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Freface
This study investinsates tlie vse of active conurnil
for ailrcraft landins gear to minimize runway irvvnosed vih.
ration. The optimal control appros-n 1o faken, with bhath

the (l-cos wt) bumwp and runvay spectr-l donsity
considered for inputs to & two desnrce of fraado. Linsar
landing gear model. ‘The conjurete grodtent nurorics
technique is used for prohle solution,
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-The purpose of this Lhcsie is to 1nvest irpste the use

of active control on alrcraft 1413 re gear. The problen
of viﬁration isolation 1s ‘considares using the optimal
“control approach to establish the_controi forece nedessary
to mlnlmiée runvay imposed v1bration. 4 two degree of
freedom linear 19nd1nr gear model is considered, and both
~the (l-cos wt) bump anﬁ an squivalent deterministic input
derived froa runvzy spectra, ure uned o5 "ert‘czl forcineg
‘funcfion'inputs tc the madel., An integral squere cost
function is formed with t%c 1ntegrend consisting of the

absolute- accele*a*ion of L e 2ireraft sguared, plus a

. I/I
wel ?.'ht"“f fantar fimeec +he nobuntor Zonizol Suioc Syuaicd,

”he ‘conjucate gradient tech-ique is used for numerical
solution of the problem, | |
Results indicate that considerable improvement in

l
vibration 1solation could be sained with the actlve>

control landing gear system'over ;heAp;esent paéSive<
systems for.most paved rungay surfaces. Tt 1s.£eeom-
mended that further study be made with a nonlinear
landing cea*_model and also with tne relative displacement

-

of the model added to-the cost formulation.

.

viid
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Active Control For

o hircraft Landing: Gear

,/ ’
/

/ I. Introduction

Backeround

whenever alrcraft meke contact with a runway,
whetherf}f be taxiing, takengff or landing, they are
subjected to %any structual ztresses and strains. These
stresses and ctr~in3 on the air{r=-e are czused by forces
transeitied throuih the shock strut or landing gear by
1mperfcctiohs In tha Yoy ;crface. The larze, heavy,
flexible, sirplones, such 2s the €141, 352, and C-5i, in
prrilcular present unigue problems of structusl fatig%é
becausz of thelr ccabinatlion of increased size and |

increased structunl flexibility. When a B52 moves over

a run¥nay the winiis move up and down in an oscillatory

e motion due to the bumps and indentations in the runway

v

%uiface, and/although less noticezble to the observer,
\\» “ ‘ / . .
the entire airframe of the alrplane 1s subjected to these

same vibratlons from runway rouchness or uneveness.

*roblen

—

vost aircraft landins gear or shock struts use what
1= commonly known as an "olco" to 1solate the alreraft
from runway impnced shock and vibration. The oleo can bde

cnnzid=2red n passive spring snd Anshpot system., B+

A -

v ampemesy agrremmayte o

M‘M'\A 3
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passlve; it is meant that the shock strut siwply 'reacts®

to'any—shock.or vibration input from the runway, anpd it
. : ’ ;

is not subject to any ouf:TdP or erternal’controbf The

oleo 1q also primerily deslrned to abso££ 14nﬁin*.iw ct
enzrey and herein lies & problem, xhg shock from lsnding
impzet and the vibration from runway rouqhnené are two
~distinct environments. Landins impnct enerry can be nu h
ereater in maenttude than runway /4brafion énerﬂy.,thu

ir é;phesis.in desizn 6? the oleo is placed on absorption
-of landing impact enérfﬁ. the nlen is fﬂ;n too hard of a
susrension systan tn efficienti; 2bso;b vibration eneray
from runway rourhness. In addition, thefinput to the
shoc¥% strut:from landin~ Ynapact is a weli defined

/
Heterninistih input., wnile the ¢1b1qtiond1 input from

—

runway uneveness varles wi*ﬁfélffcrﬁnt surfaves snd - is
random in nature. An opélmum passive syste" can be
«~ desipned for absorption of Ianding 1mpgct energy, but it
is more difficult to design such a system to absorb
random runway vlbration»energy (Ref 3;9).
A number of studies such as those»of Ref (1-5)

have shownvthat consideraﬁle improvement in perfofmance :
can be gained by usiny an active,éﬁgcﬁ-;nd vibration 2'
visolation system.the!improvement in performance/%eiﬁg t
less vibration-frans%itted to the isolated body by the F
Aactive suspension system with the same %pbunt 6f sus- i

' t

pension clearance or "rattle spnce" as that of the passive !
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suspension gystem. In terms of the aircraft, this »ould
meaﬁ 1ess vibration tfansmitﬁed to the airframg.wlth the
active system smiven the same suspsnsion clea}ance as
that of the passive shoek strut $ysﬁem or oleo.

The active suspension system is a feedback control

s&%tem. Wilth the activeVQ;EEEET‘Eénsingsdcyiggs would
~ . —\
\

be used to rive a preview resding of the change in T

run¥ay hei~ht fron so;pf%een value, . Other parameters
such as alrcraft%jpﬁéd. wolrat, winr 1ift ete. would
be then fed tn arv Hn-bnzrd compuber,

’%tru?_qnntrolvsignals which minimize induced

The computer would
produce snock
loads and vibratinn fros runvay uneveness. R

ihen the sensing syctem felt or spotted a depression

in the ruansay, thevéhock strut would pg”exteﬁaEE’BUSt the

e

right amount to maintain‘fbﬁ/OﬁE/:é" force or aircraft's e

" weleht at all times.— This would tend to hold the airplane

" at its 1lnitial level. iSimilﬂrly when the sirplane passes

4

over a bump, the shock strut would be retracted the proper
amount to again ma}htain the one "g" force and hold the
alrplahe at 1ts\1nitial level., |

The purpose of this;étudy is to investigzate the use
of active control an atreraft léndlng gear. The objective
is to find the control force vhich when appligd to the
shock stfut or landing rear, willl minimize runvay imposed

vitration. It is necessary to first establish the-nature////

~

W

-

»

RAM e R g G 5
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/ P .
;of the contrql force in order to determine if such 2n

-

~——

/ actuator vhether hydrgulic, pneumatic, or whatever could
do the job. ZSecondly, it is‘desired to investigate the
optimal control approach to tht;:.y problem with the itegral
square value of absolute anceleration eand éontrol 7S 2
cost criterion. The nurerical solutlion will be obtained
using the conjuzate graiient technique devéloped_by

Lasden, Yitter and ¥arren (Zef 8).
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TT. Uynamic “odel

The dynamic model to use for this kird of stuiy
1s not reaiily apparent. The'choice of exact d&namtcs,
-of & laniing q;ﬁf of a particular airplaﬁe does not lend .
1tself towérd & feasible study at tnis time. This is
oartly due to the_féct'that there are so, many undefined
variables suiﬁ as vhat %ind of actuator, hgw 1t“1s'to be
used ani zny limitatiosas resultinzg from a particular
arolication of such an &stustor. It thersfore seems
reasonable to %r2o the model =i-xcle and general enough
_to bcfable s éran gnmz meaninsful conclusions. ‘Thé
one reservation tha;_rust e kqpt.in mind 15 that if the
penerrl model restricts the nuwber of degrees éf free-
dom or =akes assumptionsz about the envifonment, then
there iz the possibility that.the optimum solutisdn for
the,general'ﬁodéllmay be less than optihum’for;a‘
part;cular application.

The'active system chosen;to'represent the landing
rear 1s the two degree of freedom model shovn in Figure 1,
At first, the study began vith a model exactly like that
of PFloure 1 except it had no passive spring element Ks orv
damper Cs. This meant the only suspension element was °
~ the active device suqh as & hydrahlic or pneumatic
actuator. H3ut in exoamininz thistkind of system more
clocely 1t can be seen that for 1solation of the air-

eraft from runway rournness, the actuator would have to

~
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supply a constant "@1" force under variable diSplapé;
ment requiieﬁ by thé runway bumps and indentatténs.
'~ The state of the art of this kind of actuator is not
advanced ennurh to do the job. However, by addine the
sprine ¥s and damper Cs as in Figure 1, the problem takes
on a compvletely different form. The actuator must supply
oniy the additional fofce required torether with the
spring snd damper ﬁo maintzain the F1 force on the ”
airvlinne,.

Referrin~ pn *icure 1, the aircraft is the rigid
mass 1. ‘The lowiing pear suspension 1s idealized as a-
massless clement providins forces between ¥1 and the
. unspfung mass “2, The total suspension force is then
the sum of the forces produced bv the sorine Ks. the
damper 7s, 2nd the actuztor Fs. 2 1s supported by the
linear tire sprins “t, and the system is excited ﬂf the
bump T(t). The displacement of ﬁi measured relative
" to the fixed frame of rererenbé. 1s denoted by Z. Tﬁe'
displacement of 11 relative to ¥2 is denoted by X1, and
the displacement of %2 relative to the ground or fixed

reference is denoted by 13.'

‘\_;\

—

System Equations

The equations of motion for the suspension system are:

(1)

MiZ = Fs —KsX —CsXi ~Mig
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Ma X3 = —Fs + Ks X +Cs§(,

(2)
+ Kt (F(¢) — X3) "Mzﬂ
with the Kinematlc conditions
Z = Xi + X
. ] Il )
L = Xi+ Xs 5

L 4 i«

X+

-
-

N
i

w

Pirst, the runwsy whath=r 1t be concrete or soll is

Al
agsumned to be rigid, and the l: niing gear wheel is

restrained tgmfollow the runway profile ( 1o wheel hop

1s permissible )., Secondly, the model is a rigld nass

model and will predict only low frequency behavior, but
the freguencles of interest are fairly low and are in the

range of .5 to 32 Hz. This frequency range represents

many of the luportant natural modes of oscillation of
aircraft such as the B52, and C-SA, The third assumption

is of course for the active landing gear system in this

study, it is assumed that the characteristics of the bump

on the runway are known before the landing gear wheel

rides over it. In other words, some kind of & runuay

preview scanning system 1s used, Finally, alrcraft

landing gear penerally allow for more than two degrees

s

3

et s Rm T e v s e

e airm i Lraa s e i s

.
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of freedom; houever only vertical motion is considered
since the madel is 1ntend 3 primarily for study of’
aircraft response to vertiral runway excitation.

oystem ;nputo

WO types.of input are used for r(t). The first
is the:(l;eos wt) bump, vhere the frequency w is deter-
vlﬂei by diviulnz the velocity of the alrcraft by the
wave lensth A of the buwrr 2nd then wmialtiplying by 27TF .
The argument of the cosine ~unctlon is less than‘er'equal
to'ZTf.. and for thts input, the ’q wations of motion are
- solved for the ti;¢ duretion of see hump. The second
tyre of 1npﬁt 1sAan equiv:-1ent deterministic input
deri-ed frOﬂ‘rae :y»epe?tra. it is a special function

L v mmmesEmo e
Snen that the wawwaw wanshwnoss 1D TIZTISLHML o o

rando= yariable and root mesn square syste¢ outp@t values
of force, dieplacement. veélocity etc. can be analyzed.
This input ta%kes the form 6f'e deca&lng exponential and
‘1 derived in Appendix B. For this kind of inmput, the
eﬁuatlgns of motion 2are solved over a long ehough tiée
perio? until no change in system response ls detected‘
by increasint the time period. |
~‘he decavina exooqential derived from runway spectra
is nd"qnt 1reous in that it does not require a range of
frequencies to be covered as does the (l-cos wt) bump,
and it ﬁrnvldes a means to obtain root mean square syetem
sutput values. GHowever, runwsy spectral denslty:is not

a cnhrnrlete description of the rondom process. In a sense

(Y%}

U P
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it 1s obtaine? as an "averaging process" 'over very long
lengths of terrain; therefore, a "discrete rut" or any
kind of pothole in the runwzy is "averaged out", In

addition, use of the decaying exponential input restrictsA

6}

analysis to a linear sySteﬁ es is verified in Appendix 5;
hence both the (1-cos wt) bump and the decaying exponentizl

e —

are used as system inputs to broaden the analysis.

Illustrations of the (l-cos wt) bumb and runvay spectrai
density complying with (%11-4-88624) design criteria for

FRPA

runviay rouchness, are glven in Fipares 2 and 3.
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ITT. The Qptimal Control Approach

Cost Criterion

_ ¢
.An ortimization criterion for an active shock and
vibration system has usually been to mlnimlze.the absolutei

acceleration of, the sprung mass, while holding the rela-
tive dlsplaceient or rattle spacerf the suspenslon system
Pbzlow soms predeternined maxium valve (Ref 1,2,3). e
liswever, largze alrcrafi landing ééar hzve as much as two
to three feet allovwnble rattlf spzce to absorb landing
{npact enersy, uwhile less then a2 half foot of displace-
mant 1s re 1u1reé to’ uhcorb mavt runway imposed vibration
enersy, the displacgment reguirement being dirgctly

- - . - ] [ S AN - ¥ - M 2R BF NS
VISV VLt U LS A Il wa \Lvy& vou.l.vag wtuy-l..l.vu Ao

0n the otheyr hanﬁ. due to the relatlvelyj;érgg mass

of thé~airplane, there 1s the expected requirement of

‘large control forceé,from the active element or actuator,

It is therefore felt tﬂat 4s a first try, the optimization

criterion should be .to miﬁlmlze the absolute acceleration’

of the sprung ﬁass,'the airpiane, while at the same time

- placlng 2 constraint on the control force instead of

ratt}e .space, In othpr“wofds, the ﬁaximum control force .

obtainable 1s the codstrainu resulting from physical

limitatio 15 of the hydraul*o or pneumatic actuator used.,
sith the above criterion a ystom is visualized

.herﬂ tbc actuactor would funttion only in-a rattle space
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rangé of + 6 1n; allowing passive‘elements'£o~set
limitat;onsfon rattle space when the i 6'1n. ranre 1s
exceedéd'- The ;ctive psssive COTbip?tion systemn would
seem especially attractive since 1it. -O\LG retairn the
passive system in case of active systoen féilurc.

"The optimlzation-or'minimization criteria cov bhe

expressed as:

¢ .
anmaze .T(u) "'/ f[ Z + PU®&) let ﬂ )y S
/
/.
_where U(t) is the control function Fs(t)/?l\ggasz\TE’the
absolute acé;}erathn defined by equation 3.
Aétually.‘there.are'a number of mathemétical;
formulations that could be used. ‘If the maximum value of
Z is minimized along with a meximim value of rattle space
. X1, the solution would yéshlt in a bang-bang~typé of
cdntroller for U(t) (Ref’h.S). If the criterion is to
minimize § 1n'min1mum time, the solution would again lead
to a bang-bang type of controlier for U(t). However, the
bang;banéiabntroller'requlres comparably larger contrel
forces than the conpinuous duty controller, ahd it offen
demonstrates a poor abllity to withstand broad band b
random inputs: thus,'the bang-bang-contrdller appears

) /
"undesireable for landing gear use -(Ref 3:14).

14



contrast, the integral square criterlon of -

ation (b)'éffefs many'practicai édvqntégés for the

active landing pesr systém; The resulting Qxétem obtained

from this criterion is Iinéar'an& therefore easily A

- analyzed, and a constant coefficient feedback system can
be found and can usually be realized by an active system
(Ref 3).‘ The quadratic criterion is also advantageous 1n
that a global minimum 1s assured. In other words, there »
is only one control function U(t) which satisfies the abové
criterion for a given system with a.séecified set of
parameters, Fiu«lly, thz interral square criteria 1s
required when thé equivalent deterministic input is used
for the system must be lincar sefore mean sguare output

valnez ecan he fhnnv-ni-lnn11 . mnmu..»ma el bl mmem L.

T e e e st was wlesar W A 4 WV le

infut derived from runway spectral density (Ref Appendix B). _
of course the criterin in equation 4 for use with the

equivalent deterministic input can be stated:

Minimize T (W) = E(Z )+PE(U.:(1‘)) (5)

{ .
( ) notation denotes "expected value",

)

where the
Theory .
Squations & and 5 cstabllrh the cost crlterion. "

To continue :1th the problem fermulation, by substituting

*
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equation 2 and 3 1n equation 1, the system eguations in

state space notation are

S(a = Xa. (6)
Xa = G+RIQUE) - Q3Xi ~Q4Xa

| — Qs (F{&) = X3) (7) '

X3

X4 | (8)
Xe = —RgU.(C) + QeXi + Q1 Xa

0 (Eie) = ¥a2) —

v -

to)

0
J

where B, p, 23, W, 5, W, 2, are deTined in the 1list
of symbols. g}
| The Hamiltonian function (Ref 10) corresponding to 1
‘ the system differential equations 6-9 1is ' 1

LY

n
'
H = 2 P Xu

izo ,
1
(10) ;
3 — a ’
ﬁ = Po ( + P U ("’-’)) s
oo )
#
ﬁﬁ' ﬁ + Fﬂ )(Zl )

AN

=

poin

|
13

CRET

8 - |
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+ P;[(lm)gu({) - Q3 Xy
- Q1 Xa — Q5 (Fley-Xs)J
+ Pz X4
+ P4 [“Rg Uiy + Qe Xy + Q7 Xa
+ Qv (F{) = X32) -—3
waere 4 Gn enlled the o goint variable. It corresponds

tn the teorance maltiplicor in the conventional calculus

of variations when equ#lity constraints are present.

S~

The system differential equations of the adjoint

variable are derived as

BN
;Ey
I
|
-
I
~,
i
»

I (11)
d X4
; and the transversality con?itions are determined.by
ﬁ N,
Qj Prte) = 20 [X(), 661 =152
- J X |
3 (12)
Ty
o

F S
R

X
v
"y

o

17
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. N . _q‘"
where © 1s that part of the cost function which is
a function only of final time t¢. In other words, in
terms of the gerieral cost forrmulsation of the “olna
problem, the cost expressed in eguation I contains no

fﬁnction © which is a function of tp only: tncrel

© 1is zero (Ref 10:57).

o
3
-
0
o
")
o

UFinally, for a mlniﬁlzution,problem} ol &
and greater than zero (Ref>10:64)._ The HJamllionien is
homogeneous in Pg, therefore rgcan ﬁe set egunl o ono.
Tor U(t) to be optimal, :re ilamiltonian fﬁnction 3onus
to be a minimum with respact to the veriable U(%).

A necessary condition for optimality is then

dH = o (13)
d4u

T

The solution of equations 6-9 and 11-13 gives the optimal
solution for U(t). A detailed mathematical formulation’

of the problem can be found in Appéndlx i,

18
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IV. Numerical Techniques

Conjugate Gradient

The optimal control numerical technique used to
solve the problem of this study‘is the conjugate gradienq
technique of Lasdon, Mitter agd wafren {(Ref 8}, The
technique is directly applicable only to unconstrained
pfoﬁlems, but the constrained problem can be converted to
an unconstrained problem through the use of a penalty -

|
|
function as is done in equations 4 and 5. The uncon- l~

strained problem under consideration is to minimize the
absoluté acceleration Z. At the same time, a penalty |
must be pald in acceleration A to constrain the control
force U(t) below some predetermined value set by the
physical limltations of the actuatior.

The conjupate gradient wmethod is a direct method.
In other‘words, for an optimal solution, & search is
made in the direcction which directly minimizes the cost
function. The gradient trajectory (Ref eguation 13), its
norm and the actual search direction are the only values
whicn require computer storage. The search dlrections
are formed from past and present values of the cost and
its gradient. Then successive points are determined by
linear minimization along the séarch directions which are
always directions of descent. With search directions

alwnys descending, the-conjugate gradient tends to converge

19
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even from poor approximations to the minimum.
Alcorithm

The conjugate gradient algorithm requires the
computation of the gradient trajectory. Letting Ug(t)
be the first of approximations to the optimal control
Ug(t), 1 = 1,2 etc., then the corresponding gradient

Go(u) is computed by solving the state equations 6-9

forward in time, the adjoint equatlons 11 backward in time, i

and obtaining the gradient dii/dU from equation 13.

The algorithm proceeds as follows:

1. Cuess Ug(t), an arbitrary selection of Uo(t5 = 0
was made

Ce Tulieiall osuals Squativiig fToiuaid dnd adjulnd
equations backwards

3. Compute gradient Gg = Go{Uyp) from equation 13

4., Compute search direction S5 = -G,

5. Choose oc = o€4 to minimize J(Up+ o€154)

6. Up4y = Uy + €4Sy '

7. Gi4y = 6(Ugqq)

8. By =/(Gi+1wG1+1)/(Gitcl)

9. Sy41 = -Gyyp * Bi5y

ff

where (Gy,Gy) = )/’G%(t) at
(o]

10, Set 1 =1 + 1, go to %

20
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Steps 5-10 are repeated integrating the state equafions
forward éﬁd ad joint equations backward for éach conm-
putation of the gradient, until the chaﬁgg,ln cost is
nesligible, |

Alvha Search

y The alpha Yalne‘lﬁdicated‘}n step 5 of the algorithm

is d?terminedrby~1nit1ally assigning a sm&ll-valué - about‘
.1 - to alphe and then checkine tﬁe_inner product Gy+1 1.
If the sirn of the inner produst is positive with the
Initiel alphs valus, a tenth of the inttial value is
renpeateldly tavkern until = value of éipha is found

which gives & negative inner product. Then the albha

valus s repeatedly douiled uqt*l the inner product is

wAactd:iern f‘\*n‘!n Lradamnatlerdl i 2~ Nmm vme?d he Jabae . 2..-
N - - - e T e e Ect e Was e te CWAAWas AN WM WA WA vl LA

the value of alpha vnich gives a zero inner proddct -The

inner product or d’rhctional derlvatlve 1s the slope of
N

the cost with respect to alpha; therefore, the alpha

A =

value with 2 correspbnding zero inner product is the

AN

alpha value which gives the lowes£ cost 1n'that_éearbh
dlrection.

Some alpha searches_use one over the noxrm of the
search dirsction 3 as =2 guide for the first ;nib&al alpha-
suess (Ref 9), ilowever after ﬁrylng this, it was found
from runnins a nuwber of szurle problems (Ref 8:136) and
the dynamics of the thesiz problem that e guess in the
‘.ran;e of 2.001 to 0.1 nearly aluzys gave a negative

\

to
[y




inner product and was generally better than that of »ns

‘over the norm of the search direction., 4 better sinha.

tior

guess, of coursc means a savinzs in computer iters

time. The computer prosram can he foun’ in iy
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V. Results

Ail-results-are based on the folléwing'arbitrarily

_;elected parancters for the dynamlc model.
o . Cs 100 1b sec/ft
| \F1 100,000 1b
. ,~—F2 1,000 1b
“ ¥s 200,000 1b/ft .
%t 1200,000 1b/rt .
.The response of the Aynsmic model to the (l.cos wt)

burp input is 1llustrated in Pigures L-17. The plots shaw

the control force U(t)'required and ‘the acceleration 2
produced when the weighting factor P is set equal to

d, 1, 10 and infinity. The value of F equal to zero

11llustrates the virtually zZero acceleration of the alrcraft

_produoed when there 1s no llmit placed on the control force.
=U(t) 41th F equal to one, equal weirhting is then given
in the cost function to mlnimize both the control force )

U(t) and the accelerqtion 7 (see Appendix A). ¥With a P \
value of 10, control 1s weighted even more until finally -
with F equal to infinity. the control force is then zero
anil the resultant accé;eratlon i1s the acceleration. |
produced by a completely possive system. |

Figures h;l? cover éhe frequency rarze of .5 to 32 Hz
geometrically by doubling ibe frequency of the argupent of
the cosine function beginning at .5 Hz. ?hé bump £ZIght

or smplitude of~the_(1-cos wt) functlon is 2.5 in.
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corresponding to the paved runways in Fighre 2. The”
figurés are arranged in pairs such that tLe'contrbi force

required forxr the four values of P for a particular

frequency bump is glven, and then on the following page,

the corresponding acceleration is given for the same values

i _ of F and same bump freguency. o !

One observation that can be made is the increase in

L e T2y

control force required as the bump frequency increases.,

¥ -

This 1s reasonable, since the faster the ailrcraft moves
| ,

over the ﬂump,;the faster the actuator must contract

or

% 0 Berals Wl

the landing gear and then extend the landing géar to

Lt mtea a At P

maintain the i1 force at all times. The higher airorartJ

velécity also accounts for the increase in force required

Aranra Lin Tuvemnm Pnemamis miamave mammceea Al L Ta VS Y
with dwnaranccoe in TUTE L TTGRCALY SYSUWNG e Lanades pusvavns

e TR e

il . of the bump because again as the aircraft moves over
~ the buwp, the a¢tuator must extend the landing gear faster
to maintain the\fircraft at a fixed level. ' 3

A second obéervation 1s the waviness in the plots

at the lower frequencies with the weighting factor P

equal to one., The welghting of P equal to one tends to

make the cost function work against itself because it is
I

being asked to find the U(t) to minimiée 7 but at the same

time keep U(t) small. These two values of U(t) of course
ar + opposite ends of the scales, In addition and even
nore importawmt, the dominant resonant frequéncy of the

system is located at 1.2 Hz which does net permit the

38
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‘_computer“program_to converge to as low a cost near 1 ..z
. .as reached at other bump Treduéncfgsf | i

A third observntign of course is tne marked lmorove-
ﬂmeﬁt of the active sjstem over the pzssive system. Jith
P é&uAI t6 infinity, thgfc is considernble vertinnl
néceleratlon to'éﬁe aircraeft, but with F équﬁl to zere,
- the gcceleratloﬁ is virtuaily zero meaning that as Ion:
as theﬂactuatof can,produce‘the force reguired thare will
be lltélqspr'no acceleration to the aircraft.

} ‘For the déégying cxpoaen§1a1 input, a plot'of';he
réot mesan square (RES) values of airﬁlnne acceleration
and actuator cbntrol force against the weirhting factor ¥
is given in Figu;e 18. ‘The RM3 values are obtéineé v
takine the saonare roont ni‘ the Yntecral eanare veina af

aceeleration Z and the square root of the Integral square

et

value of control force U(t). Hathematically 1t means

evaluzting equation k as two séparate 1ntegrals without

~

the welrhting factor P. S e t

. The R%3 values for the #cceieration and control for’
F equ&llto infinity are not shown on the pldt as in the
(1-cos wt) plots because the value of acceleration for the
totally passive system would be off the paper. 'Ihe.ﬁﬁs
value of écceierntioh at P equal to infinity 1s ;Séjg

and the X153 control for this value of F is .000169 x F1 or

* virtually zero. *

For the R¥S plot.~£he-decaying'expon%tial input is

39
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derived from the rﬁﬁway spectral density of the form
AV/(s2+(am V/My') . The A is a parameter equal

to 10"5 for mosf runvways (itef 1:49), and V 1s the veiodity ;
of the alrcraft which is set equal to 200 ft/sec to .

represent a maximum take off veloecity. The,DTT\Ocﬁo

, term represents the break frequency at which the TUunWAYy
spectra level off. The runway spectra;,of course must

‘level off. due to the finite height of runwéys. Using an
s vélue of runway heilgnt of .5 £t (Ref 1:14), andfthe
above spectral den:ify for-, tﬂe vnlue of the wave length

. o I
‘Ao 15 foun? to he 52107

ft from equation 33 in Appendix E,
The above valuez of 4,7, and Ae are then substituted in
equation 36 of ippendix T to obiain the exponential input

vV a AV E xp (- 2TV /Ao\ neod far Fhe i‘_{_znjnn IR

plot. //

The plot reaveals the trade-off between RM3 accelera-b
tion % and contrel force U(t). The maxipum va{ue of RNS
control forcé requiréd i1s of course where P equals'zero.
This value 1s approximately 7200 1b., In other words the
7éod 1b is the standard deviation of U(t) or cfd_ P
uner»fore given a normsl diqtribution, 3614 or-a 21600 1b~
force would be the wari*uw force required from the actuator
ta‘e sure tnat the orobability o; actuator saturation
“ould be less thagv.B percent, 1Ve the (1-cos wt) 1nput
| “lof,, the R¥5 plot also revezlsz the better vibration

isolation performance of the artive system~ovef ﬁ?e



GGC/EE/?0-6
/ .
passi#e;system. As the weighting factor P lncreases. the
acceleration becomes as high as .543g with th? completely
passive system atuP equal to infintty, but with the active
controller in fhe systemnthe acceleration can be kept below
an RMS value of .07m. e |

" Numerical Aspects o ¢

For the (l-éos wt) 1nputvfhe computer program_coﬁ;.
verged in I io 5 1terétions in approximately 3 minﬁtes
time., One %xceptfon was the convergence rate around tpe
- system fesoiant freqﬁenqy of 1.2 liz. HNear this freguency,
a qﬁt) guess of iero or othef constant value guess‘would
'f;qﬁire 15 to 20 minutes co%puter time to converge to
approximately the sane cost values obtained at f%equéncieg
Tarated auay. fram the wecanent:frannency Howerer, oon |
iergence nea¥ the resonsnt fréQueﬁc& was‘as fast ?s that
: of other frequencies if the solution for U(t) found away
from the resonant frequency was used for frequencies near -~
- the resonant fTreguency.
| ~ With this procedure, the number of 1£erations andh

the time to converge were reduced to 5 iterations and

3 minutes computer time'resbectively. but the cost values |

6bta1ned_near tbe'resonant frequency were still nét-qu{te

as ldw,as fhose of other freqﬁencies.'as Ié evidenb by;the
waviness of the 1,2,iénd 4 Hz plbts of the (l-cos wt) bump i
input. ~At_the§e frequency 1n§ﬁts the acéuracy of the " | -

values of U(t) and Z fell from 3 significant figures to

L2
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abou£ one significant figure or a>"ba1i park" value,
Possibly in the resonant frequency area a "secdnd
variational” numcrlcel.technique would glve better
solutlens for U(t) and Z nsing ;he gradient solution for
U(t) as an estimate (3ef 16). \
Another significant f:ctor,wnicn effected the
-convergence rate was the definltion of U(t). At first
U(ti was defined aé #(t)/¥1. Tnis resulted in welrntines
;n.fhe_dynemics of the model Qlth ratios’of 1 to 12r, that
,18' the we;ghging of U(t) would be 1.wh11e that of.another
term misnt be 12g.  In contrast,‘by defining Uﬁt)“te be

F(t)/?l (see ippendix A) the h welgﬁtlng ratio .

H
o

«3

147]

ﬁ.

o, E ™y

b .. + - - ~ ~ em - v A ]
between ?r two terms bedame 1g to 12x. The end result

Y

-

of this definition was that the number of 1tera£ipns and
the time for convefgence was cut in heif. '%of eiample,
for the ﬁaecde wt) inputs fhe‘average number of fteratlons
- for convergence was reduced from 10 to 5. | | .
fhe convergence tlmh for the decuyinc exponentlal

input was conciderably longer than- that of the (1 cos ut)
' lnput. It generally fell‘ln the range of 20 to 30 minutes.
for various~va1§es of the ﬁeightlhg factor P. The longer

g ron&érvence time was expected since the decaying expon- -

ential input had a very slow decay rate which required .the

megel‘dynaﬁfesﬂto bb'solved over a comparably greater real
//////lme than ohat required by.the (l:cos wt) input. dowever.
. 1t was still felt that may be “the hth order Runge-Xutta

integration procedurc in Appendix C vas not

3
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sufficiently accurate, there.-by causing. a longer con-
veréenee time; Consequently, another gradient pro;rﬁn WaS
written using & prewritten intecration rogtlne and a
functioﬁ minimization routine alrzszdy on hzni. The
function minimization routine was alsce modeliect nfter the
conjugate-gradient methed as the one in anppendix €.

The second program requlired rore time per iterﬂiie:
: ' |
while the cost decrease was greater per iteration, ?he
. ‘ : \
vAppend1X‘d'program required less time per iteration, Lul

the decrease per iteration was not as great. iiouevar:

both pro*rems converged to almo;t luentical costes siven

v
n

o

o
(0]
e}

[t

ui]
o

equal time, For example, with the weighting I
to }1'15 each program, the‘program in fAzpendix C converged
' to a cost value of .470 x 10-2 wnile the ser:fmﬁ nragran
converged to a cost value of .458 times 10-2,

- Convergence Criteria

The value of the cost, the gra{di'ent and thne Hamil- -
tonian funetion can ;e used to‘check for convergence of the
numerical problei. For the results of this study. the
values of cost and gradient vere checked as well as the

~ values of” X2 and xg. -Ip checking the dynamrcs and the
model of Figurejl,\lf can be seen that if the weélghting

. factor P is zero, thewvelue of the’reietive,velocify X2
Pbetween M1 and MZ is equal and. opposite in sign to Ah the
~velocity of n2 relatlve bo the fixed reference. This must

be so for the alrplane hl to rlde perfectly level over a,

LS YN
RN

o
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4

bunp or dééresslon. ‘For the welghting factor P equzl to
zero, these values agreed in magnitude to within three

and four signlficénf flgures.‘ Ffinally the‘gradlent values
for converscnce weré in the range of 10'2 rA} f%e disecrete
time . points Qpﬁ thé‘chnnfeAin coét value betgéen iterations
for converrence was set 2t less than .5 peicent; If the
computer prosram was left to iterate after the above

criteria hnd been net, no sirnificant improvement in

cont was palned., /
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N .
N . I

VI. Conclusion
The response gf the active landing gear system to
both the (l-cos wt) input and the decaying exponential

input shows a marked improvement 1In vibration isolation
-

performance over the passive systen, 150 achieve the

active system, ‘the actuztor is selécted and 1t< maximum
"values of force output and response rﬁte‘are noted.

With these values, the weichtine factor F in the cost

4

criterion is chosen such thnt the system. respons° rﬁquirev
. less thqn or the'nquivalgut_of the maximun force and

rescono» limitations of the uctuator. The deslgner can

‘then weirh the vibration isolailon u~rlorﬂan00 to be
gerined by the active landins gear system;

Tne =tudy prorides "cpen loop" solutions for U(t)

- f

for both kinds of inputs; hOVﬁver,fL}e °olution for: U(t)

¢
¢ L

the cost function is the 1ntegra1 square criterion with'
LS

the final time tg approachlng 1nf1n1ty.“ '1th this’ criteria.,

with the .decayling exronential has tde advanta~e since - -

‘s constant coefficient feedhack controller can be obtained

from the open loop controller U(t) (Ref 10,91).

3

F
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VII. Recommendations

5 . . :
‘Durinsg: the course of this study, a nurnber of]
v .
v :
. e e _ P
investigations for further study have heen suﬁyeétes

The foilowlng-ls a list of possible experirents  Lhat

might prove valuable for the active control lariing re

1. The rattle space could be constrained. znd
. i .

made paét of'the-cost function alons wita
thé control forcn.q(t),v

2. ﬁonligear/;é551ve»cléments could be wsed
bb_mpre closely stimulate preéent.landiné

gear -suspensions., - -

3. Improve the dynamic model of this‘study'by

a

prcﬁidlng for wheel diameter size effects and

permitting wheel ﬁop for very rough landing

surfaces,

L, Invesfrgdte model-réspbnse with various Vélues

"~ of Xs end Cs. | o o

’
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Appendix A

Detalled frovlem rormulation

. : v
From equation 1 the abzolute accelergbion 4 can he

expressed as

e

7 = Fs(¢) — Ks X1 —Cs¥X —
: = \ H% : i 8 (14)

-

Settin~ U(t) = ¥s(t)/r1 ani siace 11 = Fl/z equation 1k

can be mmritten =-

(15)

9U(f) "‘S(Ks Xi — 9Can 3

(XY

‘ re +
For the =inimization of Z, it is not necessary to, carry

g, thus equation 4 in state space notation becomes

5 | |
7w = [[Cuw Qi % - Qa Xa—1)*

: (16)
+ P W) ] de

with tg¢ equél to the period of the cosine function for the
(1- cos wt) input and equal to infinity for the decaying |
- exponential 1n9ﬁt.

ilow, In order to evalvate equation 16 in the same

{nterration scheme 2s eguations . 6-9, a new state variable

L9
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i1s Introduced such thnt

Xs = L(ue) —Qi X, —QaXa-1)"

'+Pua(t)]

‘where

Xs5(0o) = ©

Then equation 16 becowmes

T(U) X'S('ff) s

and the system dlfferentinl eqnstinng are

)(l - )<;l
Xa = G+RYGU) = Qs Xo — Q4 Xa
= Qs (F(x) —X3)
(19)
X3 = X4
X+ =

—Rgutf) +Q¢Xi +Q7 Xa
+ Q5 (F(&) — X3) “3.

Xs = (U —QiXi QaXn "l) + PU({')



ith bhe iwifinl covditiomg

.S =z remlt of

Xi(e) = —-Fi/Ks

X a (0) -O

X3 = —(R+FR)/Ke (20)
X4l = O

Xs5(0) = O

I tre 2hove eguationg, the lamiltenian is |

NiE

T Fa ._(.m)t‘,u&) - R3 A1
— Q4 Xa ~Q§(F(f)—X3)]
t Ps X4
;rf%ty [—?Rgu(t)JrQe Xi + Q7 Xa
+ @5 (F(e)y = X3) —-3]

+ »Ps [ (u({)— Q: X, —Q2 Xl—l)"

+ P ue) ]

-51



A :'-.QBPD. - Q¢ P4

+ 2Q (U= Xs —0:Xa— 1)
P, = =P + Q4P - 07?4
+-2‘»‘—.<§2;(u(-<-)—-ax'>(‘—Q;Xa—-l)‘

Ps = Qr (Pr —Py) (22)

Pe = -F5

l11i 1 Q. * i . 1 15 U 1o N t ks Oyinee 1 1S

” "‘1- R Yo DRE S - 2 cer s decamay rernae 1 b a0 -

Ll —— ph 2CNrATII0M —iny Lo L2l la .C.. (G C~ P ..0 -
\ Y i

P.(“fg) =0
Po(ep) = ©
Py (t)= O | (23)
Pi(ts) = O

Ps() = |

52
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Appendix B

Derivation of Input F(t) From

Spectral Dcnsiti

The effects of runway uneveness cen be represented
by a stationary broad band random process (Ref.'?).
Refe.rrlné to Figure 3, runway heilght is commonly described
in terms of power spectral density. The spaclal frequency
’ _ﬂ_ (rad/ft) can be transformed to the time.ffequency w
{(rad/sec) by noting that the distance based spectrum

@ xx(£1) 1s reiated to the time based spectrum QPxx (w)
by

q)x,((w) = —\"7 q))()((‘n')

N = W (26)
Vs .

and V i1s the velocity of the air'plane. From FRlgure3

the power spectru"rn can be approximated by the straight

line fit

Pxxla) = A e
Nz

or using equation 25 and 26

= AV ‘
¢xx(w) o (28)
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A ls a parnreter which is equal to 1077 for most run-
ways (Ref 1:47)., iiowever equation 27 becores infirite nt ‘
the low frequency end vhere-as elevation snpectra must

level off due to the finite heicht of rumwsys. This ean

be c.npensated for by modifyinr to the 'f‘orr_n.:

(bxx (n) = e f(M)a (79)
B ) Ao

ani ncain converting to the time ‘hnged specirum

d)XX (w) = ,a 'f\(;/ﬂ_l X (26)
Ao

whare Ao wns chosen to b.e 5 X IOé ft (2ef 1:&7).

-

The ahave eanatinan ronraconte +tho raAn amanbemal

g - -

dencity or the time bazed spectrum for an errrotic random
proccss. Therefore q,)x x(w) is the fourier transfo’rm
of the autocorrelation RXX(?)

Rux(?) = 4 Q‘)xx(S)eS?dS
+

__}:09 ‘ (31)
[ 4
S=4Lw
The objective is to find an F(t) so that one can
mininize the nean square value' in equation 5. The rean

square value of F(t) 1is Rxx(o) or

55
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Y A
F* = Rxx(o) = -_l_./ Pxx(s)ds
| * 3=

Using  Parseval's theors, the mesn giusre wnions onson

e written

L4

/ o a1y /e

7

vhere £(s) is the. fourier transfors of »(t) (Bef %),

2 > ] ' SIF
F. :/ F(eyde = 1 /F(S)r(—S)dS

Now 1if (bxx(S) is multiplisd oy AT and the

—

denominator term is teken outside the interral in equabicon

32, then comparing equations 32 and 33

FSIF(-$) = Pxx(s) = —— AT AV
(S+m(*5+3}1\_f
Ao/ \ Ao

) o

The time function F(t) is equal to the inverse transform

of r(s), or

F(¢) = F -1 MCSJT/\X/
S+ 37V
Ac

. -20 Vvt
F(¢) = u(ﬂ\/afrA\/ e . Av

56
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5(t) is the unit step function. F(t) represents the
equlvalent deterministi~ input derived from the spectral

denslty‘of the runway. Ffurthermore, for the linear

system,

FGS) ___Y()
H($)

' (37)
Y(sy =H((s) F(s |

-

the rendom process theory can be extended from equation

32 where ‘ .
[ ]
- fco
-~ — ] [ Vb7~V E 00 AV AN 2% 0~ rana
- IV 1INV WXXADIAD Aoy

anad ¢XX(5) is defined by equation 34%. Theh agaln using

Fzrseval's theorem

4 oo

= / Y?(\") dt = T;? / H(S)F(S)Hl-SIF(-S)dS

i e

" (39)

To summarize the above equations, by using the

57
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decayinz expornential input as » measure of wandornccos

A

of runway heirht, and by énsurinzg a linear sysztes, root

-

mean square system outrut values. of force, disglaceECJt

velocity etci can be obtaines by comrputing the Sguare
root of the integral square value of the systeim output

force, displacement: and velocity respedtively,

*
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Appendix C
Digital Computer Frogram

" The IBX 7090 digital computer was used to make the
cnlculatio;s found in previous sections of this study.
The prorram as illustrated in the following pages, 1s
arrahéed for the (l-cos wt) input. ilowever by not storing
all the states and F(t), more of the necessary computer
storage space can be gained for usé with the decaying
expvonertial input. The list of symbols in the prefatory -

of this study also applies to the computer program..

59
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$18J08B
$IBFTC MAIN

COMMON/GOON/X (5320011 4XX(S545) DX (5451 4 DHIS) o
1G(242001)+2(2001)4U(242001)F(2001) +KCOUNSGRAV,

P2COST ¢NNZP 4L BOMiP e Q14024024048 ,405¢054C7¢R
DIMENSION ACC(S01) '
H IS THE DISCRETE TIMF INMTERVAL
IT IS THE NUMRER OF ITFRATIONS
KCOUN 1S THE NUMBRER OF DISCRETE TIME POINTS
FREQ = 840 '
KCOUN: = 401
-RCENIN = KCOUN - 1
H = 140/(FREQX*RCOUN)
KSTERP = 10
C GUESS FIRST CONTROL
DO 16 1 = 14KCOUN

e NaNs]

16  U(1s1y = 0.0 _

15 1T =0 e C
TEM = 14FCS /
NNZP = i -

NN = =}

LRO = =1}

BETA = 040

PII2 = 6478318 “

GRAV = 3241725 "«

Ft1 = 100000

F2 = 1000,

XM1 =_F1/GRAV

XM2 = F2/GRAV »

XCS = 10040 ‘

XKS = 200000,

XKT = 1200000,

P = 0ot

01 = XKS/F1

Q2 = XCS/F1 T
Q3 = XKSHGRAVH(F1+F2)/(F1*F2) . e
08 = XCSAGRAVH*(F1+F2)/(F1%F2)

05 = XKTXGRAV/F2

Q6 = XKS®GRAV/F2

Q7 = XCS*GRAV/F2

R = XM1/%Xm>

FS = (SCRT(XKS/XM1))/Pl12

FT = (SQRTIXKT/XM2))/P112
WRITE (64801) FSoFT

BO1 FORMAT (2X42TE1SeRe2X))

TIM = 040 ' :
DO 1 I = 1.KCOUN .

S¢(1) = 0.0 ;
FUI) = (140 = COS(PII2*¥FREQ®TIM))*0410416667
TIM = TIM + H ’
DO 1 U = 145

1 X(Jsl) = 00

60
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-

C INITIAL COMDITIONS

X(301) = =(F1+F2)/%XKT -
X(1e1) = =F1/%XKS
A M = 1

XX(1a1) = X(1a1)

XX(241) = X(241)

XX(341) = X(241)

XX(841) = X(441)

XX(S5e1) = X{541)

C INTEGRATE STATE FQUATIONS FORWARD
CALL DFR1 (H41) "
DO 2 1 = 2«KCOUN
M =1
- CALL PRUNGE. (H4115)
DO 2 J = 145
X¢Jel) = XX (.11 2)
DX{Je1) = DX(Je2)

2 XXtJel) = XX(JeD)
C INTEGRATE COSTATE SQUATIONS SAZKWARPS
' M = KCOUN

H = =H

C FINa&AL CONDITIONS ON COSTATFS
XX(141) = QeO
XX(2¢1) = Qa0
XX{341) = 00

YV{h.1_\ "n.A

CALL DFR2  (Hel)
DO 3 1 = 2:KCOUN
CALL RUNGE (Halas4)
00 2 U = 144
DX(Je1) = DX {(Je2)
3 XXLJe1) = XX{Je2)
H = =H
C CoMPUTE COST
COST = X{(SKCCUN)
IF ( NNZP ) 54546
C ALPHA SFARCH AND NEW CONTRPOL

S CALL ALPHA (H4KOX)
GO TC 4
6 | CONTINUE

DO 26 I = 1:XCOUN ‘
26 ACCII) = U(l41) =~ O1%¥X(141) = Q2%X(241) ~ 140
"WRITE (54200) IT FREQ
200 FORMAT (//« S5Xs 12HITERATION = 4 16410Xs
112HFOEQUENCY = (T 1Se84//) '
IT = 17T + 1 '
WRITE (54201 ‘
201 FCRMAT(SXeAHTINE 412X BHGRADIENT 011X e OHX1 (STATE) o
1OX s ORX3(]TATEY '
292Xe 1 1HUL (CONTRCL ) ¢ DX 4 PHX2{ STATE) 19X 1 OHXA TSTATE) )
TIM = 060

61
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TSTEP = KSTEP

DO 202 1 = 14XCOUN 4 KSTEP

VRITE(64202) TiM o« GU1al1)eX(1a1)eX(3el aUC14T1),
IX(2e1)eX(d0 1)

FOPMAT (7(S154844%))

TIM = TIM + HETSTEP

VRITE (54503)

FORMAT (///77)

WRITE (54204) COST

FORMAT(//eSX4HHCOST = & E1S5.8 )

C COWMPUTFE SUM OF ARSOL NITZ
C VALUT OF GRANIENT POINTS

7

205

=4
C CHECK COST AND QUM OF ARSOLUTE

DIFF = Coe

T0D0 7 1 = 14KCOUN
DEV = ARS (5(141))
DIFF = DIFF+ DEY

WRITE (5642058) DIFF

FORIMAT (14HSUM OF CIFF. C15eBe//)

C  VALUS 0OF GREDICINT POINTS

IF (IT +LTe S5) GO TO 706
1IF { DIFF = 045 ' Y 701s 701 &« 702

702  IF (ABS((TEM~COST)/COST) = «005) 70147014706
706 TEM = COST :
' IF (NN) 10e104°
S CALSOULATT  i-LTA
8 PRO2 = 060
PRO4 = 040 .
DO @ 1 = 1+KCOUN
PRO1 = Gli1s1) ¥22
PRO2 = PROZ + PRO}
PRO3Z = G(2e¢1)%%2
9 PRN4 = PRC4 + PRO3
BETA = PRO2/PRO4

"C* STORE CONTROL AND GRADIENT
C COMPYUTE NEW SEARCH DIRECTION

10

11

701
206

811

21

DO 11 I = 1+4KCOUN =~ |
U(241) = UlL41)

G(2¢1) = G(141)

S(I) = =G(2¢1) + BETA%#S(1)
NN = : :
NNZP = =1

GO TO &

YWRITE (64206

FORMAT(IOH*¥X%%k%¥%X¥ %y 21HLAST TRAJs IS OPTIMAL,
1IOHEZRLEFIRXLRS) . ) '
VRITE (74311) ( Ut1alde. 1 = 14KCOUN)

WRITE (7+811) ( ACC(I}s I = 1,4KCOUN)

FORMAT (S5F1%8)

IF (FRFQO=5:0) 31431432

IF _(FREO~145) 23423434

\ 62
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a2 IF (FREQO=0e5) 37437436
¥4 FesG = FREQ /20

GO TO 35 '
24 FREQ = FREG = 140

GO 7O 2=

36 FRFEQ = FREQ/2¢0
35 H = 1.0/(FREQXRCOUN)
GO TO 15
37 CONTINUE
sSTOP
END
SIBFTC SURA
SUSBROUTINE ALPHA (HKOK)
COMMON/GOOD/X (542001 ) aXX(S5e5)4DXIS45) eDHIS)Y 4
1G (2420011452001 ,U(242001) 47 (2001) +KCOUNGRAV
2CCST NNZP LSO M 4P Gl 1029034044054 054074R
DINSNSION A(60)¢CO3S(50)1FRO4(50)
30 IF ( LED) 104 1Gs 20
C ALPHL CONMPUTATION
10 J =1
AAA = 240
€ IMAKE FIRST GUESS ON ALPHA
Aa = 0,01 '
A(J) = AA :
C USPDATT CONTRCL s RETURN AND INTEGRATE
' NO 1 T = 2Jrnim -
1 UClel) = Ut2a1) 4+ ALUIXSLT)
NNN = O
LRd = 1
LL = =1
R=TURN
29 PROG(J) =
CCSS(J) =
NRNN = NNN
IF (NNN=-SO ) 23424424 .
C COMPUTE DIRECTIONAL DERIVATIVE
C OR INTZROPODJCT G%S
23 . DO 2 1 = 14KCOUN
PRO1 = G(lel) * SCI1)
2 PROA(JY = PROA(J)Y + PROI}
YRITE (£4801) PRO4IJIY1ALJIY e LOSSLY)
B01 FORMAT (2Xe¢1CHPROA(J) = ¢S156B818Xs7HA(JI) = +sC15480
14X THCOSE = 151548}
C CHECK SI!GN OF INTERPRODUCT
IF (PROA(J)) 442445
L = 1
14 J=J + 1
ACJY = AlJ-1)I%AAA
0O 5 I = 2¢KCOUN
5 . UC1sl) = U2+s1) + ALIIXSL])
PETURN

0«0
COST
+ 1
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6 IFILL oFQe =1} GC TO 9
C CUBIC INTERPILATE FOR  ALTHA
7 2 = Z220X(COSS(I~-1)=COST{UN I/ {ALIY=Alu-1 ) 4mnma 00

14+PROA L J-1)
W o= SORT(Z#XP=DRNIA(J)HPO 4 J=11)
AA = ATJY=(PROAL Iy +U=Z) 5 (ALY =2l =1 Y /(P78 -
IPROG (U1 Y + P
24 DO 8 1 = 24KCOUN

8 Ullely = U241 + 24 25013
£LBO = =1
NNZP = 20

WRITE (64802) A~
802 FORPMAT (2X¢SHAA = F1854%¢//)
TRETURN .
C IF FIRST GUESS ON ALPHA GIVFS POSITIVT
C G*Se THEN RFDUCFE f4L&S=a GUEAS
9 A(J) = o1 *A(D)
DO 11 1 =" 2«KCOUR .
11 UClel) = U2¢1) + 24UV
RZTURN '
END
SIRFTC suPn
SURRCUTINE DFR1 (Hel)
COMMON/GOOD/X(S420C1) o XX (DeT 1 e (- ¢} 4 BHI{Z )
C1G(242001 )4 S(2001) U220 4 S U200 1) (XODUN G TRAVY,
- 2COSTINNZPLARDMiP QT a0t it A NI L A L AT L5
DX(1el) = XX(241) a .
DX(241) = (1e+R)IXGDAVEU(I )Y — G2¥MX(1a1Y -
1OA%XX(Pe]) = QS%(F (M)=XX(2c1)) g
DX(241) = XX(ad1) _
DX(841) = =RE¥ECRAYE(I¢M) + O6IXX(1al? + Q73¥UX(Z4 1)
14QS%#(F (M) =XX(341)) = GRAV , _
DX(Sal) = (UC1+7) = Q1IN (1¢]) = QIEXX{(D241) = 10 )
1%%2 + PXUL] M) 2% '
RETURN
END .
$IBFTC SURC
SUBROUTINE DER2 (He1)
COMMON/GOOD/X (542001 ) ¢XX(S15)4DX(54=) 4 DHIS) o
1G(2¢2001142(2001) eUIZ42BCT1 I 4T I2001) sKOOUNGGR AV
2COSTANNZP LB sMeC N1 ¢ 02403404405 40640700
C COMPUTE GRADTENT _ . ‘
GU1 M) = (1e4+RIXGILAVEXX(D 4] )= REONAVEXX (A4 )+
1 2e% (U1 eM) = QIXX{14M) = Q22X(2¢M) - 140)
24 2e%DRU(] M) ’
DX(1e1) = Q3EXX(2¢1) = GSEXX(4e1) +
1 26%01%# (U1 ¢™M) ~ O1EX(16M) = J2EX(2P4M) =.140)
DX(241) =c=XX(1e1) + 08#XX(24¢1) = D7EXX(4¢1) +
1 24%02%(UC1aM) = QIEX(141) = Q2¥X(24%) — 130)
DX(3e1) OS* (XX (&441) = XX(2a41))
DX(44l) = =XX(241)
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RETURN
END
$1BFTC Sull
SUTMIBUTINGT RUINGT (MeNeIL)
COMMAN/GOCN/Y (542001 aXX(FTe5) 4DX(545) «DHIS) o
1G (22001 )42 (20011 U 2130D ) 4F(DPAN]) JKTOUNGGT LY o
) 2C O e T a NN LTS M P e N 4 02 400G e 0 05 e N7 4R
C AaTH ORNFR LUNGE=-XUTTA INTFGTATICN '
N2 = N + 1
Na = M + 7
OH(NZ2) = H/Z200
DHIN+2)= DH{N2)
DH(NGY = H
DO 201 U = NP2 N4,
oD 101 € = 1.'L ‘
101 XX {KeJ)=XX{IKeNIENS L JY "Dy (g J=1)
‘ 1IF ()Y 247! '

1 CALL DEDY(Ye.0)
GO TC 20}
2 CALL ©rD2 4y oy

201 ConTINUR
DO =01 X = lail

401 WX K eND XV L0 g Ny 213X I N 42 o B PN (KN ) 420 2DON (KO NED)

-

FOIK(K qNEY Y /50T
1F () 44443

Yo Mo
CALL DERI(HN2)
co TH =

a T O | - _ .
CALL DERZ2(H¢NFY,

09

S CONT INUT

RETURN

END :
S12LDR FILT S . 18 DFEC 69

SFILE FILFES ~UNITO7=4PP] 4RTADY «OUTPUT 4 ECD2LK=14
SFDICT FILES

*3 P7G02~ { =POPEPN

STEXT - FILES

*4 =4H* ) 1

SCDICT FILES

5 o¥{( 3 1ex)P 3 XD-

SOKEND FILES

SEOF
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