Proceedings of the 415t IEEE
Conference on Decision and Control
Las Vepas, Nevada USA, December 2002

- WeA04-1

Variable Structure Based Nonlinear Missile Guidance and
Autopilot Design for a Direct Hit with Thrust Vector Control

Fu-Kuang Yeh ', Kai-Yian Cheng , and Li-Chen Fu
Department of Electrical Engineering |

Deartrment of Computer Science and Information: Engineering 2
National Taiwan University, Taipei, Taiwan, RO.C
Email: lichen@ecms.ntu.echy.tw

Abstract

In this paper, we propose a variable structure based nonlinear missile
guidance and autopilot systems for a direct hit with thrust vector contro) and
divert control system inputs for the interoeption of a theater ballistic missile.
The aim of the present work is to achieve the bounded target interception of
the missile such that the distance between the missile and the target is close
enough to trigger the missile’s explosion. First, a 3 degree-of-freedom (DOF)
sliding-mode missife guidance law under considering external distarbances
and zero-effort-miss (ZEM) are designed to minimize the distance between
the missile and the target for the translation motion. Then, we proposed a
quaterion-based sliding-mode attitude controfler to track the attitude
command and to cope with the effects from variations of missile’s inertia,
aerodynarmic force and wind pusts. The expanentially stability of the overall
system is analyzed thoroughly via Lyapunov stability theory before entering
ZEM phase. Extensive simulation results are conducted to validate the
effectiveness of the proposed integrated guidance law and autopilot system
by use of the 5 DOF inputs.

1. Introduction

Generally speeking, there are two principal phases for missiles
intercepting the ballistic missile. One is the midoourse guidance [1,23]
which concems the stage before the missile can lock onto the target by its
own sensar, and its task is to deliver the missile to some place near the target
with some additional conditions, such as suitable velocity or appropriate
attitade. For an upper-tier defender such as the Theater High Altitude Area
Defense (THAAD) system [4], the midoourse phase lasts for a long peniod
of time. Thus, the variation of the missile incrtia during the traveling period
canmnot be neglected, and the influence caused by the aerodynamic foree and
wind gusts have to be compensated to guarantee that the attitude of the
missile is stzble during its flightOn the other hand, the homing guidance
[56,7) i.¢., the terminal pnidance, will be applied when the distance between
the missile and the target is less than some pre-specified value, which ofien
- depends on the time when the sensor on the missile can lock anto the traget.
The principal objective of the homing guidance is to msure that the target
ballistic missile can be hit by the intercepting missile where the terminal
aocuracy against some unexpecied disurbances can be sufficiently attained.

‘Based on the concept of the PN guidancs law [8], the constant bearing
guidance is often employed on the Bank-to-Tumn (BTT) mussiles [9,10],
whereas a different kdnd of guidance law, namely, zero-sliding guidance law
and optimal sliding-mode guidance aim at eliminating the normal velocity
perpendicular to line-ofsight (LOS) which is the straight line from the
missile to the target [1.5). Ha and Chong derived a new command to
Tine-of-sight {CLOS) guidance law for short-range surface-to-air missile via
feedback [inearization [11] and its modified version [12] with improved
performance. As for Moon e al. [18], they propose the missile guidance aw
using variable structure control, where the it command is derived under
the condition wherein the target acoeleration is treated as an uncertainty. In
that work, Moon ef al. tzke it for granted that the relative velocity between
the missile and the target is negative all the time from the launch to the
mterception of the missile, so that the stability of the sliding surface in the
LOS direction is not a critical issue. An adaptive dliding-node guidance of 2
homing missile is presented by Zhou et al. [21] adaptively to estimate the
two parameters and to deal with the robustness for the disturbances based on
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the linear time-varying systern. There, an ideal assumption that the relative
velocity between the missile and the target is approaching during the entire
interception period is made, such that the proposed guidance law is hardly
applicable to practical envirorament.

Besides guidance, attinde control is another important issue to be
addressed for successful missile operation. It is quite often that quaternion
represeniation has been adopted to describe the attitude of a spacecraft
{13,14], because it is recognized as a kind of global attitude representation.
To account for the non-ideal factors of the spacecraft under attitude confrol
and to strengthen the robustness property of the system, the sliding mode
control has been employed by Chen and Lo [15], which is then followed by
a smooth version [16] incorporating a boundary layer as has been proposed
by (17] to avoid the chattering phenomenon, but at the price of slightly
degrading the accuracy of the tracking system. To achieve the same goal, &
different called adaptive control has been developed by Slotine
{15], to deal with the accurate attitude tracking control of rigid spacecraft
with lage loads of wnknown mass. Costic ef al [20] also address the
attitude-tracking problem without angular velocity measurements based on
the quaternion representation and in the presence of unlmown mertia mafrix,
Moreover, Lian [22] conducts a mechaniam of parameter estimation 5o as to
solve the problem of orientatien controt for general nonlinear mechanical
systerrs. All the above research works addressed the issue on attitude control
problem is mainly to achieve the goal of aititude tracking,

T Z+

Tt ¥+ oY

TneZ-
Fig 1(a) TVCactuatorwith single Fig. 1(b) Missile divert control
nozzle and rolling torque scherme systern(bottom view)

Fig 1(c) Two angles of TVC in body coordinate frame

2. Prefiminaries
2.1 Equations of Motion for Missiles with TVC

The motion of a missile can be described in two parts as follows:
Translation: vy =ay + gy +dag, Ty = vag ()]
Rowtion:  Jo=-Jo-ox(Jae)+T,+d, @
where all the variables are defined in the nomenclature listing.

After referring to Fig. 1a to Fig, 1c, the force and torque exerted on the
missile can be respectively expressed in the bedy coordinate frame as
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cosd, cosd, 0

Fip = Fp + Fy = N{cosd sind, |+ F, 3)
sind, F,
and
M, lIN
L=LxFy+M, =IN|sind, , @)
. —cosd, sind,

Let the rotation matrix B, demote the transformation fiom the bedy
coordinate frame to the inertial coordinate frarme. Thus, the force exerted on
the missile observed in the inertial coordinate systemn is as follows:

F, =B,F,, . o
From Egs. (1) to(5), the motion model of the missile can then be derived as
Vy =Fy/mtg, +d, =(BFp)fm+g, +d, ©

M, /N
Jo =~Jo-wx(Jo)+IN|sind, +d

—cosd, sind,

2.2 Zerv-Effort-Viiss Analysis

The design of the guidance law is to minimize the relative velocity
component v, which is nomal to the relative displacement vector 7, or
the LOS direction. The singularity wilt take place onlyat » =0, as will be
clear fiom the equation (11) to be derived subsequently. Because aur
guidanrce commend only tries to drive the output varisble v, to zero,
non-zero amor will unfortunately exist in the finite time while r is
approaching to zero, or physically while the missile is approaching to the
et -

Missile
Fig. 2 Relative velocity between the missile and the target
Assume that both the missile and the target are moving only with constant
gravitational acceleration, Le.,

1
r =r,°+-2—g(t—tc)2, Vr =Vrg "’S(t“o)

n =rm+%g(r—t°)2, Yy =V +gli—1,), ®
where 1, is the posiion vector, v, is the velocity vector, and the
variables with subscripts T,T, and M,M, respectively denote the
relevant quantities associated with the target and the missile, and the time £,
denotes the tirme instant when the missile stops doing maneuvering, i€, no
acceleration command will be issued to the missile controller ever since. In
the sequel, we will call the time period after £, ZEM phase. Therefore, the
relative position vector # and the relative velocity vector v at £ =1,
can be respectively expressed as:

rehn Ty St Ty =h

VEVr =V =Vro ~ Ve = Vo
where 1, and v, are both denoted as a fixed vector at 1 =1, as
defined above, Presuming that r, -v, < 0, which meens that both target
and missile are approaching. Thus, ZEM is equivalent to the minirmum norm
+v,(t—1,) for t21,, whichcan be computed as:
ZEM:I}gPlro+va(t—rﬂ)l

lr! (ro Vo)
v’
where r(,]"v0 =|r0||vn|cos(]80 —B). If the convergence of v, is
fast enough: so that the missile’s velocity will soon almost be lined up with
LOS, and hence 6 ~> 0 and r"v — |r||v] . Apparently, from (9) ane
can then conclude that ZEM — O as { — oo, which is our ideal goal.

[rolsinﬂ , . @

3. Guidance System Design
The equations of relaive motion in terms of the relative position

r =r.—rn, adtherlative velocity v =v; —v,, areasfollows:
v(t)=—a, (1)~d, (1) ad #(t)=v(t), (10)
where Vp = g,,, Fr = V.
Here, the sliding mode guidance law s designed based on the component
of the relative velocity normal to the LOS, ie, v, =v~("F) F. To

;xoomd,weﬁrstdmveﬂmquahmof&erdahvemﬁmpﬁpaﬂmﬂarm
the LOS as follows:

v, (t)=-a, -d, +(ay, +d, Y F F - ||| | ol |r)
I

]v | (V r) a1

=—a,, -

where ay, = ay, —(a”r) 7 and de =d, -(a‘;F) F.
Refering to (I1), an adequate design of @y i the following:

('7)

a,,p(r) = |r| v, + kpvp +7, {12)

where k, =diag(k,, k,, k,,) isapositive definite diagonal matrix,
and 7, isa swilching finction of the sliding mode contro] to be specified
later, which readily yields
' . 1 2,
v, =-kv, —d, -l—;iivpl F-1, {13)

Lemma | proposed in the following shows that, under some appropriate
condition (to be justified later), the sliding-mode guidance law will always
render the missile to evenmally enter ZEM phase so that the bounded target
interception of the whole system can be achieved, ie., the distance between
the missile and the target is close enough to trigger the rmissile’s explosion.
Lemma 1: Let the equation of the relative motion perpendicular to LOS and
the sliding-mode guidance law be given by (11) and (12), respectively. If
v,/r <0 for t20, with v being bounded away from zero, and the
slidingmode guidance law will switch to the ZEM phase whenever
|| < 7,0, then the stiding-mode guidance system will drive the missile to
enter the ZEM phase eventually so that the bounded target interception of the
whole system can be achieved.
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Proof of Lemma 1; Let VG‘—'%V’TVF be 2 Lyapunov fimction candidate,

and evaluate the time derivative of ¥, along the trajectaries of the systern
(13} as follows:

; 1 n
Ve = vpr(_kpvp =y~ ]-;Ilvﬁ I2 F-t,}

=—vik,v, ~vI(d,, +7,) {14)
with T, now being specified 25
7, =ksga(v,) , (15)

where we use the fact v[7 =0 . Assume that the external disturbance
d,, pependicular to LOS is bounded. It is evident that if we choose
k= diaglk, k; k), ky > dm =123, md dim 2|dy,|,
then (14) becomes for [} > 1.,

. 3 .
Vo ==v, kv, — |v,|(k, +d,y, sgn(v,,))
i=]

2
<Ak, | (6)
where A, (k,) (>0 ) is the minimum eigenvalue of k. Thus, ¥,
is apparently negative definite before entering the ZEM phase. This implies
that, via Lyapunov stability theory, we can conclude that the speed
component of v, will gradually diminish before ZEM phase is reached.
Moreover, the dirrinishing speed of v, can be arbitrarily increased by

P

adjusting the gain matrix kp. .
On the other hand, in order o verify the intercepting rrissile will gradual
approach to the target and eventually enter the ZEM phase, we take
V,=—;-rrr as another Lyapunov function candidate, and differentiate it
as follows: .

V.=vr=vr<o, an
which can be obtained from the assumption of Lemma 1. Moreover, since

L
=(|v|2 .| )2 , we can show that the intercepting rissile system

.

will eventually enter the ZEM phase using 2 confraction argument. That is,
assuming that the missile system will never reach ZEM phase, but because
that |v, | will dimisish to zero grechually so that |v,| will be bounded
away from zero. Then, itis not hard to find that from (17) [r|  will dimtinish
- to zero in finite time, which contradicts to the assumption that ZEM phase
will never be emtered This confinms our claim about ZEM phase
convergence.

4, Autopilot System Design

The guidance systern, as derived in Section 3, receives the information on
the kinematic relation between the missile and the target, and via
slidng-mode puidance law determines the acceleration command
perpendicular to LOS. On the other hand, the autopilot systermn will generate
the torque command to adjust the attitude of the missile based on the desired
and actal quaternion and angular velocity. Referring to Fig. 3.

B
i

Fig.3 Block diagram of overall guidance and autopilot systems

Genetally speaking, the attitude of a rigid body may be described in
various ways, and “quaternion” is one of the means Thus, for any

quaternion, it can be defined a5 four parameters ¢=[q, @, ¢, 4.]
=[q—r q‘]rimolving n ad ¢,ie,

4
7 =| g, | =nsin(¢/2)
. Ui
q, =cos(¢/2) . {18)

Referrmg to (18), the unit vector of rotation n of g, can be easily
seent 1o be the nommal unit vector to the plane, containing the x-axis of the
inertial coordinaie and LOS, ie.,

[ o of x¢
n=p———
[t o of x|
Continuing this argument, the angle of rotation ¢ is simply the angle
between the x-axis of the inertial coordinate and the LOS direction, i.e.,
¢=cos”([l 0 0]r F) . (20
Consecuently; the desired quatemion ¢, can be explicitly computed using
(18)~20). :

The dynarmic model of amissile, treated as a rigid body, can be derived by
differentiation of the associated quaternion as a function of the corresponding
angular velocity and the quaternion itself, i.e.,

q'=-l—(E o, +iq o
£ /) e (3 2 edle

a9

. 1 7.
‘1242'56’5‘7:
Jo=—Ja-ax(Jay+T,+d , on

where a3, =@ — @, is the emor between angular velocities at the present
attitude and the desired attitude, respectively, and T, is the tonque exerted
on the missile due to TVC and the rolling moment.

Equation (4) denotes the torque represented in the body coordinate frame
of the missile so that M, = T,, and the pitch angle and the yaw angle of the

TVC hence can be respectively computed as follows:

Target

Fig 4 The relative relation diagram in body coordmate frame
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T -t
IN’d Sm( ). 22)

d, =sin
whete =[5, 7, T.J isﬂ'netmqueexmadonthemissi]&

Aocordingly, the desired overall acceleration a,,,, perpendicular to the
LOS can be derived due to the result in Section 3, which together with a,,,
in the 7 direction leads to the desired acceleration a,, of the missile,
namely,

O =dp + 8y =dy, + 0y, (23)

In onder to satisfy Eq. (23), the composed force a,g, of the missile due
to TVC and DCS will be lied onto the plane a,,, —7, to minimize the
rotatian motion i the LOS direction such that the trandation motion of the
missile will always on the plane Dy, — T - S0 the force gy, of DCSin

thve body coordinate frame should meet the following conditions:
a;&m = -a,’; &m + |aMpb'

T A T a
Gofy =—0p 8y 28
. Ty X B, . r s . oop .
where 4, =r—2-2 ., 2 =8/(g9) 7, d,,, =B (q) 4,, , and
l.'zu,,bxr,5
N a
d, =—.
Mp
|20

By Cramer’s rule, the force a;, generated by the divert control system
denoted as

[}
A =| Ay (25)
Asve
can be derived as:
A A
ag, =—X, a, =—L,
mTATTE A

whae A=dy,, 4, ~G., 4, ,

A,=(—a;,,am+|am|) 8y, +rge Ay,
~ o T ~ -

A, ==dy,, apd,, _{_"nam"'laml) a,. ,

T - - - ~

as,,=[0 ag, ah] s By =8y, &, d,]1.

In the following, we will present an attitude tracking controller design to
verify the stability and robusiness under some appropriate conditions enly
from the viewpoint of the autopilot system Lerrmna 2 proposed in the
following shows that the sliding mode control can always make the autopitot
systzm exponentially stable.

Lemma 2: Let the relative rotational motion be given by (21), and the
cantrol torque input be proposed as

. I, | 1 ,
Tp=—kpSy +an)—-2-.!0$‘,, ‘-’DF{E(% ")%*’EQM%J*'WK(JM}*JMH +r

{26)
where

=l 5 n], 6=-kq.0.90d0.d) se(Sy), with
1 S§;>0
0 $,;=0,i=123,ad §,=[S, 5, S.[ i
-1 §,<0
asliding surface variable defined as

Sa=PE¢+w¢’ (27)
where P=diag[R, P R] isapositivedefinite diagonal matrix. Here,

sgn(Sy;) =

?‘=SEJ.S",,+~2- T

we make an assumption that J  is symmetric and positive definite, and let
the Lyapunov fimction candidate be set ag

v, %s{ JS, . 28)

Let the extemnal distwbance d  and the induced 2-normof AV and AJ
are all bounded. If the inequality condition shown below can be guaranteed

Ki(‘i’s“’s‘?d’q"d!ijd) > (simax (q!w’qd!qa‘xéa‘) Zlajl ’ (#23))
where
s=[6 & &7

=M o-wx(Alo)+d - My +MPG(§2 XYy +%qe4me]+%ajs‘, \

where the bounding functions &;, §=1,2,3, are obviously functions of
g, @, 44, 49 and Gy , then the exponential stability and robustness
of the autopilot system for attitude tracking can be achieved.
Proof of Lemma 2: The principal procedure to verify the stability and
robustness of the attitude tracking problem consists of sliding and reaching
conditions, and that will be given in detail as follows:

Step I Choose the sliding manifold such that the sliding condition will be
satisfied and hence the error origin is exponentially stable.

From the sliding-mode theory, once the reaching condition is satisfied, the
system is eventually forced to stay on the sliding menifold, ie,

= Pg,+w, =0, The system dynamics are then constrained by the
followmgd:ﬁ’ermﬁalequaﬁms

qﬁ——(qe x}Pg, Qe4P'?e

Ged 2'2—ae Py, . (30)
It has been shown that [S], the system onigin (g,,@, }= (03,(1,03,1) of
the ideal systern (30) is indeed exponentially stable. ‘
Step 2: Design the control laws such that the reaching condition is
Taking the first derivative of ¥, , we have
ls’"J's,,
-Sr[—Jm ox(Jay+ T +d - Jiy +JP( {Te X}, += q¢4w,)+1.ls]

- an
Duemﬂlemm;ﬁmmﬂhypomesis,iliseﬁdﬂnmatEQ.(ﬂ)bmm

=—5,7k,S; Z} il ki — 8 5gn(S,;)]

< —Cymin (k,,)[s,| <0, (32
for 5, # 0, where o, (k,) is the minimurn eigenvalue of &, , where
k, isapositive definite diagonal matrix. Therefore, the reaching and sliding
conditions of the sliding mode S; =0 are guaranteed. As a result, the

exponential stability and robustness of the autopitot system can beadnevad
as claimed in Lemma 2.

5. Integrated Stability Anatysis
To verify the stability of the overall system, we define the Lyapunov
function candidate of the overall system as
V=V, +V; . (33)

The time derivative of the Lyapunov fimction can be derived as
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V= S{[—Jm—wx(Jm)+ Ty +d - Jdyy + JP(-;—(% Xy, +%‘?¢4We]

1; 1 2,
+5Js,]+v,,7(-kpvp-de-H|vp| F-1,), 64

Now, we are ready to state the following theorem which will provide
conditions under which the proposed overall sliding mode guidance and
autopilot systerm controlled by TVC, DCS and rolling moment guarantee the
stability of the entire systern and the target-reaching objective is achieved.
Theorem 1: Let the equation of relative translational motion perpendicular
to LOS and the relative rotational motion be described as in Eqs. (11) and
(21), and the sliding mode guidance law be proposed as in (12), and the
torque input of the autopilot be given as i (26). Now let the missile
controller mvolve TVC, rolling mormest, and divert contro] systern, referring
to Fig. 1 and Fig. 4, and subject to the guidance law which will switch to
ZEM phase when |r|<r,., . If v is such that v" (1,)7(1,) < 0, where
iy is the starting time, and v is bownded away from zero, then the
integrated overall guidance and autopilot systems will drive the missile to
mtexﬂneZEMphasewmb:aﬂyse&mtﬂmbomﬂedtmgethnofme
integrated system can be achieved.

Proof of Theorem 1: From Eq. (34), the expression of V can be readily
simpiified as

- . :
Vev by, -v, (dy, +7,)-5k,5, - Z'lsaitkf - & sgn(s,)1,35)
=

referring to Egs. (16) and (32). From Eq. (26), the control input of the
autopilot can be conputed, and through Eqs. (4) and (22), the molling
moment, the pitch angle and the yaw angle of TVC can also be derived.
From Eqs (3) and (22)~(25), the desired acceleration a,,, defined in Bg
(12) perpendicular to LOS, for the sake of guidance and the torque input
shown in Bq. (26) for attitude tracking can be absolutely computed. Based
mhcmﬁodobg)zmmeafommmmed,ﬁq (35) cam be expressed as

Vs-o,k )|vl ~ Ot S ¢6)
where all the varizble definitions are referring to section 3 and 4.

From Eq. (36), it means that —V is positive definite, and hence
8,40, v, 50 as t—eo via use of Lyapumov stability theory
before entering ZEM phase. Tn another words, not only the attitide and the
cornponent of the telative velocity perpendicular to LOS, v, , are both

stbilized, but also the objectives of aititude tracking and the speed
component v, being diminished gradvally are achieved. So we can
ommhldethalﬂlcdlstanoelrl between the missile and the target will
diminish exponentially before entering the ZEM phase. Thus, this guarantees
our claim about the reaching property to enter the ZEM phase in a finite time,
Due o Eg. (17) and the derivation of ZEM phase in Lernmma 1, the minimum
distance between the missile and the target will be less than the pre-specified
value r,,, during ZEM phase, and the target will be destroyed by
triggering the missile’s explosion when the closest distance between the
missile and the target 1 in the effective nterception range through choosing a
smaller r., . Therefore, the so-called bounded target interception of the
integrated systern is achieved.

Therefore, the target-tracking objective during the flight before entering
ZEM phase can be completed as derived by the aforementioned proof of
theorem 1, and through the ZEM phase, the principal poal of bounded tanget
interception s claimed by the aforementioned theorem can be achieved.

|}

6. Simulation

To validate the proposed sliding-mode guidance and autopilot of the
missile systern presented in Section 3 and Section 4, we provide a realistic
cotrpitter simulation in this section. We assume the target is faumched from

somewhere 600 km far away. The missile has a sampling period of 10 ms.
‘The bandwidth of the TVC is 20 Hz and the two angular displacernents are
both limited to 5° . Here, we consider the missile’s variation of the moment
of inestia. Thus, the inertia matrix and the rate of its variation including the
nominal part J,, J, and the uncertain part AJ, AJ used here is as
follows:

J=Jy+ad(kgm?)

J=Jy+adkgm?)

where
100 10 300 10 10 300
Jo={10 3000 300 |, AS=[10 300 300
300 300 3000 300 300 300
and the variation of the inestial matrix is as
04 -01 -02 004 -0.01 -0.02
J=[-01 -12 -02], Af=[-001 -12 -002|,
-02 02 -12 ~002 =002 -12

where all the components of the inertia matrix and its variation depend on the
mass and size of the missile [27], the specific tmpulse and  fuel rass
fraction of the propellant [28]. The attitude initial conditions of the missile

issetas g=[0 ~0.707 0 0.707] vertical onto the launch pad, and
the initial angular velocity is 2 @(0)=[0 0 0T, and the variation of
missile’s mass is as m = —4 (kg/sec) for the initial mass m = 1000 (kg)
and the specific impulse Jsp = 250 (sec). Further, we also consider the

acrodynamic force and wind gusts exerted on the mmssile by
d,(0) =sin(t) + 10(e(t — 20) — u(t — 21)) (Nt-t) for the rotation motion

asin@)and dy(r) = sin(e) + 10(u(t - 20) - u(t - 21)) (m/ 5?) for
the franslation motion as in (6), for i=1,2,3, where u(1} is the step
furction. Besides that, we also check the force which is produced by the
divert control system equipped on the center of gravity.

In simulation scenario, the feasibility of the presented approach is
satisfactorily demonstrated by the results of simulation scenaric in Fig. 5.
The total sinuidation time of nfercepting phase is 109.46 (sec), switch o
ZEM phase, which only spends 0.02 (sec) or so when the distance between
the missile and the target is less than 100 meters. Finally, the shortest distance
in the intercepting point is less than 1 meter. The effect of the intercepting
missile can be shown as in Fig. 5(a), (b) using the lower velocity to interocpt
the higher velocity of the ballistic missile when it entering the reentry phase.
The final velocity of the intercepting missile is 1230.6 (mvsec), which is
almost one-third of the velocity, 3168.6 (mvsec), of the target at the final ime.
On the other hand, the attitude tracking can be verified by the results of Fig
5(c), (d) which respectively show us the successfil tracking effects of the
quatemion angle and the perfect approach-to-zero property of the sliding
surface, for the rotation motion. From Fig. 5(¢), (f), which can reveal that we
will have a larger value of controt torque input in the starting comparing with
other times during ll the flight phase of the missile, ie, the less power
consumption is enough to complete the attitude tracking for almost the
intercopting times. Eventually, the workable divert acceleration of DCS, less
than 3x g, where g is the gravitationa! aoceleration, is shown in Fig.
5(g). In order to strength the applied practicability of DCS actuator, we
propese a low pass filter with bandwidth 5 Hz to kmit the response
performances of the DCS actuator, so that the desired force of the
intercepting missile for the translation motion ¢an be compensated to
realistically achieve the superior ballistic missile interception.

Siomlation Scenario:
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Fig.5 The results of simuulation scenario

7. Conclusions

The overall process of intercepting a ballistic missile generally inchudes
two parts: midoourse and terminal phases. In this paper, we focus on the
* overall phase composed of the above two phases of the interception, which is
a period of time lasting until the ballistic missile can be killed by the
intercepting missile. Considering the properties of TVC, DCS and non-ideal
conditions during the interception phase, we employed the controller
incorporating variable structure based nonlinear missile guidance and
astopilot systems, which can robustly adjust not only the missile attitude but
also the translation displacement even under the conditions of model
uncertainty and distrbances, such as variation of missile’s inertia, influence
of aerodynamic force and unpredictable wind gusts. We respectively proved
the stability of the individual guidance, autopilot and integrated systems via
Lyapimov stability theory. Finally, by use of switching to ZEM phase, a
bounded target interception can be achieved.

A simulation has been performed to verify the feasibility of the integrated
sliding-mode guidance and autopilot systems with 5 DOF inputs. To
demonstrate the superior property of the integrated design nssile, various
unexpected non-ideal phenumena such as external disturbances and internal
perturbations are subjected to the interception systern. The results are quite
satisfactory and encouraging,
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Nomenclature :

a  Acceleration vector r  Theunit vectorof 7
d  Disturbances vector |{ e magnitudeof r
d,  Pichangle of propellant t  Thepresenttime

d, Yawangle of propellnt T Torque

F Thrustvector v Velocity vector

g  Gravitational acceleration vector @  Angular velocity vector
J  Moment of inertial matrix Subscripts

J,  Nominal partof J b The body coordinate frame
AJ  Varietionof J d  Desired

¢  Distance between nozzde and center of gravity e Emor
L,=[-¢ -0 0] Displacement vector M Missile

m  Mass of the missite 0  Initial time

N Magnitude of thrust p Perpendicular to LOS

¢  Quatemnion S Divert control

r  Position vector T Taget/Thrust
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