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Abstract: The enablig method far advarted interceptos to achiee the hit-to-kill
accuray agains targes performig evasie maneuversncluding spirding maion are
developéd an the bass d one unified theoy for the purpose fodesign ard analysisviz. a
contemporay norinear robug contrd theoly sud a the diding moce control The
integrdion d guidarce aml flight control systers is achievd in a two-log guidarce and
flight control system desigdén the combind stae space foengagemenkinemadics and
vehicle dynamics The designd guidarte-contrd system performase i verified via
compute simuldions usirg a genefé endo-atmospherintercepto model.
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1. INTRODUCTION

The miss distane & a1 ultimae performance
criterion o a honing intercepta is crucially
dependen on al its subsystems g(idarce,
navigation and contrdé (Garnell am East 1977,
Zarchan 1998 working togethe in a closel loop,
sudh as the homirg loop This situatio calls far the
integratel design 6 all intercepts modules sensor
informaion praessig ard necessay  data
edimation a homirg guidarce law ard flight control
(autoplot).

The primay god of this wok is © develp the
enablhg technoloy for advared interceptos to
achiee the ht-to-kill accuray agains targets
performng evasie maneuversincluding spiraling
mation, considemg al subsystera m the bass of
one unified theoy for the purpos o desigh and
analysis viz. a contemporgr noninear robust
contrd theory sud as the diding moce control
(SMC). The scop d this pape is restrictd to the
perfed information senard (noie is nd involved,
no sensors filters, estimators), shc tha the
integraion o guidarce conpute and flight control

systen is aldressel only. The man corcen hee is
to ue minimun passibke informatim in orde to
achiee the goh (target intecep) in presene of
uncertaintie and disturbanes actng in the haning
loop. Prazessirg noigy navigdion dat with the ad of
SMC-basd flitersiobserves is the isste © be
explored in a differen work.

In this work an integrated twodop guidarce and
flight control system s designd to incorporate
variety of guidarce strategige ard robusty enforce

them regardles d targe maneuvers atmospheric
disturbares and dynamic uncertaing of airframe-
actuator The idea d backst@ping approak ard the
reldive degree approhcare use in the two-loop
diding moa contrd system mud simila as has
bea dore far the aircraf contrd in (Shtesé et al.,

1999) Moden achievements of éhemergig control
technique highe orde sliding modes (Fridmax and
Levant 1996 are empbyed in orde to upgrade
algorithirs in guidarce and flight contrd systens of

an advared intercepta (kinetic energ kill vehicle).

Different strategis © the homng missile guidance
problen are sudied and particula beneits fran the
stardpoirt of an integrate guidarte-contrd system
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that robug contrd theoly can potentialy contribute
toits solution ae identified.

2. INTERCEPT STRATEY AND SLIDING
MODE GUIDANCE

2.1 Introduction to #ding Moce Gudarce

Misdle guidame lav synthes ard performace

analysis especily homing missile guidanceis a

very attrative poblen for goplication o a broad
bard o contrd and systen theoy methods.One

approab is taken by the graip d methods
employing geometii idea in the feedbak control

design wheee the intercep strateg is ideriified first

and then the intercep problan is transforme into

the ouput regulatim problem Among theg are
feedbak linearization contrd applications(Bezik et

al., 1995) and slidng mod control (SMC)

applicatiors (Brierly and Longchamp199Q Bahu et

al.,, 1994 Zhau et al., 1999 Moon ard Kim, 2000).

Recert goplicaion of SMC theoy to the homng

missle guidarceresuted in a seris d very efedive

algorithirs in terns o smdler acceleratio advantage
requirel for intercept of weavirg targes & compared
to ProNav andwegmented ProNawguidarce.

In this work SMC-basd guidarce algorithns ae to
be useél & a bass for bulding a integrated
guidarce-fight-contrd system The man idea 5 to
enforce given closed-lop dynamics far LOS rak in
preseme d unmodeld befoe missile dynanics
(aerodynamis+ airframe + actuator,) usirg the input
voltage sign&to the actuatoas control In this case
engagemen kinematics ard missle dynanics are
integratel into ore state spageard the intercept
problan is transformd into the outpd regulation
problen (a given constraih keeping) The given
closed-lop dynanics far LOS rak is sekctal to be
such as it would be with SMC-guidace gplied to a
zero-lg guidarce sysem.

2.2 Intercep Strategy Geometrt Approach

Consider plana engagemen kinemaics without
accountfor gravty. In pola coordinae systen the
relative podtion is present by R=(r,A), where
r = rang alog Line-Of-Ste (LOS) ard A = LOS
angle The stae modé of homingmissile
engagemerpracess isobtained
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where we conside w, as a canmanded output,
missle normé acceleratio a a contrd input and
projedions d targe acceleratio alorg and
orthogond to LOS Ar,,Ar,, ar considerg as
unknown bounde disturbaces The systen (1) can
be written al® as
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where V, =rw, is a transverda componen of
relative velociy in the referexe frane rotathng with
LOS. Fa a dired hit, it’s recessay to keep V, <0.

The mos$ criticd componetn in V, -dynamics,

. . Vi .

centriugd acceleration rwf =2 s rapidly
r

growing as LOS kee rotaing. It provides almost

instart rever® in V, diredion, asr becoms small.

The mos radicd decisio is © diminaie this term,

i.e. to keepw, = 0. In othe words the go&to keep

R =VR vecta to be arti-collinea to R vecta is one

possibk strategyIn this cag the revers in ' will

happen only after r crassng zeo (dired hit the
target) Zerong the LOS rat wa the primay goal
for mary developd guidarce lavws (Zarchan1998).
The contrd tak in this cag is b counteractarget

acceleraion driving w, to zero However to hit the
target it's suficient to nullify the transversal
componen of relative velocity V) , only at the final

momenti.e. if Vy - 0 ar - 0, then Vg will lie

along LOS ard headiy erra will be zero Foe
example, op d the firsts ard ore d the most
pradicd strategis in guidarte propotional
navigation (PN) nullifies headig erra gradually
during the flight and eliminates it completey a the

end (idedly) (Zarchan1998) Moreover, eve if w,

is dlowed to grow thoudn nd faste than ia a<l
r

as r » 0, we obtan VA=r[-117=r1"’ -0 as
r

r - 0. On the othe hand, centrifugd accelerdion

term in V, -dynamis shoudl sty limited, as r - 0,

otherwie the revere in V, is inevtable Thus at

least ore ha © provice rwf <M, some M, ie.
1 ., 4 .

W) DF,G <5. Sq the leas suitabe w,

behavio is

Co
Wy =—2 or Vy =C,r . €))
A \/F A o]
Now, the fdlowing tak can be formulated:
Stalilize the systen (1) or (2) on the manifold

01=w, =0, 01=V, =0 (4)
or
05 =W, —%:O,orazzv,\ —cof:o (5)

where thequantiy oj,i =12 detemines the system
(2) or (2 output to stalilize to zero.



2.3 Sliding Mbde Guicanae Desgn

The chose interceg strategy transforns the
interceg problem to an outpd regulation problem,
which can be consideré as a fundamentiaproblem
in geomett method d contrd synthesis. The
contrd god of the outpt regulation problem is to
stalize oj,i=12 ard to saisfy the condition

Ot=>t,, V, <0 provided given limits an control
input  n_<n_ .., ad know bound of
uncertainties varidions.

In this paper we emply contnuos SMC control
despn developed Y Brown et al., 2000. There,the
SMC retairs propeny of finite time convergence,
which is the esserce d a diding mode in absene of
uncertaintieses @posel to asympttic convergence
in a linea contrd law. Fran (5 the o-dynamics is
identified as (we amit the subscript)

. VrV)\ COVI’

g=—-——"-"+ - —Ccos@ — n_, (6

Ar ) T @A-ym)n, (6)

r

S0 the commande acceleration ng, for the missle
normd accelergion n_ is slecta o be

] 1 HNVV,\ Ve, , 0 H(7)
“Toos-y)H 1 2 e
From (7), the closed loop c-dynamics is derived as
(N-DVio o (N-DV,
= + + - ( )

When r is large the lag term n (8 domlnats over
the other providing for the convergence of ¢ to the
smal doman |o]<Ly,|d|<L,, whee its siz can be
computed usig the analyss in (Brown et al., 2000).
When r is approachig to zero ad still V, <0, the
first termm provides far the finite-time cdlapse d the
o-dynamics (8), subtha 0 - 0 asr . OV, <O0.

3. INTEGRATION OF GUIDANCE AND FLIGHT
CONTRQL SYSTEMS: 2-LOOP SMC APPROACH

3.1 Vehické Dynamics

We considethe fdlowing plana vehice modé of a
homing intecepta (kinetic energ kill vehicle
KEKV) in ptch plare withou accourt for gravty as
in (Shkolnilov et al., 2000)

E—Lsina+icosa+qg 0o O
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whetre it's assuma tha the generbnonlinea model

is dfine in controlsi.e in cag d only aerodynamic
contrd (J, isa virtud deflection which is dlocated by

the fin’smixing logic) we have

Crla 6, Machq,de,..)= Crn, (0+ CRe (DB ;

me (

X="tCx(@+AC, M),

z="8C,(J+AC, (1), a=1pV?,
where AC(1),AC,(1),AC, ) are the external
disturbances.
The norméacceleration n;_ is the fdlowing system
output

nL:% C @,..)=-Assina + A, coxr =y, IV ,(10)

where yy =6-a is the flight pat angle,
X z
AX:E’AZ :E.

It's al® assumedtha the modé (9) is d minimum
phase In cag d aerodynanic contro| it mears that
oC_ _ 0 oCp _

05, 05,
fins ae employed.The actuats hae the highly
norinea dynamis d unknown order the relative
degee B suppose to ke gud to one sud tha the
inputioutpu dynamis fa ead individud fin channel
can be presentkas

§=-a6 t§5-u),i=12.., (11)
(i is fin number) whee the unmodetk internal
dynamic will be considerg as a time varying
bounde disturbanceard be accountel & the pat of
the notdinear term a(d;,t), which is allowal to be

non-snooth but bounded (backlash rae saturation
etc.) sine it's matchd by the contrd U; .

3.2 Modé Behavia of the Homirg Loop

Now, the problam is © desig the contrd input to the
actuator u(t), in orde to enfoce the give closed
loop performace d a homirg log robusty to
uncertainy of vehicle dynamics Unde the SMC
guidarce of a gener format

Ne - Vh fVy.r), (12)
r
the closed-lop V) -dynanics are
.3V
Vy == V), 0+ Ay (13)

It was show in simulatiors thd even in presene of
Ar , the closeddop V,-dynamic provides for
targé intercept So, the ided modéd to falow will be
sekctal as

; V
V/\:3Vr A

-f\Vyr),

althoudn we knav tha boundel forcing disturbace
to this systen is tolerable The modé behavio (14)
shoutl be robusty enfoiced by contrd u in presene of
vehicle dynanics urcertairties ard disturbanes and
targe maneuversThis pioblem will be solvel using
highe orde SMC approak (Fridman ad Levant,
1996) ard backstepping idsain a two-log contrdier
structue (Shtesé¢ et al, 1999).

(14)

The fird loop (oute loop will be designd to
enfore (14) usihg missile body pitch rate g, as a
virtual control We asune thda pitch rae is
measurald and, therefore the correspondenpitch



rate trackng erro signd can be usé to creae the
secom (inneg loop) contrd loop.

3.3 Oute Loop SMC Desgn

Now we conside the composi state spacef dhe
systens (1) and (9) If we try to hold the fdlowing
constraint

A

0, =V, +fW,,r)=0,
then even unde smal residua perturbation , such
tha o,#0 bu |o,(t)kM, some M >0, we
achiew godal closed-loop performae meanirg that
our ided modd (14) will behae smilar to the
systen (13), which is proven to be saisfactory.

Following the SMC approachwe cal the constraint
to be kep (15) as the slidng manifod in the outer

loop, whee o0, is the slidng quatity of the

(15)

manifold (15) To staliize o to zerq its dynamics
is identified

o _4EQV\A+VVA r V’A’VAHr

%Inﬂ Ym %/— Eﬁcos}\\ Y )WE*—VA +—V

(16)
One ca rearange the terns in (16 ard write it in
the shot notaion as
Go=¢ O-cosd —ym)nL, 17)
where al the uncertaint is lumpe into the term
¢ (1. Designirg a conthuots SMC contrd in terms

of N, which is o be enforcd & N, we obtain
similar to the praedure far the guidarce lav on
missle norméjerk N .
1 O-O
pO 05
cos@A —ym) |o’0| :
Saq the inne loop desig can be buld with resgd to
the normé jerk tracking howeve having ptch rate
as a availabé measurementore can recalculate

(18) into canmand far pitch rate Fran the modé (9)
we idertify

[ . .
q= V(r"n" +J’n|_dr),
where V is missile speedard T, is know & the
turning rat coefficient

_a _ HmpC, T
e

Considerig T, asa known slowly varying quantity,

we findly obtan the fdlowing profle far the missle
pitch rae t follow

=1 % 48 @1
%) Vcosﬂ—ym)% |O'|05 Ip drﬁ( )

Thus a canmand a1 missile maneuwveis obtainel in
terms d pitch rae commandlt can be considere as
the guidarce conmand. However to obtan this
commard we hal to conside the compoge state
spae d engagemen kinematis ard vehicle
dynamics The secod (inne loop) will be designed

(18)

NLc =

(19)

(20)

nex to robusty enforce ptch rae commad (21) in
presece d uncertaintis ard disturbages o the
airframe-actuatodynamics.

3.4 Inner Loop SMC Design

The regulated outpu in the inne loop is the ptch
tracking error

e=qc()-q. (22)
From (9),(l1) we determie thd the relative degree
of the input-outptidynamic far e

6= 410~ (1) 22 0RO

is gqud to two. Thus ore can appy the secod order
SMC approak (Krupp et al., 2000) to provice for
finite ime convergence fotracking erre to zero
robustly to time-varying additie uncertaing ¢4 ()

and mudtiplicative uncertairties d airframe dynamics

(23)

wr2, (Y (equivalert undampednatura frequengy of
g3
vy
a() (actuato bandwidth) The onl requiremet is
to knowv the limit of ¢4()) variations ard the

airframe wrz,([ﬂ Cée([)]) and actuato dynanics

nomind value ard sigh o the tem Vlwrz,([}h([)].

Given thd the contrd law for u, basé on norlinear
dynamic sliding manifod (NDSM) design (Krupp et
al., 2000) sobtainel as
——psgr(J) J=e+y,
wna
-5 © J '
X= Hl/z 40|J|2/3
where the nomind values for uncertainties wﬁ([)
and a() are used ard the coefficien p is sekcted
accordirg to the wpe absolué limit for additive

uncertainy ¢4 (0.

(24)

Thus ushng onl ouput feedbak e=q.(t) —q, the
contrd voltage © the actuato (11) provides far the
oufput e convergene D zero i a finite ime.

4. SIMULATION EXAMPLE

We dmulate the KEKV airframe with the fdlowing
equivalert characteristie (Shkolnilov & al, 2000)
T, = 3.75sec, = 2r18rad/s,  trimmed

uncompensatedampig 0.01 (utrimmed airfrane is
unstable) actuato bandwidh 20Hz, missle sped in
projedion to the plare d engagemenis 473 m/s.
The res$ of simulation dat ard conditiors is the
sane @ in (Shkolnilov & al., 2000).

The integratd guidarte-contrd system § sebctel as
follows.

First, the closedéogp engagemedn kinemdics is

sekectal as beirg unde SMC guidarce but in absene

of targed maneuveri.e.

er)t
r

0o =Vj = +5SAT, (V).



Second from (21 the “virtud control’ for pitch rate
isobtaina as
05

Vcos@—ym)ﬁap|go|o°5 +J-p|0' L drﬁ

the oute logp contrd (“guidarce law”),
Finally, the contrdinput o the actuatois selectd to
be

1 (o] (o]
gc(t) =
o

u=-Y_100sgf3), J =e+x, ¥ = 5———40—3 _,
. 2 |q 05 |J|2/3
n
the inne& loop control.
Simulation are show in Figs.23-30.

The work of outer loop Reslut: Miss distane s zero.

Discussion of results: The discotinuous control
signal is pasirg throudn the actuato praducing
smooth contrd surfeces defedions (‘equivalent”
normalized deflecion is show in Fig.5 in reaity
discontinuos voltage is passig throudn fins mixing
stage logic and then each commahis actuatedvia
individud fin actuato (11)). The slidng mode
J =0 on the auxiliary dynamt sliding manifod J
(Fig.4) provides far exad¢ pitch rae trackng in a
finite ime (Fig.3) Atch rake & the virtud control in

the oute loop holds given constraih 0, =0 with

goad qudity, which is enoud to perfom intercept.
In Fig 1 one can se tha the rdio o missle/target
accelergion in projedion to LOS is clog © one,
when transieh is ove and missile repeat target
maneuve as thd appeass in progdion to LOS Here,
the stabiity of the homirg loop is supportel up o the
point, when the “dired hit” condition is inevitable.

ﬁf-s»targ:et
4 Srmissile

0 5 10 15 20 25 30 35 40 45 50
Time (sec)

Fig.1 Targe and missile acceler@ons in progdion
to LOS
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Fig.3 Htch rae tracking
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5. CONCLUSIONS

In this work an integrated twodop guidarce and
flight control system s designd to incorporate
variely of guidarce strategie ard robusty enforce

them regardles d targe maneuvers atmospheric
disturbarces and dynanic uncertaing of airframe-

actuator.

The ides d backst@ping approach the reldive

degee approdt ard the ®cord orde sliding mode
contrd are usel in the two-lo@ diding moce control

system Differert strategie basd an SMC geometric
approab to the homirg missile guidarce poblen are

studied Paticular beneits do the presented
integratel guicance-contrbsysem include



= robustnes b agle targé motion and phas lag
in the homng logp (the oute “guidance” loop
system),

= robustnes b amosphert disturbances and
dynamic uncertaing of airframe-actuatoof the
inner loop flight contrd system,

= the raduced ecceleration raio requiremens due
to prolnge stalility of the homirg loop,

= zem time lgg in the inne logp dwe o finite ime
convergepe d the pitch rae trackng dynanics
(collape d airframe-actuato dynamis in the
termind nonlinea dynanic sliding manifold).
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