896
00000897
00000898
30000899
00000900
00000901
00000902
00000903
00002904
00000908
00000906
00000907

CCCCCCCCCLCLCOUILCCCCLOLCCOElCU it it CCClLCeelCClCCCCLeCLCece .CCCCco0000908

C
C THIS SUBRUUTINE KREODUCES THF X(1) AWKAY INTO AN XX(]) ARRAY

C WHERE THE NUN ACTIVE PARAMETENRS (NV-NVAUT) HAVE BEEN ELIMINATED.
C THE PUSITIUON UF THESE NON ACTIVE PARAMETERS ALUNG THE X ARRAY
C IS G.VEN 38Y [IHE NA(IL) AFRAY .

C

C

€00000909
790000910
C00000911
C00000912
C00000913
C00000914

CCLCCCCCCCCLCLLT el CClellLeCllCllCCCCLCCCCCelCCCCCLCCCeCLCCCCCCCC0000991S

LVIMENSTIUN X(1)eXX{1}eNACL)
NONACT aNV-NVACT
NCOUNT =D

D0000916
00000917
00000918
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DO 100 ImlsNV 00000919
IP{NONACT.EQ.NCOUNT) Gu TL 118 00000928

D0 110 Jsm)NONACT 0000092
IFCIeNEWNACJIDY)) GC TU 210 00000923
NCOUNTaNCOUNT I 00000923

GO0 TO 100 00000924

110 CONTINUE 00000928
Ai® XX( I=-NCOUNT )mx(]) 90000924
100 CONVINUE 0000097
RE TURN 000006928

END 00000429
SUBROUTINE XX2X(NVNVAC T X e XX3NA) 000004930
IMPLICIT wEAL®8 (A-rou~) 00000931
CCCCCCLCCCCCCCLLLCCCELCCLLLLeClLCCCCTECCLOLLLCLCECLCLCCCCLECCCCCCCCCCCCCO0000932
C C0000093)
C THIS SUBRUUTINE RESTORES THE X(1) ANMAY USING Tht REDUCED XX(1) C00000934
C ARRAY AND THF INITIAL VALUES CF TiWsE X{1)'% THAT ARE NOT C00000938
C ACTIVE. THIS IS Tht INVEKSE PROCESS ur SUAKOUTINE XZIXXe C00000936
C C000009%37
CCCCCCCCCCereeeeeececceececececeecceeeccceeceeeecececceccececacececceccecccccccooonoyie
DIMENSION XCL)eXX{1)aNACL)D 00000939

NONAC YTsNV-NVACT 00000930
NCOUNT =0 00000941

VU 1V0 1=l eNV 00000942

1F (NONACTLEQeNCOUNT ) U TC 115 00000943

DU 110 U=l NONACT 00000944

It (1eNEWNA(J)) o€ T 110 000009485
NCOUNT2NCUUNT ¢ 00000946

GU TO 100 00000947

110 CUNT INUE 00000948
115 X(I)Y=XX{I-NCUUNT) 00000949
133 CUNT INUE 00000930
RE TURN 00000951

END 00000982
SUBRUUTINE CMXPKRIO(CsAsts s NIASNIAJNII) 00000953

IMPL ICIT REAL#*8 (A~H)-2Z) 00000554
CrCCCLCCCCCCCLELCCLCCCCCCCCCLLCCCCCeClLlULllCCULCCCCLCLCCCLCCCCLLCCCCeecCco000098s
C C000009%
C COMPLEX MATRIX 2KRUGDLCT CrAsy C00000957
C 00000958
CCLLCLECCCLECCLOCCCCTCCCCLCLLCOCCCE el el ClCleCCCLlCClLlcCcCceCo0000959
COMPLEX¥10 A(NTIASNUA) eBHBINJASNIN) yLINIANJB) 00000960

DO 100 I=1.NIA 00000961

DO 100 J=lNJR 00000962
CCleJ)2DLMPLY.(DeDIe0e)) 00000963

DO 100 Kx| NJA 00000964

100 CCIod)2Clled)tACLeK)IS(K ) 00000965
RE TURN 00000966

END 00000967
SUBRLUT [ ~F CMXADI{CoAsIeNTsind) 20000968
IMPLICIT KEAL*®8 (A-H4i0)=-2) 00000969
CCLCLLCCCCCCLCUCCUCCLLCTLCLCCLCCCLELLLCLeCCCCCCCCCCCLCLLCCLCCCCCCCCCCCCOO0I0970
C C00000971
C COMPLEX MATHIX ADOITIUNMN CxA+d C00000972
C C00000973
CCCLCCLCLLCTCCCCCCLLCCLCLCCCLLLCCLCCCLCCLELCLCCLLCCiCCCCCCCCCCCCCCCCCCCCCO000097
COMPLEX216 A(NIoNJ)obb(NTIeNID}C(NTIsNJ) 000009785

DO 100 I=1.NI 00000976

VO 10) J=14NJ 00000977
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100 Cllod)mAlloJ)?B(1eJ) 00000978
RE TURN 00000979

[ {0 00000929
SUGROUT INE INTOLE(MNsXeYeAsh) 00000981
INPLICITY REALSS (A-Me0~2) 00000982
CCCCLCCCCLCCCCLCCCCCCCCCCCCCCCLLCCCLCCCLLLTLLLCCCCCCOCCCLTCCCCCCCCCCCLOCCcaodoo9ed
c 00000984
C INTEGRATIUN OF VYeu V8. X CURVE USING THE TRAPEZIOIDAL RULE. CO00000988
C YeW AND X ARE ARRAYS W[ITh N ELEMENTS., THE AREA 18 DENOTED BY A CO0000%08
o C00000987
CCCCLCCCCCCCCLCCCCCCCCCLCCLCLCLCCCCCOCCLLCCLCCCCCCLCCCCCCCLLTLCCCCCCCCcCccoono09es
DIMENSIUN X(1)eY(1)oN (1) 00000989

A= oDO 00000990
NeNN-| 00000991

DU 1 Im]¢N 00000992

1 AmAd(Y(L)on(ldev (el )ow(ledd))a(X(L¢L)~X(L)) 00000993

An Qo BDIEA 00000994
RETURN 00000996

END 00000996
SUBROUTINE SUFP(Na XL o XU K2 o FMINIEPSIETAVETAL sPHL DRV ITHAX W FO 00000997
tiEVAL ¢ [IEKH o NVeNA) 00000998

IMPL ICIT REAL®S (A-Hy0O=2) 00000999
CCCCLCCLLCCCCCCCCCCCCCCLLCCCCCLCCCCCCLLLCCCCCCCCCCCCCCLCCECCCCCCCCCcCccccconoor1000
C C00001001
C MINIMIZATIUN SUBROUT INE BASED ON THE STEWART®*S ADAPTATION OF €00001002
C THE DAVIDUN-FLETCHENR~PUWELL ALGURITHM, A VARIATION HAD BEEN C000Cc1003
C INCORPORATEU HEREIN TLO PERMIT THE CCOCNSTRAINT ULF THE [INDEPENDENTY <C00001004
C VARIABLES WITHIN A SPECIFIED LUWER AND UPPER OBUUNDS. 00001008
C C00001006
C N =~ NUMHBER OF INDEPENDENT VAKIAALE Se co0001007
C C00001008
C X14I) —- DENCOTEYS THE LOWESY BUUND UF THE [=TH INDEPENDENY VARIA®LEC00001009
C co0001010
C Xu(1) = DENUTES THE INIVIAL VALJUE UF THE I-TH INDEPENDENT VARIABLCO00001011
C 00001022
C X2(1) ~ OVUENUTEYS THE URPFKAK BOUUND OF THE [-TH [INUEPENDENY VARIABLE C00001013
C C00001014
C FMIN — INPUT APPROXIMATICN YO THE FUNCTION MINIMUM, C000010LS
C Ccoo0001016
(o ERPS(I) ~ INPUT ARRAY CONTAINING THE DESIRFD AJUSU.UTF ACCURALY C00001017
C OF THE INDEPENDENT VARIABLES, C00001018
c Cc00001019
C ETA ~ INPUT PARKAMETER CONTAINING AN LSTIMATE UF THE RELATIVE coo0001020
C ACCURACY JUF THE FUMCTION EVALUATIONS wHICH ARC JStw TU DETENRMINE C00001021
o THE TYPE OF DIFFERENCE APPRUOXIMATIUN TO THE GKADIENT (ABSULUTE Cc00001022
C ACCURACY=FUNCT IONSETA ) C00001023
C C00001024
C ETAL — RELATIVE ACCURACLY uF CUMPUTER(UN leBJMe. DUUBLE PRECISION (00001025
C 25 oE—~13)e ABSOLUTE ACCURACY=EX%ETAL. €00001026
C co0001027
C PHE = KRELATIVE SIZE OF *SUCTIUN ZUNL' wlITHIN aHICH THE UPTINMIZED C00001028
C FREE PARAMETER. IS SUCKED TO THE CONSTIRAINT TO AVUID FALSE C00001029
C CONVERGENCE e ABSUOLUTE SIZF UF ZunCaX]l(l)ePr] uR X2(1)¢PHI C00001030
C DEPENDING ON WHETHER NEAKR LUWEKR UR UPPER CONSTRAINTYS. c00001031
C C00001032
C DRV = A UNF DIMFN3JUNAL INPUT ARRAY OF AT LEASY LENGTH N €00001033
C CONTAINING INITIAL STEP SIZFES FOR DIFFERENCE APPROXIMATIUNS C00001034
(o TO THE GRADIENT. C00001035
C C00001036
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'

ITHAX = AN LNPUT/0UTPUT INTEGER. ON TNPUT.ITHAX CONTAINS THE Co0091037

MAXIMUM ALLOWASLE NUMAER OF OPTINIZATION [TERATIONS. ON OUTAUT, COO0Ol1038

Pl ETHAX CONTAINS THE NUMBER OF ITERATIONS USED. C00001039
: C00001040
; Iw = AN INPUT INTEGER CODE FOR PRINTING DURING CONPUTATION. cmooo|:3|
i - 0 NO PRINTING EXCEPT FOR SELECTED RESULTS DURING EACH [ TERATNCOG00L 042
§ = | PRINT GHADIENY VECTCR (AND FUNCTION VALUE BEFGRE AND AFTER C00001043
.o EACH LINEAR MINTMIZATION, Ccoo0d1 04e
! = 2 IN ADDITION TO THE ABOVE,PRINT FUNCTION VALURS CALCULATED C00001048
: DURING THE COURBE OF LINEAR MINIMIZATION. C00001046
- 3 IN ADDITION TC THE ABOVE PRINT FPUNCTION VALUFS CALCULATED C00001047

IN EVALUATING THE GRADIENT, Cco0001048

00001049

#C - FUNCTION MINIMUM ON OUTPUT, co00d1080

C00001081

EVAL -~ THE NAME OF A USEK CCOFD SUBRUUTINE WHICH EVALUATES THE  C00001082

FUNCTION BEING MINIMIZED o THIS NAME MUST APPEAR IN AN EXTERNAL CO00UL:N83

STATFMENT OF THE CALLING PRCGHAM, C0000106G4

C00001088

[ERR = UUTPUT EROR CUOE. C00001086

- =1 DISTANCE T THE MINIMUM [5 UPPOSITE THE DIRECTION coooot087

INDICATYED 68Y THE GRADIENT OF THE FUNCTIONCPTIMUM HAS ¢00001 088

PROBABLY BEEN REACHED. C0000108%9

= 0 NORMAL CUONVERGENCE. 00001060

- 1 DERIVATIVE OF FUNCTION ALONG THE OIRECTION OF LINEAR C00001061

MINIMIZATION wAS NOT NZGATIVE. UBER SHOULD TRY SMALLENR C0000% 062

VALUES IN THE DRV ARKAY. C00001063

= 2 NO PROGRE S IN THE LINEAR MINIMIZATION,. THE FUNCTION <0000104a
MINIMUM HAS PROHABLY BEEN REACHEDe. USER SHOULD TRY DIFFERENTCO000108S
INITIAL CONDITIONS FUR XUe C00001 066
=~ 3 THE LINEAR MINIMIZATION PAILED TO CHANGE THE FUNCTION 00001047
VALUEe THE FUNCTION MINIMUM HAS PROHABLY BEEN REACHED ON A C00001048
FLAY SURFACELUSER SHOULD TRY OIFFERENTY INITIAL CONOLTVIONS C00001 049

FOR XG AND SEE IF THE SAME MINIMUM IS REACHED. €000010%0
- & FAILURE TO CCNVERGE WITHIN ITMAX ITERATIONS. €00001031
€000010%2

NV = TOTAL NUMHER OF PARAMETERS NECESSAKY FOR ThHE DETERMINATION CO00010%3
OF THE PFUNCTION IN SUBROUTINE EVALSUME UF THESE PARAMETERS CAN C0000107e

BE MADE INACYIVE DURING UPTIMIZATIUN AND THUS LEAD TO A VALUE €000010%5
UF N WHICH IS SMALLEKR THAN NV, €00001026
€000010%7
NA - INTEGER INPUT AHKAY CONTAINING THE LOCATVIUNS UF THE NUN coo001078
ACTIVE PARAMETEKS [N THE EXPANDED XO ARRAY,. €00001079
€000010§0
NOTE - THE ABUVE TwO PAKAMETERS ARE USED IN SUBROUTINE EVAL- C00001041
THROUGH THE USE OF SUBROUTINE X2XX AND XX2Xe €£0001082
€00001083

o e Nl e N N e X e N Ka K a X Kol e N e M Al e K a M e Ha N N e Xa Mol N N e Mo R a N o W e N e e Mo e N R M N N N e Ra N s K2 N 5 )

CCCCCLCCCLCLCCCCTLCCCCLLCCCCCCLLCCLLCLCCCCCCCCCCCCCCCCCCCCCCCCCCICCCCccoo00108s
DIMENS ION XU(1)oFPS{1)eDRVIL)eH(604060)eX(60)eG(60).Y(60)+DEL(60),s 00001045

| 1C(60) sE(A)sEE(4)oF (4) 00001086
r 2,61(60) 00001087
y 3eX1C€1)eX2¢1)eTET(0LO)+LEX(60) e XIPHI(60) s X2PHI(60) s XIETA(60) 00001048
+XZETA(0LO) 00001089

- DIMENSINN NA(1) 00001090
LOGICAL IDENT 00001091

c 00001092

C UPTIONAL QUTPUT FURMATS 00001093

c 00001094

2000 FORMAT(1HO« *FUNCTION VALUE ='4E20,10/7¢ VARIABLES X(I) =*,£20.,10/ 00001095




(e Na Nl

ann

2001
2002
2003
2004
2008
2006
2007
2008

2009
2010

2011
2012

20

25

30

50

+IoMX

16

117X KRO10))

FORMAT(L1H0+ *COMPUTE JHRADIENT?)

FORMAT(LHO + *GRADIENT =0 34X oZR0:.10/7(17X:820.10))
PORMATY ( 100 'O IRECTION OF MIMNIMIZATIONS® 7¢(AX.ER0.10))
PORMAT(1HO . *LINEAR MINIMIZATION ~ PUNCTION VALUE =°,R20.10)
PORMAT(L1HO . *MININUM FINCTIUN EVALUATION = ,R20.10)
FPORMAT( LHO. 'END OF ITERATION *,13//)

POPMAT(LPoRX o IJoBX s RLA o6l XoH 18060 1X 132X 1A:0c1XoI3eRXeEL14:6)

FORMAT(®* [TERRNS FuRT GMAX 1GMx
E(LOWEST)?*/)

PORMRAT(4EL4.6)

PORMAT(® INITIAL GRADIENTS VECTOR G(1)*e/)
FORMAT(®* FINAL GRADIENTS VECTOR G(l1)*,./)
FORMAT(® ¢d¢ttéer)

MXTRIS=2S

IWi=e

Iua=s

DO 2 (=l,N

XIETAC( L )m=DABS(RL{I)SETAL)

IE(DABSIXI( 1)) el Yele) XIETA(])==-ETAL

ARETAL . )=DABS(X2(1)SFTAL)

IF(DASSIX2( T D)) et Tole) X2CTA(LI)=ETAIL
XIPHI(I)sDABS(XL(1)ePH])
IF(DABS(XIPHI(LI))eLEOABS(EPS(LI))) XIPHI(I)=DABS(1s10EPS(1))}
X2PHI(T )=s=DADS( X2(1 )ePH])

IF(DABBIXZPHILL) Dol dDABS(ERS(1))) X2PHI( L) =~-DAUS( L 1 SEPB(L))
CONTYINVE

DELMA X

CM=,10~-13
FMmEMIN

ILIN = |
LOWEST= ]

CALL EVAL(XU.FO)

COMPUTE GRADIENT

IF (IwsuToe2) WRITE(IU242001)

DO 10 I=lsN

X(1)=xX0(!)

XOCI)=XCI)+DRV(L)

CALL EVAL(I(XO.FG)

IF CINLGT o2) WRITE(IUR2,2000) FGe(XUlJ) adx=]leN)
G(I1)=(FG=-FU)/ DRV(IL)

XCOr)=x(1)

CALL XX2X(NVeNoGEXeGeNA)

PRINY 2010

PRINT 20094 (GEX(J)eJm]leNV)

WRITE(IUL,2008)

IDENT=,TRUE ¢

DO 30 I=1N

DO 28 J=m1l.N

H(1+sJ9=0.D0 .

H(I+1)=],00

C(h)=1,D0

IF (IWeGT 00) WRITE(IU2,2002) (G{(1)sl=14eN)

OETERMINE DIRECTION AND DIRECTIUONAL DERIVATIVE

D=0.D0

i

00001 0%
06001097
500010%
00001099
00001100
00001104
00801102
00001108
00001104
00001108
00001106
00001107
00001109
00001109
00001110
o000l
00001112
00001113
00001114
00001119
00001116
00001117
oooonits
00001119
00001120
o0vo0L12L
oonoi122
00001123
00001124
00001128
00001126
oooo:nir
00001188
00001189
00001130
000011 31
00001132
00001133
00001134
00001138
00001136
00004137
00001138
00001139
00001140
00GO1141
00001142
00001143
00COl 144
00001145
00001146
00001147
00001148
00001149
00001150
00001151
000011852
00001153
00001154




—-.

nanonn

ana

1 ]

60

70
ra
73
74

14
71

103

109

501

107

117

FPOP TuPrQ

fPe] .00

D0 &0 I=mi,N

DREL{I)=0.00

DU 88 Jwi,N
DEL(L)sDELII)-~H{LeJ)OulJ)

IFf CONSTRAINTS ARE VI(GLATED . SFY DEL(1)50,00

IPUXO0 1) eBQeaX2( L) ANDDEL(1)eGT20,00) DEL(1)20,D0
IFUXDCTI)eBUXI{1)aANDLOEL () el To0eD0) DEL(]1)m0,00
IFI(DEL(I)ZQe0eDO) GJ TU o0

EPwDMINLI(EP OABS(EPS(I)/0ELCL)))
DuDSGLIISDELLL)

CONT INUE

EPsEPR , 0500

IF(Del. ToJeDI) Gu TU 7

IF(.MOT. IOENT)GU TU 20

IERR = |

GO TO S0

IF(PULOTFM) GU Tu 71

IF(FGITI 70,78

FM=2,00%FQ

GO 10 71

FMa-]400

G0 Y0 71

FM= ,SDI*FU

COUNT INUE

FI2I2DMINLI( L +D¢0e2eDIS(FM=-FL)/7V)

i€ CInaGTa)) wFETF(IU242008) (OFL(L)sI=1laN)
114 CIWGT 20 ) WhITE(IU242000) FUs(XUlI)el=leN)
F(1l)=FQ

F(1)=20s,00

NIiT=0

CALL MX(NyoeGMAX s fuMAX)

CALL MX(NDELJDELMAXIDMAX)

PROCEFU wiTH LIMECAR MINIMIZATION

KkK=syY

IF(DABS(E(2)) eLEEF) E(2)sF(2)¢11DUSEPR
NTRIES=*O

DU 105 [s],N

XCE)=XO( )+ (2)%DEL (1)

CALL EVAL(XF(2))

iF (IweuTeal) WRITE(IU242008) F(2)
IE(F(2)eNEF(L))GL TG 107

E(2)22.D0¢E(2)

GU TO 103

CUNT INUE

DENOMSDEE(2)¢F(L1)=F (2)
IF(DABS(DENUM) oL Tel,.0-20) ot T} 5Ot

EO= o BO0D%E( 2 )% 2/DENUM
IF(ED+LELI«DOIED=RZ2,00¢L(2)
IF(FL2)eLTeF{l1))0C TC 120

IF{%XKK el TeB8sAND e DABS(L D) oGT oEH) e(c)=ED
KKKeKKK+]

IF (KKK oL To 8+ ANU +DABS(LD) suT sEP) o0 TU 103
F(3)=F(2)

.

00001188
oooniL1IEs
00001187
00001188
00001189
00001160
00001181
02301168
008001142
20001164
00001168
LT RY )
ooo00tL167
00001168
00001169
00001170
900011 7)
0000172
0000117
00001176
00001178
0000117
00001177
00001178
00001179
00001180
0000t 181
o000l 182
00001133
0000118%
00001193
00001186
0000187
000011488
00001189
00001190
00001191
00001192
00001193
20001194
00001195
00001196
00001197
00001198
00001199
00001200
00001201
00001202
00001203
00001204
0000120%
00001206
60001207
00001208
000012929
00001210
00001211
00001212
00001213




F
5
&3

118
F(2)sr0
FC3)st ()
C(2)30,0"
F(l)a~-E( 3)
OO 1Y 1=1,N
110 RCI)sXO(I)+F (L DICLiLL ( ])
CALL t YAL(XF (1))
1F (iwsuTel) whlITF(IUP,,I08) T (1)
I (F(1D)eGELFL2)) Gy T |50
FYTi-F (1)
C17y=0(1)
FLL)=t(3)
FOL)st (3)
F(3)-UTTY
F(3)-s 1T}
GO 1 1+l
120 LUWEST .2
IF(EDaGT o328 (2) )00 14008 ()

IF (DAL {2)=FD ) gl Tt 2IFUC-F (o)Ll 02

F COAN L L) =t D) el T V)L desAY (L (2)))

DC 12) 1 -1

130 x(I) x . (1)et o0t (1)
IF(FDesT o U7V} T, 1)
V(3 ()

EC2)Y=1)

FO3)-v ()

CALL VAL (x,f (2)

14 (Iwe sl el ) B 1O (LU Y 3) P U]

Gl 3o 1%)
140 £ £ 3)-+D

CALL VAL Ll ( ¢})

18 (Ineaslel) 2R1TY (1 Jdcel?338) + ()
1950 CALL IANT L YA of oFt g4y ))
190 LUwEHT=1

NYRIFS 5. 9TR1EE o4

[P TOREE ¥ 3i+1 -0 3

FOCFCT) ot Tof (LURFSTIIL L v
169 CONTINULE

It 22e00¢%05TLNCTL DG (AN

lF(A.'t..})H <8 -1¢

LDV W )IDYEE(2)

00001214
00001218
00001216
00001217
00001218
00031219
00001220
09901221
00001222
00001223
00001224
poootL22%
00001226
AJJ0t1227
00001226
00001229
02391239
00001231

00001237
02021233
00001234
03001235
000012306
00001237
0vl012138
00001239
00001240
00001241

00001242
00001244
00001244
JI0T124E
000014t
00091247
Jyddlicaa
00001249
00001250
20001251

00001252
000utl253

[t (AWt Lo dsD0alits YACTS T LU ) e WY DAsSE 3Lt YRR ECTINYINNEE (D) s P )FER (L0001 254

+t)
FEFP2F (L )tE- 1 2)
IFCDABS{-FF - L umt S5T))all Vet 2) 50 T

16, )

IFUDANSE ot = (LUREST ) ) ot T3 3 # JAr ({1t WE IR I YTV

IF ANTrIt Sa T evVXTH | ,) PR R RS AVE SRS I
1F ANTI It Se sTevxThin) [V N UL |
IFCEE CIF ) el TuFt {2) 20t 0 41
[F{TtL «F e )G 15 130
DU 179 LL=it 7
L=3-tL +lt
E(L+L)=F (L)

170 F(L4L1) =+ (L)

180 E(IE)=E¥E
DU 190 [=1+N

190 XCI =X ()¢l t*0FL (1)
CALL EVAL(XsF(IE D))

}

iF (IwauTel) ARLIF{[2420068) T(IF)

IF{IFeFQealt Yol T 15¢

Te

250

000012%5
00001256
0391257
cooon1258
00001259
00001260
¢000L261
Q0001262
c0001263
00001264
00001265
00001266
00601267
00001268
00001269
00001270
ocootLzrzi
ooco1272




’!;’.
;

e = mr

e ——. oSS A R 5 SRy,

nonnn

AN

NN

200
210

2290
230

2%0

END

1F

260

270

271

262

_2Te

119

KKK»] 00001273
IF{IE.EQed) GU TO 220 00001874
IP(P(1)GT.F(4))GD TO 200 00001278
CALL INTVIPM(E.F,EE A,0) 00001276
IP(E(R)EE(R) LT eE(8)cANDs AsGT 02000160 7O 160 00001277
GO YO 21O oood1278
KKK= 2 00001279
CALL INTIPM(EF EELAWL) 00001280
IF(E(I)PEE(R)eGTE(L)eANDe AsuTed.00)GO0 TO 220 00001281
KKK =] 0000i282
IP(P(2)el.ToF(1)eAND s F 2)elFofF(3)eORF(R)LEF(1)sANDF(2)elTe F(3000012083
1))60 TO 150 20001284
00 230 =i, 00001289
E(I)=E(1+L1) 000012806
F(Ll)=F(1+1) 00001287
GD TO (180:160) ¢KKK oooo0L280
1{ (IWaGTe0) WRITE(IUR.2008) F(LOWEST) 00001289
NITsN]T+) 00001290
00001291

OF MINIMIZATIUN ALJING DEL 0co01 292
00001293

THERE wWAS NJO MOTICN  kRE TUKN V0001294
0000129%

IF(E{LUWEST )eNE #00) GU TC 260 00001296
IFf oNUTSIDENTY ) WRITE(IUL«2007) TLINGFLPT JGMAX, IGMAXDELMAX, IUMAX, 00001297
+E(LOWESY) 00001298
IF(oNOTLIDEMNT) GO TC 20 00001299
IERR = 2 00001300
GO TO 8Sv0 00001301
IF(FILUWEST ) oNF4FQO) Gu TC 270 00001302
JIERR = 3 Q00001303
GO TU %39 00001304
00001308

CHANGE E(LOWEST) IF NECESSHSAKY SuU AS NOT TU VIUWLATE CONSTRAINTS 00001306
00001307

IF(E(LOWEST ) +GEL0sD0) GU YO 271 00001308
WRITEC(IULL2007ELINSFOPT sUMAX g IOMAX DELMAX s JOUMAX ¢E{LUWEST) 00001309
IF { e NOTLIDENT) GC TG 290 00001310
IERR=x~1 00001311
ITMAX=ILIN 00001312
GU TQ 650 00001313
FO=F (L OWEST) 00001314
DU 262 I=1+N 00001315
XT¥=X0( [ )+E(LUWEST)*DEL(]) 00001316
TSY(I)=0.00 000G1317
[F(XT=X2(1)eGTeX2EYA(I)}) TSTCI)=XxT-X2(1) 00001318
IFAXT-X1{1)elL TeXIETA(I)}) IST(I)=X)(1)—-XT 00001319
CUNTINUE 00001320
CALL MX(NeTSToTSTMX,IMX) 00001321
IF(TSTMXEQeQeDO) GC TU 272 00001322
DELAM=TSTMX/DEL ( IMX) 00001323
E(LOWEST )=E(LUOWEST )~DABS(DELAM) 00001324
CONT INUE . 00001325
WRETECIUL,2007) TLINAFUPT sGMAX o JTUMAXDELMAXs IOMAX+E(LOWEST ) 00001326
00001327

CHECK FOR CONVERGENCE ANO CREATE A SUCTION ZONF NEAR CUNSTRAINYS 00001328
OF THICKNESS XL1{(TI)¢PHRI Ok XxZ2(I1)*2H{ 00001 329
00001330

IERR = 0 00001331




non

aoOn

hd

120

EVEST=DAUS(E(LOVWESY))
DU 280 I=).N

IRI=10

iRgm10

IR3=10

IF(DASS(ETESTVSDEL({I)) LE.OAHS(EPS(I))) IRImO

IFI(XOCT)EQa X2 1) e ANDODEL (L) eaT o X2PHE(T) )
IFCAOCT ) sEQe X1 (1) ANDSDEL (Il T XiPHI(L))
IF(IRL.EQeOeORIR2:EQe0) IR3I=nN
IF{IR3INE«O) IERR®1D
XC1)eXQUID)¢ECLOWEST)s0ELLT)
IFEXCI)=X2( eV X2PHELT D)) X(1DVaX2(1)
IFIXCL)=X1C(H D)ol TuX1PHECLE)) X(1)sXI(1)
280 CONTINUF
CALL CVAL(X4FTST)
IF(FTISTLEFOPT qUReNITeGTe2) OGU TO P74
E(2)=E(LUwt ST)
F(1)=0.D0
FO=EQUPT
F(1)=FONT
KKK =0
GLU TU 103
274 CUNTINUE
DU 27¢ [=1sN
DELCI)=X(1)=-%x0(1)
X0(I1)=x(1)
276 GLCI)=0G(1)
FOs3FI1ST
IFCIERRelWa Ve ANV IVUENTY) GU T )0

IF TOU MANY JTERATICNS Kbt TURN

IF {IweuV oa0) WRITE(LU2e2006) [LIN
ILIN=IL IN®]

IERR = &

IFCILINSOTLITMAX) GO Yy S00

CALCULATE Nt w urRAUILENT

281 1IF (IWetaY o 2) wRITE(LUR4L001)
DD 300 1L=1sN
X(1)=xa(l)
IF(FUSFUeDD0)uU TUu 285
IF(G(I)eEVa0sDI) 6D TC 285
IF (IDENT) GO 10 245
ETAMEDMAXLI(ETA,DABS(EMRG(I) XUl )/Fu))
IFIGLI)®e2, 6T C(1)*DABS{FUI R TAM) LU TO 282

DRV I1)=2.00%(DABSIFLISDAHS({GIL) J*ELTAM/C(L)I*#2 )% 333333333300

00001322
00001333
00001334
00001338
00001336
00001337
00001338
00001339
00001 340
00001341
00001342
00001343
00001344
00001 348
00001 3408
00001 a7
00001348
00001349
00001330
00001351
00001352
00001383
00001334
000013598
000013%08
00001357
00001358
00001 359
00001360
000013061
000971302
02001363
00001 364
00001 365
00001360
00001 367
000013068
00001369
00001370
00001371
00001372
00001373
00001374
0000137%
00021376
00001377
Q0001378
00001376

DRV(II=DRV(1)8{100~-DABSIGI1))/7(L+5DO0%C(1)*DRVIL)¢2.D0*DAUS(0(]1)))00001380

+)
GO YO 283
282 DRV 1)=2.00%05QRT(LTAMEDABS(FU)Z7CLL))

00001381
00001382
00001383

DRV IIZORV(IDI (1 ¢0O~C{TIIRDRVITI)/Z(300%C{I)*0RVI L) ¢t4.D0DAS(G(I}))I0000L384

+)
283 DRVIII=OSIGNIDRY(T) sGi L))
IF(«SDCEDABS{CI LI ®ORVITII/Z0(1) ) euTeeu01D0 )G
285 XO(I)=X{1)+DKrV(1)
CALL EVAL ( XO,FG)

IF (IWauT o2) wRITFUIUVZ2000) Fusixuld)ed=zlsN}

000C0138%
00001386
00001387
00001388
00001389
00001390
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1

E
;gl
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ann

nnn

a0 n

non

290

298

300

305

301

320
330

340

500

©00

121

Gl I )m(FG~FO)/DRV(])

0 TO 300

DY®=100.D0SDABS(FC*ETAN/G(1))

DRV (I )=—-DABS(G( 1)) +OBART(G (1) #824200.D08DABS(FO)C(1)SETAN)
ORV( I )=ORV(E)/CI1)

DRV( 1 )=OMINL (DRV(1),DY)

XO(IdmX{ L) DRV § )

CALL EVAL (XTs*P)

IF (IWeGTe2) WRITE(IUZ2¢2000) FA,(XO(J)sd=lsN)
XOCL)=X(1)=DRV( ()

CALL EVAL(XOeFM[)

IF (IWeGTe2) WRITE(IJU202000) FMI4(XC(J)oImlysN)
GII)=eBSDIS(FP—FMI)/ DRV

XOCU)nX( [)

IF ON CONSTRAINTS +8ET GU(1)=0.00

DU 305 I=l,.N

IFA(XUCT ) eEQeX2{ 1) e AND e GIT) el Te0eDI) G(E)320.00
IFUXO(T)EQeX 1 (T )eANDG (1) eGTe0.D0) G(1)=20.D0
CONT INUE

It MIN ALUNG ~DEL 35t T r= C(INV)
IF(E(LOWEST ) el Ta0QsDO) G TO L0
IF{IFKRRLIe0) w0 TU 2)

MODIFY H AND REITERATL

IDENVY = oF AL SE »

A= 0 .DO

DO 310 I=1.N
Y(1)=GCI)-GL (1)

A=A +Y (1 )SDEL (1)

IF (IweuTo0) wKiit (1U2,2002)
AAZA/ZE(LUNE ST)
C1x1,D0/7A~ D/7AARY?
C2=2.D0/7AA

B=0.,D0

D0 330 I=1,4N
ClIY=CLL)eCLev (1 Dea2 #C2¢Y (L )®ui(])
X(I)=0.D0

DO 329 J=1.N

X(I)=X(L)erm(1oJ)eY(J)

BxB~X(1)*v(])

DO 340 I=|,.N

IF(Cl1)eLELOeDU)IGU TUW 20

DO 340 J=l.N

HIT «J)sH(L ) tOELLTI)*DEL{J) 7A ¢ x(1)*X(J) /R
H(Jo ID=H(14J)

GO 10O 50

(u(I)esi=14N)

RETURN TO CALLING PHOGRAN

IF (IwneuTo)
ITMAX = [LIN
IF{IERR«FQeDeUReIEKNSEQed) G, T 600
IF(IFRR-2)610:4620,4620

ITERNS=ILIN

AaRITE(IUZ 2030 FUGIXG{I)ed=1eN)

00001391
00001392
00001393
00001394
00001398
00001396
00001397
00001398
00001399
00001400
00001401
00001402
00001403
00001404
00001406
00001406
00001407
00001408
00001409
00001410
00001411
20001412
00001413
00001414
00001415
00001410
00001417
00001418
00001410Q
00001420
00001421
00001422
00001423
00001424
00001429%
00001426
00001427
00001428
70001429
00001430
00001431
00001432
00001433
00001434
00001435
00001436
00001437
00001438
00001439
00001440
0::)01441
0uvdo1442
00001443
00001444
00001443
0000t 440
00001447
00001448
00001449




[———

610

620

630

122

IF(IERRLJU0O) ITERNS=ILINGI

WRIVECIUL,2I07) ITERNSWF U

GO YO 030
WRITE(IULs2007 ) ILINIFUPTGMAX s [ GMAX ¢ DE LLMAR ¢ IDMAX
GO Tu &3)

WRITE(IUL, 2007 L INFUPT ouMAX 3 I GMAX sDEL MAX s LOMA X F{LOWEST)

ITERNS=ILIN+IL
WRITE(IUL+2007) ITERNSF (LCWEST)
PRINT 2011

CALL XX2X(NVeNsUEXsGsNA)

PRINT 2009,(GEX(J)eJmlyNV)
RETURN

ENOD

SUBRUUTINE INTIPM(EF CEsALI)
INPLICIT REALXS (A-HoU=Z)

-

00001480
00001481
00001482
000014863
00001454
00001488
00001408
00001487
000014858
00001489
00001460
00001401
00001402
000014063
00001464

CCCCCCCCCCCCCCOCCCCCCCCCCCLLLCCCCCLCCCLLCCCCCLCCCLCCCCCCCLCLCCCCLCCCCCC 000014068

C
C
C
C
C
C
c
C
C
C
C

THIS SUBKOUTINE FIT35 A PARAHOLA THRUUGH THREL OJIFFELRENT VALUES
OF THE FUNCYIUN FOTHATY IS THRUUGH FLI+L) ok (L1 ¢1)F(L+o)) THE

ABSCISSAS OF wWHICH ARE GIVEN DY E(I¢1)sE(1¢2)£(143),
PROCEEDS TU COMPUTE THE ANDCISHSA FM CURRESPONDEING TO THE MINIMUM

VALUE Uf THE FUNCTION +,
NOTE -~
EE(2)mEM-C(2)

DIMENSION E(L)eF(L1 ) EE(L)

Ee(3)x C(I1+3)-E(1+2)

EE(1)= E(I#1)~ECLI+2)

DFLI=tECL)*(F(L+3)-F(le¢2))

OFIEFE{ I)I*(F(1+1)~F(L¢2))
Ta0eSUO0S(FE(L)SDFL-LE(3)*DF 3)

ACURCY =1 40-09

ERM=S ,N-14

ERE3I-(DARSIE(LI#3))+DABS(E(T1#2) ) )*ERM
EREL=(DABO(E( 148 ))+DAUS(E(LI+2)))¢ERM

ERF23Ix (DAHS(F(L1¥3))+0ABS(F(14¢2)))*ACURCY
ERFLI2x(DABS(F(1+1 ) J2DAHS(F (I+7)))®ACUKRCY
IF(ERF23eLTa2aD0BACURLY) ERF23z2.U0%ACURCY
IF(ERF12eLTa2«DOSACURCY) EWF12=2,D00ACURCY
ERDFI2EREISDABS(F (1 +3)-F(1+2))+ERF2ICDABS(FE(L))
ERDF 38ERE JSDABSIF(I+1)=F (L+2) )+ERFIL28DAHSIEE(3))
ERDF IERDF L +ERE L MERF 23

ERDF3=ERDF 3 +ERE JI%ERF 12

ERB=ERDF 1 +ERDF 3

AsCOEFF ICIENT OF HIGHI ST POSLR (I PAKABUL A,

IT THEN

C00001466
C00001487
CO0000l1 408
CO000U1469
00001470
Co0001471
C00001472
COGuolarl
C00001474
C00001478

CCLLLCCLOOCCLCLCLClleClCLtClCCCeClelCleeCL el i ClClCClClLCCCLCCCcCC 00001476

00001477
00001478
30001479
00001480
00001481
00001442
000014823
00001484
20001485
00001486
00001487
00001488
00001489
00001490
00001491
00001492
00001493
00001494
00001495

ERY=(FROL*JABS(DF 1 ¢t~ IF 1*UAHS(LE (1)) +EREIVDANG(UF I ) +ERVUFI*DABS(EEQDD01496

+(3)))#0.5004DABS(T) $ERY
ERI=ERT+0.,SDO*(ERF LI ®ERDF | ¢& RE 3¥L ROF 3)

ERE13=DAUS(EE(L) V*ERE J+DABS(FF(I))*EREIL+FRELIFERE]

00001497
00001498
00001499

D=ERE 1 3%DABSIEE(})~EE( 3) )¢DARS(FE(LIPEE(I))w(EHFL4ERLCIVERELIS(FREO00QLS00

¢L¢EREI) .

DAEE( 1) 2t (I)*CEE(L)-EE(3))
D=10.D0%D

B8=10.00¢ERD

C=10s0I*ERT

IF(DABSIDFI=DF I ) el L eHeUReDABSIT ) ol F el aURDAES(DA) JLEWD)

EE(2)=T/(VFL-DF %)
A=(OF 3-DF 1) /DA

GU YO 1

00001501
00001502
00001503
00001504
00001505
00001506
006001507
00001508




v

123

RE TURN 00001809

1 CONTINUE 00001810
Ce(2)=0,00 00001811
IP(RLI®3)elLVF( [ +2)) HE(2)=EBE(I) 00001812

A=l DO 00001813

RE TURN 00001814

gnD 000018158
SUBROUTINE MX(NVeY YMAX, IMAX) ooooLBle
INPLICIT REAL®S (A-H,U=2) 00001817
CLCCCcCCcCceceeeaicecceececaeceececcceceecececceeeccececcececccceccecececececcecceccce ooooisis
< Coo001819
C SUBROUT INE WHICH DMYERMINES THE MAXIMUM ABSCLUTE VALUE AMONG C00001820
Cc MEMBERS UF AKRAY Y (DENUTED AS YMAX)sTUGETHER WITH THE MEMBER coo0oi1821
C LOCATYIONC(DENOTED AS IMAX), cooooi1822
C CcCo0001823
CCCCCCCCCCCLCCCCLLCCCCLCCCCLCLCCCCCCCCLCLCCCeeeececeacceeeceaaceccceececcccce 00001 324
DIMENSIUN Y(1) gooo182s
YMAX=DABS(Y(1)) 000015206

IMA X= § oooo0iL8a7
IF(NVeEQel) RE TUKRN 000013828

DU 100 [32,NV 0000182¢%
IF(LDABSIY(L))eLE2YMAX) O TO 1I) 00001830
YMAX=DAUS(Y(I)) 00001531
IMAX=] 00001532

100 CUNTINUE 00001533
RE TURN 00001834

c 00001538
CEHE RSO UNSPREERE RS R EE R A SRR ERUR P E LR RREA RO RSEERNSENE RN PNEOR ERESREERSE&00001530
Cs END OF QUADRATIC CONVFROGENCEF DACKAGE(WITHUOUTY RENALTY FUNCTIUNS) o 00001537
CREPRSPRAPIRER R AR EE RS R R AR IR PR SR O R SR UGB ENEO SISO ERERNSEE IS S ENOREEEsS$00001538
C 00001539
END 00001540
FUNCYIUN DREAL (2) 00001541

C THIS SUBKROUTIND CAN Ot USED WiV« EITHCR THE SLuw UR FAST, UM, 00001542
C DOUBLE PRECISICN o CUMPRESSIPLE AFRUDYNAMIC CUEFFICILNTS PROGKAN 00001543
IMPLICIT REAL*B(D) 00001544
REAL®8 Z2(2) 00001545
DREAL=Z (1) 000015406
RETURN 00001547

ENTRY DAIMAG(Z) 00001548
DAIMAG=Z(2) 00001549

RE TURN 00001550

END 00001551
SUBROUT INE PRUPUL (AN tieMeCotl ) 000015582
IMPLICIT REAL®SB{A-I1,(~2) 000015%3
CCCLCCLCCLCCLCCCCCCCCCCCLLCLCLCLCCCCECCCCCLLCCCCCCCCCCCCLCCCCCCCCLCLLCCCC 00001554
C C0000153%
C A ROUTINL FUk MULTIPLYING PCLYNUMIALS C=2ASH WHERLE AoleC ARE €C00001556
C POLYNOMIALS OF THE FURM C00001357
C A=A J+A(2)EXCA(I)EXME2HA( Q) * X EE34 00000000 eA(N)ISXOE(N~1) C00001558
C BB(1)+d{2)2X4+H(3 )8 X2 4H(4)EX* &3¢t c0c0sv0coclti{M)EXES(M~-]) C00001559
C CtC(l)0C(2)¢x0§(3Dtxttztc(tltxtt3+...-.-.C(NOM-l)tx‘t(N#!—Z) C00001560
C AND WHERE LEN®M-1 C00001561
C C00001562
CCCCCCCCTCCLCCCCUCCCLCCCCLCUCCCCULCCCCLLCCLCCCCCLCCCCCLCCCCCeCCeCecCeect 00001563
DIMENSION C(1).A(1)s30(1) 00001564
NMxN4+M-1 00001565

DU 1 I=1 ¢NM 00001566

1 C(I)=Q.DO 00001567
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; DO 2 Imi,N 00001568
DU 2 JmiM 00001869

2 CUItI-1ImACLIOB(J)EC(I¢I-1) 00001870

; LeNM 00001871
P HETURN 00001572
% END 00001873
g SUBROUT INE CXINVR(AsNeBoMsDET IPIV, INOXoMAX s I SCALE) 000018574
i CCCCCCCCCCCCCLELELLECELCLECLCCLCLLECCEECCLLCCCLCCCCCCCLCCCCCCCCCCCCLCCCC 00001878
X C C00001576¢
e c THIS SUBRUUTINE IS IDENTICAL TO SUUROUTINE CXINV EXCEPT FOR €C00001877
? c MINOR MODIF ICATIONS THAT CAUSE IT TUL BE FASTER(FUR EXAMPLE. 000018678
! c THE PIVOT IS5 DETERMINED BY AVLIDING THE USE GF CABS() BY USING C00001879
c DABS(REAL )+DABS( IMAG))e FOR DFIAILS KEGARDING UNAGE SEE 00001880

c SUBROUTINE CXINVe co0001881

c c00001 882
CCCCCCCLCLCCLLCCLLLLCCLECCCCCCCCCCCLECLECCCCCCCCCCCLLLCCCCCCLCCCCCCCCL 00001883

c 000013584
IMPLICIY REAL®S(A=H,C-Z) 00001588

COMPLEX %16 AIMAX M) s BILMAX M) s SWAPJVEToPIVePIVIWCOWCLlPIVR 00001586

DIMENSIUN [PIVIN)s INOX(MAL42) 00001587

c 00001588

c CONSTANTS, INITIALIZATION 00001589

c 00001590
CINDCMALX( Do DV ¢ Ve 0 I) 000018591
CLaDCMPLX(1e0D0s0.000) 00001592

DET = C1 00001593

CAUM=1¢0D) 00001854

DO 20 J=1eN 000018985

20 IPIV(J) = © 00001596

DU %00 1=l¢N 00001597

C 00001598

C SEARCH Fuk PIVOY ELEMENT 00001599

c 00001600

CAVM=E )00 00001601

DO 10% J=1,N 00001602

IF (IPIV(J) +Ede 1) GO YC 105 00001603

DO 100 K=1,4N 00001604

IF (IPIV(K) = 1) 50,130,750 0000160%

50 CONTINUE 000016006

OR=DREAL (A(Jok) ) 00001607
DI=DAIMAG(A(JK)) 00001608
CAVAXDABRS{(DR)+DAB3(I1) 00001609

IF (CAVM ouEe CAVA) GO TC 100 00001610

IROW = J 00001611

IcoL = K 00001612

CAVM = CAVA 00001613

100 CONT INUF 00001614

10% CONTINVUE 00001615
IFCCAVM,EQeVsODI) GUL TL 720 0000L616

IPIVOICOL) = IPIVOICUL) + 1 00001617

c 00001618

C INTERCHANGE wLWwS Tu PUT PIVIT ELEMENT TN DIAGUNAL 00001619

C 00001620

IF (IRUW «FEQe ICLL) 6o TLU 230 00001621

DET = -DET 00001622

DU 230 L=1LeN 00001623

SWAP = A(IRUW.L) 00001624

ACIROWL) = ACICOL L) 0000162%

A(ICUL o) = SKAP 00001626
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s NaKa!

200

220
230

3%0

379

Jao

400

A4%9
500

=R 4¢]
700

720

750
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CUNT I nUE

IF (M LJLE. O} GU Tu 2832
DO 220 L=l M

SWAP = B(I[ROwyL )
BOIROWSL) = HOICOL oL)
BUICOL W) = SwAP

CONT ImuE

CONT INUE

INDX{1l+1) = [kUw
INDX{I.:2) = 1COUL

PIv = Affcut ICOL)
CAPVECOAUSI{PLIV)
IF(CAPYtWeO+D0) LU TO 220

Olviut *IvuT KUe 8Y PEVCT tLEMENT

A{TCuL o+l ) = (1}
PIVRz14,00/P1V

DU 3%0 L=z1eN

AUICUL vt ) - AL1CWL o ¥ VK
IF (M otte ) GO T s

DU 370 L -1+

BICUL o0 ) = {ICUL oL )P L VR
HEOVDUCY NUN=R VYT ey
CUNT InU!

W) 900 L1-1eN

I+ (LY ntde ICOUL) GU 1O %)

SWAR = A{L1,lCul)

A(LLleICUL)Y = €O

DL« 400 L: 14N

AL Lot ) = A(L 1ol ) ~ A(IL UL sl ) eHnAr
IF M Llt e 0) wa T Su0

DU 450 t -1 o™

BCL T+t ) = BlLTeL ) = BOICLEL oL )2 HmA
CONT INUF

INTERCHANGWE CUOL UNMNY

DU 70U [=1sN

L = N¢+i-1
IF CINOX(L 1} «FUe INOIXR(LsZ)Y0U T 200
IROwW = INOX(La1)
ICUL = INODX(L 4 .)
DU 690 kK= 1¢N
SRAP T A{RyInlin}
A{KslRuw) = A{K,.CUt )
Al ICHIL ) = LwAp
CUNT INM
CONT INUF
GU Tu 7%)
DEY - CQ
ISscAlL = 0
RE TURN
END
SUBRUJUTINE MXINv:  Doditt PRt ool un

SUBROUT INL MXINVE{Ny My MAX A}

oooolear
ododis28
20001029
00001630
00001831
00001832
00001833
000010634
00001638
00001630
00001637
00001638
00001639
00001040
00001041
00001042
00001843
000010644
00001048
000010486
00001647
00001048
000010649
000016350
000015651
000010652
00001653
000010654
00001058
00001L506
00001657
000018958
00001039
000010600
Q000106061
000010662
000016063
00001664
0000166%
000010666
00001667
000010668
00001669
00001070
Q0001671
00001672
00001673
00001674
00001675
00001676
00001677
00001678
00001679
00001680
00001681
00001682
00001683
00001684
00001685
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REAL MATRIX INVERSION wITH SOLUTION UF LINEAR EQUATIONS

CAVM s DABS(A(MAX))s CAVA = DABI(A(L,J))
CADM & DABS(ULETERM), CAPV = DABS{PIVUT)

anonh

1MPL JCIT REALSB{A-Mw=-2)
DIMEMSION A(MAX 31 ) A (150+1):1PIV(ISO)INDX(180,2)
IF(MuNELD) 0 TG 1
DO 2 1I=1l,M
2 8(lel)ave0
W TU 10
1 PRINT 1300
1000 PORMAT (¢ NU SUCLUTIULN oF LINFAR CWATIONS Is ALLUWED FOR IN
+ THIS VERIIUN UF MXIMNVRY)
S$TOP
10 CONTINUC

CUMSTANTSy INITIALIZATION

(s Xalal

C020,00

Cl=1,00

DET = (1

CADM=z | 00

DO 20 J=l.N
29 IPIV(J) = )

DU S00 [=1l+N

StARCM FUN PIVOT! ELEMENT

(e Nalial

CAVM=J 4,000
DU 139 J=1N
IF (1R lvil)) efde 1) Lu TU 1O%
Dt} 100 K=z]l4¢N
IF (120 vein) = 1) 23.10047%0
S CONT INUE
CAVA=DABS{A(JsK))
IF (CAVM Juf e CAVA) GU TL 10O
IROw = g
ICot = X
CAVM = CAVA
100 CONTINUE
13% CONTINUE
IF(CAVNFULU20DQ) G Tu 7.0
IPIVIICOL) = Iepviicnr) ¢ |1

INTORCHANGE Ruws Tu 3T IVl CLEMENT UN DIAGUNAL

2 NaXa!

IF (IRPOwW +EWe LLLL) T TL 24
OET = <0t 1
DU 200 L=1l!N
SWAP = A(lIkUnstl )
A(IRUweL )} = ACICOL 4L )
A(ICUL sL ) = LHWAP

200 CUNTINUJE
IF (M ot tw D) GU T 230
DU 220 L=1l.M
SWAP = OB{IRUwsL}
BOIROW L ) BICUOL +L)
BlICLL +L ) SKAP

LA ]

0001688
00001487
sooel1888
08001889
000014899
000014891
oo00ise2
00001693
90001494
00001698
00001696
00001897
0001698
00001699
00001700
0000t vo1l
00001702
00001703
00001704
00001708
00001706
00001707
08001708
00001709
00001710
o0v01LI711
00001712
a0001713
0Ud0iTis
Q0001718
00001716
00001717
00001718
00001719
00001720
ocool72i
o0oOol 722
Q0001723
00001724
00001728
00001726
00001727
00001728
00001729
00001730
00001731
00001732
00001733
00001734
00001735
00001736
00001737
Q0001738
00001739
00001740
00001741
00001742
00001743
00001744
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e

aon

aNalal

noon

220
230

3%90

370

R D)

A00

450
%00

690
700

720

750

200
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CONT INVE

CONT InuE

INOX(ls1) & [ROW

IMDX{1s2) = JICUL

Piv = A{ICULyICOH )
CAPV=UAdS(P(Y)
IF(CAPY.EQ«0:00Q) wU Tu 729

DIVIOL PIVIY KU BY PIVUT tLF@ NT

A(ICOLsICL ) = C}
PIVRs ] ,DO/P]¥

DO 390 Ls|eN

A{TCUL L) = A{ICUL L)SPI VR
IF (M JLEe V) GU Tu 380

DO 370 L=lM

BUICUL L) = BlICLLL)ISPIVR

RFOJCF NUN-RIVUT KUWY

CUNY INUL

DU %00 L Isl N

IF (L1 «tde HICCLY LC TL 100

SwAP = A(L1,lcOL)

A{L L ICLLY 3 CO

DO 400 Lsl.N

AL LsL ) = Al lel) - AfJLLL oL )? 5mAP
IF (M Lts 0O) U 13 530

D0 450 L=1.M

BILI+L ) = BlLISL) ~ BCICCLIL)*SMAL
CUNT INUL

INTE ~CHANGE CULJUMNS

DU 703 [=1.N

L = N#l-1

I CINDX(L s1) et Qe INOX{L 4'))GL TU 722
RO 2 INOUX{L,1)

1COL. = INDX{(L+2)
DU 690 K=1«N
ODWAP = A(K, {kw)

A{KsIRUK) = A(K,q ICLL)

A(Ky ICOHL) = SwA?»

CUNTINUF

CUNT INUL

GU Tu 750

pEr = 0

ISCALEF =

KETURN

FND

SUHRLUTIAL MXHROD(A p 390 aNTAGNTUeNIAJMAXAMAX U ¢ MAXC )
REAL #3 AsH3,( s

DIMENS LN AIMAXAGL) gt (MAXtIe L) e CIMAXCel JoD{1DD)
Du 130 I=1yNIA

DU 290 J= 1 NI

D{J)=Ue)

Du 203 KK=l NIin

DEJI=DL IV rA( Tk ) EITIKRK 4 J)

CUNT INUE

00001748
20001746
000LTAT
00001748
00001749
00001780
00001781
ooaQoL1782
00001783
00001784
oonoi1780
00001756
00001797
00001758
00001799
Q0001760
00001761
000017062
Q0001763
00001704
00001708
00001760
00001767
00001768
00001769
00001770
00001771
ooootr7a
00001773
00001774
00001775
00001770
0Qoo01777
0000 778
00001779
00001780
J0001781
00001782
Q0001783
33901 784
0000178%
710001786
o0001787
00001788
00001789
00001790
00001791
00001792
00001793
00001794
00001795
90001796
00001797
00001798
00001799
00001800
00001831
oooo1802
00001803

.
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100

100

100

100
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DO 333 JsleNJN

Clisd)mDl J)

CUNTIMNUL

®E TURN

FMD

SUBKROUT I Mt MEXADODIAIBsC s MNJANIMARA MAXA MAXC )
REAL*Y A H,C

DIMENSIUN A(MAXAs1 JoeH{MAXU 1 )sClMAXC 1)

00 100 Is1.MNlA

0Q 103 J=1oNJ

Cllediaallasdled{led)

RE TURN

END

SUBRRUUT [Nt MASULLA B eC s NTA NI NAXA  MAXH s NAXC )
REAL 8  Aobt o C

DIMENSIUN A(MAXASL) sLIMAXE 1) s CIMAXC,y] )

DU 13) I=1«NIA

ou 103 Jsl,NJ

ClIod)-A(led)-BLT,J)

RE TURN

ENO

SUBNCUT [Nt MXSCALCAs s CoNIHeNI~ NAXAMAX, MAXKC )
KEAL®S Aytd 40

ODIMENSIUN wH{4AXBR 1)y C({MAXC 1)

[8]¥) 120 =] oNIBY

o ] 123 Jal aNJB

Cllosd)zAnd(14d)

RE TUKNN

tND

END Uf JUHB. CONOTITIUN CUDE wA> ]

00001808
00001860
00001800
00001807
00001808
00001809
Q0001810
00001ibil
00001812
000018123
00001814
00001818
000dQtale
ooouistL’
ccoo1i818
20001819
00001820
ooocois2l
00001822
00001823
00001 824
00001825
cv0J1820
0oo00l1827
goo001828
o0Jo182¢%
goo00t 30
00001831
09001832
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DASY CONF IGURAT [ON AT Mu0.9.,DATA PFOR SUST OFT. CALCULATIDNS,

ACADH
N PeNCe
s 1 9999999999999 9997 .
Ne= leNLe
&END
4687
NMASSs J,01980000000000007
«0 .
o0
o0
o0
]
0
e®
«0
0
o0
«2060999999999999980-01
«0
+0
0
0
0
o0
0
o0
«0
)
«0
Y]
+0
«0
«0
+9080000000000000480D-02
«0
«0
«0
«0
)
o0
0
0
«0
o0
«0
«0
0
+«0
o0
» 1551 99999999999999D~01
«0
0
«0
0
0
.0
-0
«0
.0
o0

@ & @ ® 8 O @ 8 ¢ ¢ 6 @ ® 4 " o ¥ W A " 8 S ¢ O O O & ¢ O O ® ¥ ¢ O O g W S * S 9 O ¢ 0 4 ¢ % S s e v

2+ MAERS Q.8 L100000000000000006 *

+300J0000000000000) .
4

o0
«0
o0
«0
o0
0
o0
«0
0
o0
o0
«0
0
«0
0
¢ 3389999999999999940-~01
o0
o0
«0
«0
«0
0
«0
«0
0
=0
«0
+ 0
«0
«0
e0
«120499999999999999Nn-01
«0
« 0
o0
«0
«0
0
«0
«0
«0
«0
«0
20
«0
o0
0
0
o0
«0
«0
0
«0

S @ ¢« 6 % & 8 & 4 @ & % ¢ 4 4 & 9 6 6 & % U & O 4 4 % € ¢ 6 € 4 ¢ G 6 8 % ¢ @ ¢ © 4 ¢S ¢ 2 6 S & ¢ S e

R L asaadadaa i dg ) ) .

138998,0000000000000
«0
«0
«0
«0
0
o0
Y-
o0
»0
o0
.0
0
e
0
«0
+854626¢99999990999997D-01
«0
0
«0
«0
0
«0
7
0
+0
0
« 0
0
0
.0
«0
«+1630999999999999980~01
.0
«0
«Q
0
«0
«0
0
«0
«0
0
«0
«0
«0
«0
0
o0

O.‘.‘.C.‘..‘CQ-..“IC."‘.‘....‘..-.'O-..‘..‘O".'.“




-y

L A o R ) AN a7

o0
34.93%10000000000008
119 809999999999999
o0
0
11496.0000000000000
8.19750030600000006
o0
6.58699999999999994
o0
CREFE= 13.342999999999999
1.00000000000000000
«0
0
«0
46.2800000000000011
«0
«0
0
«740000000000000008
0
o0
0
+229999999999999996
ot
«0
0
e 2799999999999999G9
«0
«0
«0
~+450000000000000001D-01
o0
o0
«0
«100000000000000006
«0
=0
«0

B % @ W M M e % e e @ % 4 S S W e e e A6 e @ e e e e ” (6 S 9 G S e S S s ¢ @ S O S G & O S G ¢S e eS¢ e T o0 ¢
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0 » o0 »
- v 0 *
o r o0 .
0 e o0 .
0 * o0 .
0 v o0 .
0 ¢ o0 .
0 ¢« o0 .
Y ] » Y J *
0 ¢ o0 .
o0 e o0 .
0 D) 11} .
o0 s o0 .
o0 . »0 ’
«0 s o0 .
o0 . «0 .
*0 . 0 .
«0 v oD ’
0 [ 0 .
«0 . «0 ’
o0 ¢« o0 .
OME GANSs «0 .
9.94100000000000006 . 3148%A9Q099009999084 v
%50.28540000000000013 » 86.30799099999999998 .
127.980000000000000 » +0 .
«0 . o0 s
+0 e VFLN
BYRANSs B.19700000000000006 .
0 v 0 v
«0 eCTRANS
0.5%0699999999999994 » Y] »
o0 » o) .
viW= 100000000000200000 v
1.00206000000000000 . 100000000000080000" .
o0 . «0 .
0 . «0 .
o0 . 39.7199999999999989 .
39,7199999999999989 . 86.2R00000000000011 »
+ 0 . 0 .
e 0 . o0 .
0 . 6390999999999 Q9QQQ .
« 6399990999699 99999 . «7TAQ00000000000000% [
« 0 ’ 0 *
«0 . «0 .
o0 v ~+47999699999G9999998 »
-+ 479999999939 999998 . «22999999939999999s v
«0 . »0 !
.o * .o L
« 0 v ~«5099999G999999999% »
-2 R099999YICQI99Q0HH . +279999999999999999 .
«0 » « G .
0 * «0 .
«0 s —«360000000000600001 »
-+ 36000000MDQO0GHOO01 » ~+4%000000000000Q0001ID~01
o0 ’ «0 ’
«Q ’ «0 N
«0 ’ «360000000000000001 .
«360000000000000001 ' «100000000000000006 *
«0 » «0 .
«0 . « 0 .
0 . «200000000000000004D~01,




-

~o R20000000000000001
0
]
.0
D
')
0
«0
«0
30
"
0
0
0
.0
«0
0
o0
»0
0
«0
0
)
«0
.0
o0
«0
+0
1«0000000000Q00000000
- 1+22999999999999998
«0
0
«0
«0
o0
o0
=0
0
O=  5,00000000000000000
77.9200000000000017
«0

36, 9699999999999989
0, O,
&END
AFY
NK= 100 AK= L0

«100000000000000006

« 399999999999999994

+ 599999999999999997

«0

‘o

o0
MAXNK = 20 4 NPRINT=
JRIGID= 1
&AEND

3!

L]

* 4 @& w 9 ¢ @ ¢ e © % 4 & ® 8 & A B G & "W GG Boe

® % & @ © ¢ & w e ®

* @ % 9 e e

s  «2000000800000000004D-010 20V VONNNOMIVION
s 0 ¢ o0
s oD v 0
¢ o0 s+ ~e1000000000000000020-01%,
v =«1000000000000000020~-01,y ~o220080000000000001
v 0 v 0
v 0 v o0
’ 'Y ’ «0
s 0 s 0
v+ 0 ’ o0
s o0 +» o0
" «0 » 0
. 0 . «0
’ «Q . 0
» o0 . «0
’ 0 . 0
. o0 . 1Y
. e 0 ¢ o0
L ] '° .°
’ «0 ’ 0
A J .o 1 ] .o
. Y » o 0
] .o ] .o
. 0 . o0
] .O L ] .o
. o0 * 0
. « 0 ’ 0
. «0 ’ 0
’ «0 + o0
. o0 * +0
* .o [ ] .°
» «0 vIRNEF =
. 1 «0000000UL 3230000000 v ~38,19999969999N99Q]3
. «0 N «0
. 0 . 0
. «0 . o0
. 0 N 0
[ « 0 ’ .0
. o0 . 0
. «0 ’ 0
’ «Q . «0
. «0 ’ «0
e CLR= 774920000000000001 7 .
’ «0 » +0
' «0 (TR
2 WR= 100.70030080000000390 «NTIF= 1s
o 29 Oy OeNCACT =
[} «500000000000000002D0-01,
. « 199999999999999997 v +2300000000000000003
. «%00000000000020000 s #6000002000190000006
’ «8001)00N00000000003 » +0
. «0 . «0
* «0 + 0
. =0 ’ «0
0« NPUNCH= 0, IRIGID=

2




.

X1ty x(1) x2(1)
0«0 4.,800000D0400 B.000000D¢00
640000000401 7¢000000D+01 1 «.500000D¢02
5. 0000000- 01 9,000000D~01 10000000400
0.0 9.100000D0-01 B.000000D¢00
6.0000000401 12000000402 1.500000D402
$,000000D0-01 6,0000000-01 19000000400
0.0 000 0.0
o'o o.o 000
0.0 0.0 0,0
00 (: P 0.0
%0 060 Ce0
0.0 0.0 0.0

LENGTH= 3,000000D0404

ePBll)

10000000-0%
1.0000000-0%
1000000003
1000000D0~-0%
1.000000D~05
1000000003
0.0
0.0
0.0
0.0
0.0
0.0

NF= 30 FAEGIN= 0.5000000400 FEND= 0.400000D+402

s M=0 090

NV=12 NPR= O NDOR= |
ETAl= 5,000000D-13 PHI= 1 ,0000000-04
NONACT= 6 NVACT= &
THE NON ACTIVE PARAMETFRS NA(I)
(4 8 9 16 i1
12
Ww= 1.000000D0400 W¥= 1,000000D+00
INITIAL (INPUT) VECTOR DRVII)
1.0000000-04 1.0000000-04 1.000000D~-04
1.,0000000-04 1.000000D0-04 1,000000D0-04
1.000000D~-04 1,0000000-04 1.000000D-04
FMiN= 5,400000D04¢00 ETA= 1.,000000D0-09
ITMAX= 8 [we T
INITIAL GRADIFNTS VECTOR G(I)
“0e 7624 75D0~01 06245%235D-21 0.564522D0-01
0.65802020-03 ~0,109930D+00 0.0
0.0 0.0 0.0
FINAL GRADIFNTS VFCTOR G(I)
0.125833D-014 04228779001 ~0.549770D+30
0292766012 04290%090-12 0.0
0.0 Q0 0.0
IEFRR= 4 [TERATIONS PERFORMED= 9
FUNCTN= 6.371400D+00
OPTIMUM VECTOR X(I)

50000000400 6.000000D0+01 6.845296D~01
1199568D+02 1.,0000000400 0.0

1.000000D-04
£t «000000D-04
1.000000D-04

0.670478D~01
0.0
0.0

Qa0
0.0
0«0

0.0
0.0

MRV 3|
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M I U 1A APy .

-

il

b, e T

s

0.0 0.0 0.0 0.0
xXFeL) DEFLN(I)eavcene PSD(I)
3.141593D+00 1,2884640-03 0,0 4.,0363420~-02
11414480401 1.1%842%50-01 0.0 4,7531160-03
19687310401 2.5162820-01 0,0 1,9173010-03
2.796017D¢01 8.,5377890-01 0,0 1.0686500-03
3,623304D¢01 6.,160991D-01 0.0 6.938318D~04
804508900401 5.3479930-01 0.0 4.925078D-04
5.277276D401 4.8080817D-01 0.0 3,7069580-04
61051620401 4,728004D-01 0,0 2.9082100-04
69324480408 4,767706D-0% 0.0 24353133004
Te739734D401 4.9369049D-01 0.0 1.950061D-04
8.3870200401 %.316343D-01 0.0 1.6471104D-04
4143060401 S.771354D-01 040 1413021D0~04
1.024139D0+02 6.1788310-01 0.0 1227960D-04
11068880402 6.18%5298D-01 0.0 1.078842D-04
11896160402 %,%27550D0~-01 040 9¢B6T233D-0%
1e272345D402 4.4881240-01 0.0 8.5531000-05%
13550740402 3.4998000-01 0.0 T« 700648005
104378020402 24721794D-01 0Ge0 649764390~ 05
165203310402 2.1409770~01 0.0 6.3%553670-0%
16032590402 Kke 7071 770-01 OCe0 5.8182610-08%
1.685986D402 13767060-01 0.0 %5.35%50269D-05
17687170402 1.1180570-01 0.0 4.9397250~0%
1.8514450+02 9.090681D-02 0.0 4.577362D-05
1e934174D+402 7.329973D0-02 0.0 4.255733D~0%
240169020402 $5.738629D-02 0.0 31.968796D0-0%
20099631D+402 60030754D-02 040 3.711608D-05
241823600402 5.602714D-02 040 3.480086D0-05
2.265088D%02 3.98797°D-02 0.0 3.2708350-05
2+347817D+02 3.2433%.0-02 0.0 3,081013D0~05
2.430546D0+402 3.,0212800~02 040 2.9082230-08
25132740402 3.310507D0-02 0.0 2¢7%504330~05
DRMS(I)= 1,0R4848D~-01 0.0

XF(1) DEFLNR(I)evracae PSD(L)
3.141593D400 4.047829D~02 0.0 4.036242D-02
Leld14ASD01 14322278D+00 0.0 4,7531160~-03%
19687310401 4.,9538R3D¢0% 0.0 1.9173010-03
2.7T96017D+01 1.548375D+01 0.0 1.0686500~03
3.623304D+401 2.232314D+01 040 6.938318D-04
4.453590D¢01 2,380172D+01 0.0 4,925%075D-04
$5.277876ND401 2.5802%70401 0.0 3. 706958004
61051620401 2.,886523D+01 0.0 2.9082100~-04
609324480401 3,305188D+401 0.0 2+353133D-04
Te759734D401 3.8558%500+401 0.0 1.950061D-04
B8.5R70200+401 4.565326D#01 2.0 1.647114D-04
94143060401 5.433330D+401 0.0 1.4130210~04
1.024159D0#02 6.328107D+01 0.0 1.227960D~-04
1.106888D4¢02 648464310401 0.0 1.078242D-04
1.189616D402 6.575664D+01 0.0 9.567233D-05
162723450402 5.710443D+#01 > 84%5531000~05




135%5074D402
14378020402
1.5205310002
160373590402
1.6869808D402
1.768717D0402
1.8518480402
1.9341T74D+02
2.0169020¢02
2.099631D¢02
2.18236000402
2.26%50B8D4+02
2.347817D402
2.430546D¢02
2.%132740402

DRAMS(I)= 63714000400 0.0

XF(1)

341415930400
1.1414450401
1.968731D+01
2e796017D401
3.623304D401
4.450590D401
5.277876D+0 1
6.105162D¢01
6.932448D+01
7+759734D401
8.587020D+01
9.414306D401
1.024159D+02
11068880402
1.1896160402
1.2723450402
1.355074D¢02
1.437802D402
1.520831D402
1.603259D¢02
1.685988D402
1.768717D402
1.8514450402
1.934174D402
2.0169u2D0+02
240996310402
241823600402
2.2650880+02
2.347817D402
2.430546D402
2.513274D402

4.742486D+01
39134020401
3.28854220401
2.737047D401
23211100401
1.9775270+01
1.683090D+01
1e41T7T744D¢01
1« 157423D401
1.2662360D+01}
12227140401
9.033005D+00
T7«614798D4+00
7. 3433370400
8.3202110+400

0.0
0.0
00
0.0
0.0
0.0
0.0
0.0
0.0
0«0
0.0
0.0
0.0

0.0

DEFLNZ2(I)enensne

6« 700890D~08
6.378432D0-0%
14213973004
3277239004
2.633634D-04
1.408622D-04
B.8598270-05%
6.501018D0~05
Se 348912D~0%
4.814983D~05
84.65%6720-05%
4. 706565D0-05
4,6881000~-0%
4.,127425D~0%
2.9231540D-05
1.7228730-05
9.4322140-006
5,168260D0-06
2.913162D-06
1.695705D~06
10140A470D-0¢
Ge 174916D~-07
3. 782754D-07
2.286541D0~07
1,3069990~07
1.3499120-07
1.092413D-07
5.201792D~08
3.2410220~08
2.654664D0~08
3.014324D-08

DRMS(I)= 1.084848D0~01 0.0

XFC1)

DEFLNR2(TI)esnvsces

0.0
0.0
0.0
0.0
0.0
0.0
el
0.0
0.0
Qel)
0.0
el
Oe0
0«0
0.0
040
Q.0
0.0
0.0
0.0
0.0
N0
0.0
0«0
0.0
Qa0
0.0
0«0
0«0
0«0
0.0

341415930400 6,6513514D-07 0.0

T« 700648D-03
6976439003
6+ 366367005
8.08182610-09
S.350269D-08
4.9397280-08
4.5773620-09%
4,2585733D~-08
3.9687960-05
3.711608D~-08
3.4800860-05
3.27083%50-05
3.081013D0-0%
2.908223D-0%
2.750433D-0%

PSO(I)

4.0363420-02
4.7531160~03
1.917301D~03
1.0686%50D~03
6.938318D~04
4.92507%D-04
3, 7049%8D~ 04
2«908210D0-04
24353133D-94
1.9500610~04
1.647114D-04
1.413021D-04
1.227960D-04
L.0788420-04
9.%67233D-05
Be5%31000-05
7T.,700648D-0%5
€ .9T7CAIYD~-0%
64355367D-05%
%5.818261D~05%
5.3%02690-05
4.,939725D-05%
A,577362D~-05
B,2%5733D~-05
3.96R7960-0%
3.711608D-05
3.480086D~-05
3.27083%D-05
3.081013D0~05
2+908223D-0%
2+750433D0~09

PSD( 1)

4,036342D-02
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F

oadtiad

AR YOO O Mg

1eld1045%De01I
19687310401
2790170001
3J.623304D001
.430%90D01
S.P277876D¢01
6«10%1620¢01
69328000 ¢00
Ta7997340401
B.45870p0D¢01)
Des143060001
10241860402
lelNGBBAND2
1.189616N¢02
12723450002
e 1I8RN740¢02
1L.4378020¢02
1.520%31D¢0°2
Le6D3I2RINC02
1.68%988D¢N2
1o 7627170402
t«eB%144%D¢02
1493017404722
2.016902D89°2
2.099631D¢0°2
2.18B236CD¢02
2. 26%2880D4)2
23478170402
PRY I LY Yo o % P4
2.5%132740¢)2

IRRMS{I )z ¢,771400D0¢00 1.9

8,3108430-0)
4,70%28)0-02
2.5620520-01
3. 4875210-01
2.7901630-01
2.067994N=-01
2.4231264D-01
2.57062%50-21
2.08992690-01
J. 4329490~ 01
4.,1713880-01
4.9173%8D-91
%.0%6924D-01
4.13¢8100-21
2+ 789094 0-01
1.731966D-)1
1.06.84220~-0)
6.73%2720-07
e, 3%870AD~02
2.8824840-92
1e930735N-02
1.296671N-02
B8.5%40170-0)
%e31¢7340D-03
5.9%1019D-03
%+ 202R290-01
2+.66P3A80D-21
1. 7TR6%300-21
1eB%€RA2H7D- D1
19040120~

Q0
Q2.0
0.0
0.0
0.0
0.0
0.9
0.0
0.0
0.0
0.0
0.0
0.0
0.0
N«0
i).o
2.0
OIO
0.0
0.0
740
0.0
Cs0
0.0
')-o
Ne0
‘,‘:1
e 0
le©
).o
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4.7931160~-0)
1917301D0~-03
1.,0686800-0)
6.9383180-004
4,9230780-04
3 7TNH9B8D-04
2.9082100~-04
2333133004
1.9%00610~04
1647114004
1.4130210-08
1.2279600~94
1.0780420-~04
Q.R07233D-0%
M.5531000-09
7, 7000880~
CeGTOAIIN- IS
6,3%%3670~-0%
S, BLIA2A]1D-0%
%e3%02¢90-0%
A,93972%0-3%
A 5TT7362D-05
4,2%57321-97%
T IRRTIED- 05
3.71160PN-0%
3.4R0086D-0%
327082800
3,0810113D-9*%
24928223D-)%
2.7504330- 2%




ITERNS

OCPNORPUN-

FOPY

6.,636445D+00
6,608625D¢+00
6. 3805600400
6.%5%419004Q0
6.8378%580D¢00
65311530400
6e530286D¢00
6.471208D¢00
€e37140004¢00
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GMA X

1099297D-01
24473027001
1 .42229860-01
3. 73075%0-02
1.%5792430-01
4.176370D~02
2:3449890-02
%.497702D-01

1GMX

W VP WLd WD

OFL MAX

1.099297D-01
9.769%780-02
14539202D~010
14933440-01
?.4716088D~-02
Ge2297360-02
2.5778%20-02
3.3%52684D0-02

1DMxX

NN O=RD

FLOWESY)

2.097215D+00
17348080400
14792360400
3.0223190¢00
3.19%68000+00
2.4924770~01
1.7050480402
1 «390840D402
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APPENDIX G
INPUT/OUTPUT EXAMPLE FOR GUST SENSITIVITY PROGRAM

The source 1isting of the program is identical to that of the gust
optimization program. The operating instructions given in Appendix B
indicate which cards need be deleted or replaced together with the
required changes in the data.

The example chosen relates to the same DAST configuration (M=0.9)
chosen for the gust optimization example, All the data required (except
for the aerodynamic coefficients which are identical to the ones used in
the previous examples) appears in the output. The control law used is
based on the L.D.T.T.F. and it employs only three control variables. The
sensitivity of these 3 variables is tested herein. Note that the array
NA(1) involves 9 control variables,

The varfation of URMS(I) (= &. S) and DRRMS(I) (= 5. ) with

i,rm i,rmS
the control variables is printed in the output and is supplemented by
plots illustrating this variation.
[t is important to note the following points:
1) Reference to X(I) in the plotted output implies reference to
the active X(I) array.
2) In studying the sensitivity of the resonse to the various
control parameters, one should remember the constraints
imposed on the control variables during optimization. This is
important since a control variable lying on a constraint will
not necessarily exhibit a minimum type variation during the
sensitivity studies.
Note that all the control deflections are given in degrees per unit

gust velocity. The plotted output shows labels which appear to be
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displaced. These displacements reflect transient diyvficulties

encountered using a new plotter znd they do not originate from the

programs used.
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OAST CONF IGURATICA AT Wu0.9+0ATA FOR GUST SENS. CALCULATIONS

CASE
Nhs L 1Y <
e 19694956455 99999099997 .
Ngs feM=
4ENC
46587

AMASSs J,01980000000000007
«0
«0
0
o0
o0
o0
o0
o0
o0
o0
02060995959599659%80~01
o0
o0
o0
«0
0
«0
«0
0
o0
o0
0
o0
o0
0
o0
+80800000000000006400~-02
e0
o0
o0
o0
o0
o0
0
0
0
o0
0
o0
o0
«0
oG
e 1851998655665665$50-01
o0
e0
o0
0
o0
0
0
o0
0
o0

® & ¢ ® 0 % ¢ ¢ ¢ O 6 G © O G Vv Vv O ¢ ® OO 6 o0 G O O O & OO O ¢ O G O O O O G ¢ 9 ¢ o6 O ¢ v GO

2o MAERs Oellm  100000000000000008 ’

+360000000000000003 ’
[ ]

o0
o0
Y :)
Y}
s 0
0
eC
o0
o0
o0
™ ]
]
o0
Y <]
0
01389999999999999960-01
o0
o0
«0
o0
o0
0
o0
o0
0
o0
Y]
0
0
s 0
o0
012049999599989998%0-0
o0
o€ .
o0
o0
oC
o0
e0
'Y )
o0
0
)
0
«0
0
oC
0
o0
)
«0
0
oC

* ® ¢ @ ® ¢ v ¢ & 9 ¢ ® ¢ 0 e T O O © 9 o ® ¢ v % ¢ O G ¢ O O O O ¢ O O 9 O ¢ ¢ O G O O " O g ® 9 G O GO

39999999995 9999994 .

[ ]

20
o0
o0
0
13698,0000000000000
o0
o0
o0
0
«0
o0
«0
o0
0
o0
o0
0
e0
o0
o0
e B546299998999699997D~01
o0
o0
o0
o0
o0
«0
o0
*0
o0
)
0
o0
o0
«0
0
e 163099999959999998D~-01
o0
)
«0
o0
o0
«0
o0
e0
o0
0
0
*0
0
0
0
Y]

® @ ® @ 8 @ ¥ 6 ¢ 9 6 g & ¢ O O U S ¢ 6 O ¢ & O O 6 " 9 4 O O O T G e W O G 9 b VS O O 4 O 6 O 9 S & o0
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1Al
o0 s o0 s o0 .
@ o o0 ¢ o0 v
0 o b s o0 »
0 s o0 » 0 .
™ ] e of * o0 ’
) » o0 ¢ .0 .
0 s o0 'Y ) N
-0 s o0 v o0 .
0 e 0 ¢ o0 v
') s o0 » o0 ’
o0 s o0 » o0 .
o0 e o8 s 0 ’
0 o o€ o o0 ’
0 ’ «0 o o0 *
o0 v o8 s o0 .
o0 o o0 o 0 ’
0 » o0 » o0 »
Y] s o0 . 0 .
o0 e o » o0 .
Y ) s o0 s o0 '
«C s o0 s o ’
«Q «OMEGAMN= o0 »
«0 ¢ 92%4100000000000006 o J1,85865995959999986 N
J4.96100000000000086 o B50.2640000000000013 v B84,30799%9949SUGYSE *
115.809585555559999 o 122.9820000000000000 v 0 v
20 . 0 v «0 N
o0 . «0 +VEL=
11496.0000000060000 oBIRANE B8,197000000000000006 '
8+.1872€0000000000C00¢ . «C ¢ o0 '
«0Q . «C sC 1RAN®
Go88¢€59555545968596¢ o €.5865999599989665%4 ¢+ o0 N
o0 * o0 N o0 s
CREFs |3,5429999495999999 s2ux=  1.,00000€8060600000C0O .
1.00000000000000000 e 1.00000000000000000 e 10000000000000000) .
o0 s oC . 0 *
0 . el . «0 *
o0 . «0 . 39.7199S99999G9$90Y »
46.,2800000000000011 s 3671569999699 945589 o 46.28000000C0000011) .
0 . eQ s 0 .
«0 . «0 . «0 s
+0 s 0 . ¢ 639999999 YOYIYRYIY .
«740000000000000G0S v 0€I956599698965995S » +740000000000000005% .
0 s o0 v 0 ’
»0 . o0 ’ o0 v
«0 o 0 + ~e47999949999998999%0 v
022999969S599999996 ¢ ~e476959999989G999G6 v ¢2299999959%9%999%6 .
«0 . e0 . X '
0 . «C ’ 0 .
oC . e 0 ¢ ~eS509999G990GG6G96955 .
227959655S5G559865999 o ~eB09959996999999995 ¢ «279999949999999999 *
.o . .c L .o v
«C » o0 . 0 ’
] ¢ O » ~e3€0000000034030001L .
«480000000000000001D-01s ~¢360000000000000001 » =e45%0000000000000001D~-01,
o0 . 0 ¢ <0 N
0 . o0 » o0 .
«Q » 0 ) ¢3600000J0000000001 *
«1000C00000000000006 e «32600C000€000cC00001 s «1000000600000Q0LO006 ’
0 . 0 ’ ) .
«0 . «0 . 0 v
«Q * «0 . 0 2000000000000000040~-01,
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« 2000000000000000040-01¢ +289999999999999998 v

«2899995999999599998 N
; Y o o0 s o0 .
: -] s ol * o0 .
0 s 0 ¢ ~¢100000000000600082D-01,
. ~e2200000068000000001 s -e100000000000020002D—~01, -.2R0000000000000001 .
0 o o€ s 00 »
‘ Y] o o0 e 0 ’
! o0 o o0 o o0 ’
! 0 s o€ s o0 .
0 o 0 + o0 . .
o0 s oC ¢ o0 ’
-] Y ) s 0 .
0 s o0 » o0 ’
'Y s oC » 0 .
0 » o0 » 0 .
0 ¢« o0 » o0 .
o0 ¢ o0 v 0 ’
o0 o oC v o0 N
0 . «0 . o0 .
Y} . o0 0 «0 .
«0 . «0 . «0 .
o0 . o0 s o0 0
o0 ¢ o0 ’ 0 .
«0 + 0 ’ «0 *
0 . Y v 0 .
o0 . «0 [} o0 .
o0 s o0 . o0 »
0 * o0 » 0 ’
«0 + <0 s+ 20 N
o0 s 0 » «0 ’
Y] ° oG . 0 M
o0 . «0 vZREF =
100000€000C00R0000 s L100000000009000000 v ~38.199999996999$993 .
~1 0229895555 555656¢¢8 o of » 0 .
‘o L .o L ] .o E ]
\ 0 s 0 Y .
0 ¢ 0 . s 0 .
0 . 0 ’ «0 .
e0 v 0 . o0 ’
Y e o0 . o3 »
«0 s 0 s o0 .
0 ' U ] 0 .
U= 8,00000000000600000 oCLbim  77.9200000000000017 .
77.9200000000000017 3 0 » » 0 .
0 . «0 oL TR=
JEe 5865566856555 998H9 sBR= 100.,0000000000000Q030 oNTE= [
O O Cs Oy OeNCA(T = H
4ENC
- Akl
NKm 10eAK= L0 s ¢5000003000000000020-01+
«10000000004000000¢ o ¢15686S996999999497 * 300000000000000003 .
3 «3955S95999599999%4 e «8%60000000000000CCO s «000000000000000006 .
E 8559559955 65S94967 e «800000000000000003 s 0 ’
;% .O » -O ] 0 .
E‘ «0 . ) . «0 .
=, «0 . o0 . «0 .
MAXNKa 20eNPRINT= O« NPUNCH= QelRIGIC= 2
"w JRIGIC= 1
4 LENC




14

o she o R P N N,

xids)

30000000000
90000000001}
7.0000000-01}
Ce«0
600000000018
$0CC0000~01
0e0
Ce0
Ce0C
C.0
Ce0
Ce O

Kdi)

$.:0000000000
6+.000000D¢01
$.0000000~-014
0.0
1.200000D¢02
6.0000000~-01
6.0
OeC
Ce0
0.C
0.0
0.0

LENGTF= 3,000000C¢Ce
NF= 30 FBEGIN= 0,80000800¢00

2Mx 0450

ANvs 12 MFFs O

MCE= |

143

x2¢1)

6.0000000000
74000000000\
10000000000
Ce0
1.8000000¢02
10000000¢00
Ce
0.0
6.0
Ce0
0.0
0.0

erscl)

$0000000~-01
8.0000000¢00
$0000000~-02
0.0
10000000~08
140000000~-08
00
Ce0
0.0
0.0
Gel
0.0

FEND= 0.400000D¢02

EYAl= 85,0000000~13 Phi= 1.,0000C00-04

MCNACT= 6§ AVACTE 2

THE MNUN ACTIVE PARAMETERS NAC(L)

“ £

S 10 11
wLs 1,0000000¢C0

7 8
12

wW¥= 1,0000C0D+00

INIYIAL LEINPUT) VECTCR Dhvil)

1.00060000~04
1.0000000~-04
1,0000000~-04

1.0000C00~04
1.0000000~0s
10000000« 00

1.000000D~ 04
1 +0000000-04
140000000~ 04

FNIM> 5,400000D¢00 ETA= |1.,000CC0D~09

ITMARS 8 fhx

VsneX{ LD)oCAST M30.90UYNSPRESS= 2,0

C«J000C0E¢C]
0+500000E+C1
DRIMS(1) FED
Ce810758E~-01)
CeS7408%€~01
VARGX( 1)eLAST
Ce300000E+¢01
0«800G0C0E+ 01
CRFRMS(1) FSD
0«6833673E¢CI
CeBGI20€2E+CI
VAR X( 2)+CAST
C«S000C0E*QL
C»7000C0E® 0z
DRIS5(1) FSO
0«102940E+00
CeSA45SSE~C)

(o}
0.380000E¢01 Ce400000E®O)
Cat500C0ESCH C«&UCOOQUVE+ QL
Ce E4SSS0E-01L G«851183E~01
OelOLAESE+CY C108451E+00

Mz cYODYN PRS2 S0
0e350000E¢01} 0+400000E+01}
0+£500C0E+01 C+€E0CO000E#+ 0L
0+642680E+01 0 +630B40E+01}

Ce€313€IE+QL

0631239E¢01

M20 YODYNPRESS= 8,0

0.5500C0E+02

Oe997592E~01)

0 .600000E¢02

0+4974055E~-01

1«0£00C00-04
10000000~04
10000000-04

0450000E+01

0+9327835t-01

Cea45000)E ¢01

0.623680E¢01

Qe&50U0VE+02

06%6503E-0Q1
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T S

VARGR( 2)+CAST
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