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corier of its assipned air space, 1t is liket§ that a human pilot would
develop a similar behavior.

Conclusion

. The Implementation of pilot behavior with » paramelerized set
of sules is seen-to be aw offective way lo represent 2 vast array of
alternative behaviors. It can easily be set o mimie e behavior of
lman operators over a limited domain, In addition, any knowledge
obtained during the evolutlonary adaptation can be readily extracted
from the new control parameler valies, The genetic alporithmis seen

to be an effective method for evolving a population of trlal contro!

paramelers tn a continnous search for beller-adapted behaviors fn g
caniplex, dynamic environment, The use of an fntemal simulation is
scen to be a practical way 1o represent knowledge sbout the external
world.

The adaptive pilot medet was able to generate behaviors th'at were
significantly better {han those of preprogrammed models, Like the
human pllot itenolates, the pitot model can adapt its behavior when
faced-with novel threats and, thus, stgntficantly reduce the fraction
of missiles {hat leak through,
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Nomenclature

Cy = coefficient of drag

1] & rolling moment cosfficient

Cy = normal force cocfficlent

C, = yawing moment coefficient

Cy ~ = lateral force coefficient

d .. = body dlameter, roference length

= mameits of inerlia

Ly Iye Iy, = products of inertla

Lmn = x, ¥ 2 components of aerodynamic moments
M = Mach number .

pog.r - = roll, pitch, and yaw rates

] = dynamic pressure

s = reference ared, wd?/d

Irxs Iyyr {0’

T,. T, T, = thrusts in ¥, y, and z directions
T2 = torus with iwo frequencies

T3 = {orus with three frequencies

{ =time
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teanslationat velocily

¥ =

Wy = {otal mass

o« oW = angles of attack, side slip, and yaw
§ = fin cant angle

31,83 = {hrust misalighment angles

g, ¢, @ = rolation augles

@y = pitch frcqnency .

Intmductmn

P ROJECTILES wlih wmm{ound Rns (WA lwlvc acute luherent
dynamic-instabliity. They shoi: unt‘avomblc damplng charac-"
terdstics, which lead (o wnpredictable fiight behavior in pltch and
yaw rates as well as In angle of attack and sidesilp angle. Through
the concept of a slightly asymmctric missile, Nicolaides® showed
It possibility of roll resomance, ‘Nicolaides? ﬁmhcr put forvsard the
idea of roll lock-in and cétasirophic yaw. A more general ahalysis of
{he motion of rol!mg asymmeteic bodies was prcscmcd by Murphy.?
Mayfeh and Sade! analyzed the roll resonance of a re-entry veli-
cle and oblained necessary conditions for roll logk-in to aceur. A
more detailed work on roll lock-fu of finned ?mjecliics was done by
Murphy.* Ananthkrishnan and Raisinghani? explored the shbilily
of lock-In solutions and soll 1ESOMAeS, Lty '

A numericat study of nmﬁincnrdynamlcs o[‘;‘jAFpro Jecliics froin
the viewpaint of chaos is presented lere, The sims of the Study are (o
find the boundaries of periodic, quasiperiodtc, and chaetic motlons;
to ascerlain whether rofl-pitch cesonance lack-In oceurs through
phase portralt analysls; and to actwa!c roll breakout by conirolling

“the rotatlon number.

The scope of the work can be seen from fwo viewpoints: either
climinaiion of chaos during the design phase of WAF projecliles
or inclusion of controlled cheos to make tho space—time trajectory
unpredictable,

Mathemntical Model. q,‘

The equations of motjon aré derdved with respect toa ﬁxcd plane
coordinate syster, Tho x~axis points downrangg, tho y-axis poinis
to the left fooking downrange, and the z-axis points up:

dp
L = [esac mr(r,y~ L)+ (@ ~r">fn

- pg b

+ ("'P[{x 4 q !xy -+ rlx:)/lxx (0

= priy + qlzy + r!u]/lx,

d ~ -
?i{}]' = [QSAC, 4 rpUy — L) + (2 ~ PP -+ gr Ly

= pglg — phy + ”}'t]/ln’ 2
dr 22
Pl [QSdC.!I.*i" Pglsr = dy) - (p* — My

+qrhy — grlu+ plet+ gl /L e
‘é‘: - —g?gfé"ﬁ 18008 p(oosOsinareos ,

+ sin:,ﬁ'coso sin -l_s_in_t? c(};; ¢§qs}3) "

T Iysinf 4 ysinawcos B
— 4
+ m cosacos f -+ ] A @)
dw QSC‘t : - ’
RS i i
@ WoV cos B +q mn,B(pcosct+rs ned
+ 7 cis ; -+ (colslqﬁ cosd cosa J-sind sina)
e T L
Trsina — ;cosa - - . ©)

T T WeVeos g .




5 -t varotis caiting angl

o

{ pshm—rcosa + Tcosﬂsmcfrccsﬂ

FRPAITEA

(©}

] Wov
"‘Bccausg att[tudvpasiiion mi'.asurcmcnts are made with respect
Mo TR BaRC R AR system, additional’ transformation equations
_afe shown stext In lerms of the fixed- pianc Euter angles @ and ¢ and
angle of rotalmn ¢v B

‘.%'--—qcosg#wrshuﬁ S N -
(8)
®

= The aemdynmmc forée. ad momem coeﬂ‘ cients expressed by
C”. C,,C,,. Ch:ete.y follow lha standafd definitions, as given in
eRef i it L sain R

Fqnaumas (1-9} arc solvc(l numerica!ly using n Runge-Kulta—
Fehlbery scheme for various values of the fin canling angle 8, This
has been included in the code by varatfon of acrodynamic coef-
ficients and derivatives such ns Crpi Crgy Gy Cay CP01 CPres
-ele., with ‘Mach aumber (0,1-2. 5) for different canting angles

(=3-3 dog).

it Annlysis

faihic ’;ariables “hive been performed using
K !Enw ins(or_v 6f signals, i)lmsa uriraiis, Poincaré sections, power
A spcclrum ﬁtinmﬂot}, and’ mltacomlation‘ The, varlauon it canting
angle brlitgs ; ahuut "ssat] bt cohse&juen‘ual chaiiges in the dynamics
of pitchlng it Yawving anguhr Velocities, anglo of atlack, and side
*slig angle, whéireas the) mst g_ff the dynamsc variables exhiblt steady-
state malien, o -

- Vor these four dynamlc \_ranables. tho time hiistory of lhe signals

X tgows a change from periodic to fow-
“Trediency’ qhasiperiodlc {0 mulfiplefrequency quasiperodic mo-
o aud then bick {0 low: frequincy quasiperiodic to periodic mo-
tion s the nngniiude of canllng is increased from 0.0 te 3.0 (or

Gt A3.0) U T

can-bé skén by analyzing tfie phasé portrait and Polncaré sections
of either yaw or pxtch angu}at' yelocities or of angle of allack. The
m]t breakolt ¢anhe wcliyale{fby crossing the criticat rotation nom-
“Har (p/cap) ‘of'3; Moreovbr‘ biber ‘dynamicaily unstable problems
such ds the otcnerence o(catasf rophlc yaw can be investigated from
poavsr s~actoam, time higtory; and correlation signals. ‘

Tl canting of the fins 1 dotis both ¢lockwlse and counterclock-
‘wise e, positive and negative angles, and itis observed that at zero
cant the missile exhiblts steady-state honoscillatory motion forall of
_ the dynamic variables. A futther Increase In the range 0.05-0,2 deg
resulls In gbservance of periodlc motion in four dynamic variables
(q,:%"cf,atsd PYasbndas bl

Forthe can!u:gangle regime-of() 2-0.6 deg quasnpcrmthc motjon
is obgerved, From 0.6- to 1.8-deg fin canting, roll lock-in occurs,
which results In multiple-frequency quasiperiodic motion (Big. 1) of
all four dymmic variables mentioned. A low-dimensional strange
atfractor is observed'at § = L.0. Increaslng & from 1.8 lo 2.7 deg
resutls fn the gradual disappearance of the strange auracior and
formation of a T2 toris af 1.9 deg. This rolt breakowt is observed at
thie crltleal rotation numbér value of 3, Afier the roll breakout the
dynamle systen reveits back to quasnperiod{c motlon. From 2.7- lo
3.0-deg fin canting, the T2 lorus disappsars, and the syslem reverts
to the pedodic regime.

Thore Is a gradual shift of power-dominant frequencies to higher
values as tht § is Inereased from 0. O1o 1.8 deg. Morcover, (he power
contalned In the subbarmonie frequencies for muitiple-frequency
quasiperiodic motion is approximately [0 limes geeater than (hat

.-1:," Ir.5ty AT
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1é Phehioiienon of roll-plich resonance
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for subhaemonies in the quaslperiodie regime, This aspcct of power
concenteallonisin contrasttotlse aspectof power spread as ofcursin
chaos in fivld flows.? For & 2 1.3, the power-dominant frequiencles
agaln start shifing to lower, vatues, with a consequent incmase in
the magnliude of power (Fig. 2).

The autocoreetation of any one of the four dynamlc s:gnals ex-
hiblts & geadual decrease inamplltuds from periodic to quasipériodie
to weak chaotic motion as § 1s Inereased, To check the consistency
of the critical value of the rotation number, the lnertia of the pro-
jeclile was increased to reduce w, by 25%; nnnclheless, !he cr{hcal
rotation nwmber rcmamacl juvariably. constant,

e '.,:

Conclusion

The fotlowing eonclusions have been reached.’

13 The dynamic varlables such as pitching angular velocity, yaw-
{ng angular velocity, angle of attack, and sideslip angle all show:.
multiple quasiperiodicity as the fin canting angle 8 s varled.”

2) Periodic motions are observed for pitching and yawing angular
velocitles, angle of attack; and sideslip angles for canting angles in
the range 0,05-0.2 deg.

3) Low-frequency quasiperiodic motion is observed for the same
dyriamic variables just menfioned for canting angfes in the range
0.2-0.6 deg. The formation of degree two and (hree toruses is ob-
served as & Is varled.

4) Roll breakout can be achieved by ccossing the 3:1 critical ratio
of roll-pitch angular velocities. |
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5) Farther inerease of canting sngle £.9-2.7 deg results in quasi-
peradic motlon,
6) Prom 2,7 to 3.0 deg periodicily again appears.
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Introduction
T is likely that future large space slatctures will be constoucted
by docking several moduales together In orbil. Before docking,
each module Is stabilized by its own confroller. However, the stabil-
ity of the connected system is not guaranteed by the local controllers
because they are deslgned for the [solated subsystems, In view of
this, there {s 4 need to design a stabillzing controller for the dock-
Ing case when the plant properties drastically change, Decentralized
conirol techinology, which has tie potential capability to stabilize

Interconnected systems with informatjon constralnts, seams to meet

this reqiilremiont, A great deal of research has been carded otit on
this problem, =5 Thielr common framework is to oblaln decenteal-

Jzed control sysiem stability under the structural perivrbations that
Tosull when modules are connected and disconnected in arbiirary
ways. By this method, a set of local controllers achieves connectlve
stability for space sinuclures of arbltrary configuration, However,
ihis I5 not necessarily the case In an actval construction segnatio. It
is usual that space structures are consiructed by connecling new
modules to already existing stmclures one afler another, Tn this

_case, only the local contreller of the new modnlc should be de-
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ENCGINBRRING NOTHS
signed so ns to stabilize the connected system, without changing the
existing system. This is called the expanding system problem,5-¢
‘This Note fnvestigales stabilization during this type of constiuc-
{ion, The controller deslgn procedure is formulated in & j¢ synthesls
framework, and a simple numecical example Is used to iltustrate its
capablilty,

Problem Definition

Conslder a space staucture S, ta be constructed in orbsit by con-
necting twe modules & and 8;. The mathematical models of
& { = 1,2} are described by mpdal cquallonS' .

My 4+ Dy py - Kli’:=bﬂm Sy f;’zP: M

where py & R¥ is the modal coordinate vector and 1 and ¥ are

* the control input and measuromgnt oulput vectors, respectively, The

d:agonal matrices A, Dy, and. Xy are !hc ninss, damping, and stiff-
ness i modal space. The connectcd systein, S after docking can bo
modsled by a direct fntié slemint method (FEM) analysts or by
a component mode syntlaesis.".chardwss of the approach taken,
however, it is u}umaicly des rjbcd by anot!;er niodat_equation as
follows:

h{h" FONERE

Mp-{-))p-{-Kp L;u;-{-qulz

R

where p € R” is lhc global modal coordina(e 'lftcr dt}cking '}‘he
purpose of decentralized contro! synthesls js‘to obledn-a pair of
controliers

Hy = Cl ) 3

fori=1,2, whichslabi!lzesS[.Sz,andS We design limcoutrollers
by the foiiowitlg iwo steps: 1) design Cy(s), which stabilizes 8,
and 2) design Ca(s), which stablilzes Sz.and & stmultaneously,
where & Is the closcd-loop sysiem of S with the controller iy =
Ci{s)y,. Because the first step is {ho ordinacy vibration conteol prob-
lei, it wilt not be dscussed 1 detal] here. 'ﬁw design prob!em of
Cals) Is lnve.sugatad in the next sccnon. TS

" Conteoller Synthes!s iy
‘We first derive w.fo condittcns for Cg(s) to, slabl!i{.c &; and 5',

Independently, 1t will fhien be. shown (hat’ Tue lattor condition fn-
cludes the former under an assumption. The controller must be #
reduced-order controller because the model order of’ Egs. (1) and
(2) Is excesslvely large. This I8 an essentlal requirement for a vi-
Dralion control problerm. To investigate the confroller stabitizing &,
Eq. {1} is rewritlen In the frequency domain as yo = Pa{shia. Then
we separate P2(s) into a control model @21s) and 2 resldual model
Ra(s) a8 Po(5) = Qa(s) - Rals). We regard Q,(s) as the nominal
wodel whose state-space realization fs Qa(s) = C(s — AY'B,
wheore A€ R ¥ and 1y '€ Ny Then'&; is equivaient fo an
cxtended systcm' ,

Qi(-f)ﬂ'z + W Z2 =iy
having the model error loop wn = Rz(s)'zz. ‘Therefore, If C,(s) sta-
billzes 24(s) 'md s'ﬂlsﬁes

1R s < 1 T(-f)— Cz(S){f Q:(-S)uwu RO

then 6‘2 is robustly s!abiiizcd agajnst Rz(s} Next, the condition
under which Cy(s) stabilizes S‘ |s conssdered From Bq. (2), Sis

¥ = Pus)in + Pu(J)uz. 2 = P (sl 4 P

In the frequency domat, Then the ctosed toop system 8 produced
by Cy(s) becomes .

PuCtU PuC1) P.1+P,z (0}
Quls) 4 R;}(s) fori, j =

¥ = Pa(ug,

We again describe P;,(s) 1,2 50 that

Oy (s) has the samo numbcr of modes as Qz(.s‘%‘ :1.e,, s realizationis
Cor(sT — Ag)™ By, where Aq ¢ R

Oyls) =

+ %2931 the sequel,
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