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Abstract

1 Introduction

This paper examines the proposed integrated Qver the recent past, the tendency of guidance
backstepping design of missile guidance and con- system has been to rely more on precision and
trol to the engagement of manoeuvring targets. manoeuvrability with small warhead than on
To control engagement geometry, impact-angle- |arge missiles with a large warhead [1], [2]. Both

control guidance (IAGC) is analysed in two di-

of missile and guided weapon system have be-

mensional geometry. The integrated backstep- coming more accurate and sophisticated based
ping design with disturbance observer is then de- on development of sensor technology and con-
veloped and interpreted in view of stability and trol theory, but the targets have also become more
robustness. The performance of designed algo- intelligent and stealthy. Thus, it is required to

rithm is verified via numerical simulation.

Nomenclature

o  Angle-of-attack (AOA)

q Angular pitch rate

A; Acceleration tangent to bodyaxis
0  Actuator deflection angle for pitch control
Cpo Zero-lift drag coefficient

U  Velocity along bodyx-axis

Q Dynamic pressure

m  Mass

lyy  Inertia of bodyy-axis

S  Reference surface

dret Reference code

n Actuator deflection angular rate

design an aerial system which has high-angle-of-
attack manoeuvrability and operation capability
over a broad flight envelop, and to design bet-
ter guidance algorithms that can intercept smaller
and more manoeuvrable targets that are difficult
to detect and track. Robustness about model er-
rors has been primary check point for modern
control design owing to high-angle-of-attack sta-
bility variation, pitch-roll-yaw coupling effects,
and nonlinear aerodynamics with uncertainties
cased by expanded covering range of missiles.
Moreover, because of the reliance on more pre-
cision and smaller warheads, the endgame ge-
ometry has also become more important to en-
able aim-point selection and approach direction
to be controlled. These trends require greater
control of the engagement trajectory for the ter-
minal guidance phase. Traditional Proportional
Navigation does not allow for the control of the
trajectory, but is not-the-less a robust solution.
Hence there is a need for equally robust guidance
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solutions that allow for greater flexibility in the  following information:
engagement trajectory.

First contribution of this paper is analysisand 1) Range
interpretation of proposed impact-angle-control
guidance (IACG) that will ensure manoeuvring
target interception and achieve the desired impact  3) Line of sight angle
angle. The purpose of IACG is to design missile
guidance law which can intercept target and con- ~ 4) Line of sight angle rate
trol engagement geometry [9]. IACG has been
widely studied and used to satisfy the flight path
angle constraint for several reasons [10], [11].
For anti-ship or antitank missiles, the terminal
impact angle is important for warhead effect. Es-
pecially, it is well known for missiles that vertical
Impact on the target can reduce the miss distance

produced by navigation errors. It can also be gen- gbst?rver IS (_:rohn5|d<];:-rre(:_ in order to dguaral_ntes_lrto i
eralized for an unmanned aerial vehicle which PUStNess. € eliectiveness and applicability

has flight-path constraints depending on its mis- of the proposed integrated guidance and control
sion logic is verified by numerical simulations. The
Second contribution is integration the pro- longitudinal dynamics of the missiles and kine-

posed IACG and control law using backstepping matics of engagement geometry are used.
control method. Although there are numerous
methods to produce an entire system of guid-
ance and control, it is typical and dominant to
design each component separately and then in-
tegrate them for complete system [4]. However,
integrated design of guidance and control has at- A = Zg0+Z55+q+Aa
tracted considerable attention for a recent decade
[3], [4], [7], [13], [12]. Integrated guidance and
control methodology not only improve hitting Ar = (Za0+Z50)U 1)
performance but also it is powerful to design ro-

2) Range rate

In real application of missile guidance, these pa-
rameters have been used because we can mea-
sure. Every guidance and control command
is composed by simple multiplication of above
information and missiles motion information.
Moreover, high order sliding mode disturbance

2 Missile Model

Linearised missile dynamics in a pitch plane are
given by:

bust control law when a model has disturbances with:
and uncertainties [3], [4]. QS
Final Contribution of this paper is study for Za = _H(CDOJFCLG)
implementation issues and analysis for robust- (55
ness of proposed algorithm. For real application, VASES _HCLES
it is important how simply the algorithm is imple- Q_Sdef
mented and how robustly the proposed method Mg = i Cra
keeps reasonable performance under big uncer- _Y
tainties. The algorithm should not be compli- . queef
. . Mq = Cmq
cated and the sensor information should not be lyy
difficult to measure for simple and practical im- QSdef
plementation [6]. Thus, state estimation has been Ms = — Crmo (2)

another important issue for integrated guidance
and control [5], [14]. In this paper, it is assumed whereCy represents the static or dynamic aero-
the sensor tracking the target, either in the mis- dynamic derivatives, i.eG,q is the derivative of
sile nose or as a third party sensor, will give the the lift coefficient w.r.t. a, andAa andAq are
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unknown aerodynamics and nonlinear dynamics
term. In order to design a guidance and control
law of missile, which kinds of measurements are
available is important. Basically, a normal mis-
sile has accelerometers and rate gyros sensors to
measure the own motion information. When it is
assumed that the missile is equipped only these
sensors, state equation (39) can be rewritten as:

A, = ZaAs+Zqq+Zqn+D0A,
q = MAAZ+qu+M56+Aq (3)

Fig. 1 Guidance geometry

_ _ motions of vehicles is described with respect to
In = Zo, Zq=UZy, Zn=UZ; the inertia reference frame.
— Mq MsZs From the missile guidance geometry shown

Ma = UZg' Mg =M, M= (Ms— Zq ) in Fig. 1, the relative distance of the follower with
(4) respect to the target and LOS angle are obtained
as:
whereAA; is unknown disturbance term for the
acceleratior®, dynamics. Note that the teriyn p = \/P%+P% (6)
is related to nonminimum phase characteristics, _1PY
: N A = tan i (7)
and the actuator deflection angular rgtes diffi- Px

cult to be measured. Therefore, missile dynamics
equation (3) can be reintroduced under assump-
tion that the unknown disturban@, includes
the term, in the form:

wherepx = pcosh andpy = psinA. Under as-
sumption of constant speed of the missile and tar-
get, kinematics of missile to range and LOS angle
are governed by:

o = ZahetZaQ+0A, . PxPx+pPvpy
4 = MaA+MgQ+Msd+Ag  (5) b=
= Vrcogyr —A) —Viucogym —A)
N — PxPv—PvPx
3 Guidance Strategy ok
Vrsin(yr —A) —Vusin(ym —A)
3.1 Homing Guidance P

Consider a planar engagement scenario of two Yr = —
vehicles shown in Fig. 1. The two-dimensional
(2-D) point mass model is used in homing guid- W = — (8)
ance problem for the simplicity. In this figure,
subscript M and T denote motion information of In conventional homing guidance using propor-
the missile and target, respectively, i.&y and tional navigation (PN) concept, a guidance law
vt represent velocity vector of the missile and is designed to make and maintain LOS ratas
target. And,p means the relative distandeand zero because it is possible to intercept a target
y represent the line-of-sight (LOS) angle and the when LOS angle is sustained as constant. Simi-
flight path angle, respectively. The I-frame is the larly, if zero effort transversal miss distance per-
inertial reference frame and all information of the pendicular to LOS [1] becomes zero during total
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homing phase, a missile can accomplish the hom- Since ty, decreases to zero in homing phase,
ing mission. To design a guidance law for inter- Vpng Of equation (16) in initial homing phase is
ception, new sliding manifold is introduced as  much closer to zero than that of the final. KIf

equation (9) in this report. is set toN — 1, Vpng is larger thanvprop until
ZEMpLos tyo becomes 1 second. It means that_‘me:on-
o = W= . vergence speed of the proposed guidance com-
. 90 mand is faster than the speed of PNG in initial
PA . 9) guidance phase. Moreover, proposed accelera-
ZEMpLos = tgopA tion command of final homing phase is within

acceptable bound, while PNG generally deduce
large or saturated homing acceleration command
in final homing phase.

wheretgo, ZEMpos andV,, are time-to-go, zero
effort transversal miss distance, and a relative ve-
locity normal to LOS, respectively. Note that the
sliding manifold has to be zero to intercept a tar- 3.2

. . ) Impact Angle Control
get. Let us consider Lyapunov candidate function

in order to guarantee homing to the target: Impact angled; is defined as the angle between
1 two velocity vectors at the interception point:
VPrOP= 202 (10)
. . . 0 = ym(tr) —yr(tr) a7)
The governing dynamic of the proposed sliding
manifold derived as: wheret; is the impact time, i.e., the time at the
5 — p}\ N p5\ interception point. Since a IACG must guarantee

- homing and the same impact angle with desired
- —__p)\ ""A_‘?\ (11) one simultaneously, it is necessary to define two

A = PA+2PA (12) coupled sliding surfaces for designing a IACG
using the backstepping method. Whilst both the

first time derivatives of equation (9) and (17) in-
clude same guidance command, it is impossible
Vprop = W\O to define these two equations as sliding surfaces

— O(—pA+Ay) (13) because they are decoupled._ _

_ In order to find a new sliding surface for a

SinceVprop should be negative definite with re-  IACG, in other words homing guidance with ter-
spect too for asymptotical stabilityA, is taken minal angle constraint, consider the engagement

Thus, the time derivative of Lyapunov candidate
function Eqn. 10 is derived as:

as: _ geometry of the missile and target as shown in
A\ = pA — K1y (14) Fig. 2. From the figure, it is obvious that the im-
Substituting of equation (14) into equation (13)
yields: /
VPROP — —K]_V)\Z . merception point
S 0 (15) Target —

Traditional PNG acceleration commandg,
also can be one of candidate to satisfy equa-
tion (13) as:

Mi'ssile X‘
. V2
Veng = —(N=-1)-*~
< 0 (16) Fig. 2 Engagement geometry
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pact angle can be controlled by setting the desired The first time derivative of the residual variables

LOS angle. In this paper, a sliding surface corre-
sponding to the impact angle is introduced as:

01=A—Ac (18)

When there is no lateral acceleration of the target,
Ac is given by [9]:

Ae=yr+B (19)

where3 is a new parameter determined by the
impact angle. As shown Fig. 2, under assump-
tion that the velocities of the missile and target
are constant, applying sine rule to the geometry
of the interception course provides a matching
condition to findp:

T 1
sinB~ sin(B—6)
Vm
T = v (20)
And, from this equation, we have:
.1 Tsing
p=tan <T cosh; — 1) 1)

Hence, for IACG, two sliding surfaces are pro-
posed as:

A—Ac
VA

()]
02

(22)

If there is target’s lateral acceleration, the en-
gagement geometry is different from Fig. 280
has to be different from equation (19). This prob-
lem will be considered in our future work.
Backstepping control design is a recursive
procedure, which breaks down the control prob-
lem into a sequence of lower-order control prob-
lems and determines the virtual control inputs
providing the Lyapunov stability for each sub-
problem and overall system. In order to design
the IACG which can guarantee the stability of the

guidance system, a backstepping control method

Is considered. The main idea of backstepping is
to introduce pseudo control for Lyapunov stabil-
ity. In this paper, the new residual variablgsz,
and virtual control states,: is proposed as:

V4|
2

01
02 —O2¢

(23)

are given by:
. Z2  O2c |
71 = —+—-A
1 o p c
2 = —pA+A,—O0x (24)

The stability of the guidance algorithm can be de-
termined by use of a simple Lyapunov function of
the form:

2 Z
Viace = 51 + 52 (25)

For stability, the time derivative of the function
Viacg has to be negative semi-definite. Thasg
andA, is proposed as:

O2c p}\c —Kizz

A\

. 2
= O+ pPA— El — Koz (26)
whereK;, Kz are positive. Substituting this equa-
tion into the time derivativ®acg Yields:

Viace = —KiZ —Koz

<0 (27)
This equation represents the proposed IACG sys-
tem is stable.

4 Integrated Guidance and Control Law

4.1 Backstepping Control Design

In order to design the integrated missile intercep-
tion guidance and control , the backstepping con-
trol method is also considered in this section. It
is necessary to redefine plant dynamics for inte-
grated backstepping design of missile guidance
and control. For the new dynamics of backstep-
ping design, the first time derivatives of the slid-

ing surfaces are reintroduced:

-)\—AG;L
—pA + A+ Aoy

01
02 (28)
whereAo; andAo» denote uncertainties produc-
ing by unconsidered target acceleration such as
the target acceleration, axis transformation error,
etc.. Note that the second sliding manifaid
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is redefined with respect to the acceleration im- In order to make/ negative definitexac, Xac, Xac,
plied in a direction of body z-axis and all errors andd are introduced as:

caused by the redefinition is consideredAoi,.

Similarly, considering uncertainties or parame- Xzc = pAG1 — K123

ters which are difficult to measure such as the ac- y. — p}\ — NG, — a Koy
tuator deflection angular ratgegives the equation p

of motion rewritten as:

Xae = > [Xac — Zaxs — DA, — 2, — Kazg)]

Ly
X A 1 .. — — P
X] = E+ o1 6:M—6[X4C_MA)Q3_MqX4_Aq_ZCIZ3_K4Z4]
X2 = —pA+x3+A0, (34)
X3 = ZAX3+ZqX4+AAZ
Xa

— — whereAG1, AG,, AA,, andAd are the estimations
— MaXs+ Mgk +Ms3+Aq  (29) L 802, 8%, aNAAQ

of Ao1, Ao, AA;, andAg. Substituting equa-
tion (34) into the time differentiation &f yields:

where: _
V =—KiZ — Koz — K3% — KaZj
X = [ % xa T —|—Aj—1;1 + 00220 + AAZ3 + Az, 5
=-—a
[(A=Ac) V) A Q]T (30)
where:
For the backstepping design, the new residual — 2 — 2
. . Ao AO>
variablesz;, 7z, zz and virtual control statexc a=—-Ki|z1—=— ) - Ky[n—=—=
are proposed as: ZK_ , 2Kz ,
AA AQ
(o= 48) (- £2)
72 = A-Ae=X = A2 3_2 > *
2 = =V, =X X b :ilzl ﬁEZ iﬁz 2;(12 (36)
zz = Ar—Axc=X3—Xac 1 2 3 4
zz = 0—0Oc=X4—Xac (31)  And:
Here, the equilibrium point of this system is the Agl =40 _A(Ajl
origin. Futhermore, the derivatives of the residual A0z = A0z — A0
variables are obtained by: AA; = AA;, — DA,
Ag=Ag— A4 (37)
7 = —PA+22+A0) + X

_ _ o f _ Generally, the first time derivative of Lyapunov
Z; = Zpxo+ZgZa+ AR+ ZgXae — Xac function candidate should be negative definite to
zz = MaXa+MgXz+Mgd+Ag— X3 (32) guarantee stability of the dynamic system for in-
terception. However,for this system, it is possible
to prove that this system is always bounded to
the convergent sphera,= b, from the condition
given by:

Let us consider the simple Lyapunov function
candidate/ to analyse the stability of the system:

(38)

V<0 fora>b
(33)

V>0 fora<b
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As shown in equation (35), the performance vp_1 —Kn_1]S0— X|*/?sign(sn_1 — Vn_2) + S
o_f .integrated guidance and contrpl logic are sen- g, —KnSigN(zn — Vn_1) (40)
sitive to the value of unknown disturbance esti- As introduced i ¢ define f , B
mation; AG1, AG>, AAZ, andA§. Well estimated S Introduced in re(.j [8], de Te ungtlonsro -
unknown disturbance can help to alleviate the 0~ o(t), Ta = o_1) 51— dolt), T = — o(t),
degradation of the tracking performance. There- Th=$1—dy' ', & = X—Xo. Then any solution
fore, the disturbance estimator algorithm is intro- Of equation (40) satisfies the differential inclusion

duced in the next section.
5 Sliding Mode Disturbance Observer

As described previous section, the performance
of the suggested integrated guidance and control
law using backstepping control can be signifi-
cantly degraded due to the big modelling inac-
curacies. In this section, the sliding mode dis-

turbance observer is introduced in order to solve .

this problem. Consider following first order sys-
tem dynamic to understand the proposed method
that apply robust disturbance observer to the for-
mation guidance law:

)-(0 — fO(X,U)+d0
x = fo(x,u)+d
X = Xo+§ (39)

wherexy andx are measurable state without mea-
surement noise and with ifg(x, u) is the known
function of state and control, ardy andd are
unknown disturbance term without the noise and
with that. In the ref. [8], arbitrary-order exact
robust differentiator is introduced and stability
and bounndness of the proposed differentiator is
proved in the case thdte [—¢ €] is Lebesque-
measurable noise. Modification of the robust dif-
ferentiator is allow to design a sliding mode dis-
turbance observer for estimation df. In this
paper, the sliding mode disturbance observer is
proposed in the form:

S = vo+ fo(x u)

Vo = —Ko|so—x|" ™ Vsign(sy—x)+s

S = V1

V1 —K1|s1 — vo| "/ Msign(s; — Vo) + S
$-1 = Vn-1

understood in the Filippov sense, such that:

o = Vo+ fo(x,u) — fo(X,u) —do
= —K|mo+&(t)["Y ™ Vsignmo+E&(t)) + o
(41)

and:

m = —kKqi|m— 70| "signmy — 1) + T

1= —Kno1|The1— 1o Y2

SigN(Th—1 — Th—2) + Th
T € —KnSigNTh—Th-1)+[-L, L] (42)

Although the observer is modified from the dif-
ferentiator in ref.[8], these equations are the
same as the differential inclusion in the reference.
Therefore, the stability and boundness of the pro-
posed observer can be derived in the exactly same
way as the reference’s:

Theorem 5.1 The parameters being properly
chosen, the following equalities are true in the
absence of input noise after a finite time of a tran-
sient process

so=Xt); s =vi_1=dd ), i

(43)
Proof. See the ref. [8].

Theorem 5.2 Let the input noise satisfy the in-

equality:

X(t) —xo(t)| <& (44)
Then the following inequalities are established in
finite time for some positive constants ¢ de-

pending exclusively on the parameters of the ob-
server:

\So—Xo! < Hog,
|S d ’<M£n i+l)/(n+l)7 i:17"'7n
vi—d| < e /(MY j—0,... .n (45)
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Table 1 Initial conditions for the simulation

| Missile | Target Table 2 Impact angle

positionkm km) 0,0 | 4,1
Bearing anglédeg) 0 30 Desired Valuel 0g Case | 1g Case
Ground spee@in/s) | 300 | 100 0(deg -0.02deg | 0.92deg)

45(deg 44.79deg | 50.01deg
90(deg 89.14deg | 95.85deg

Proof. See the ref. [8].

From the theorems, it is clear thst converges

to dp in a finite time. Moreover, the convergent
sphere of the proposed integrated algorithm with
the observer in the absence of noises converges

into stable poinf0, 0, O]T. =
0 Missile

6 Engagement Simulation

1500

Altitude (m)

The effectiveness and applicability of the pro-
posed integrated guidance and control logic is
verified by numerical simulations. The longitu- P S S S S
dinal dynamics of the aerial vehicle and dynam- Xrange (™)

ics of engagement geometry are used. The mis- (@) 6 =0 (deg

sile and target velocity is assumed to be constant

and two different evasive manoeuvres of the tar-
get, Og and 1g acceleration, are considered. The oot Misslle
initial conditions for the engagement simulation
are given in Table 1. And, three desired impact
angles,0(deg, 45(deg, and90(deg, are con-
sidered in the numerical simulation. The aerody-
namic characteristics missile is listed as follows: e

X nge (m)

1500

1000

Altitude (m)

@
8
8

Zy =06, Zs=—0.116 (b) 6 = 45 (deg
Mg = —30, Mq=—1.8, My=—80 (46)

2500 Target :T
It is assumed that the actuator model used for /

simulation has a first order lag dynamics with the
deflection limit+30deg:

1000

500

Altitude (m)

Op sy,

00

-1000

3 100 )
6(: S+ 100 0 1000 2000 3000 4000 5000 6000 7000 8000

Xrange (m)

The proposed guidance and control algorithm (c) 8 =90(deg
with the high order disturbance observer is ap-
plied in order to validate its performance, and the
results are represented in Table 2, Fig. 3, and Fig.
4. The trajectories for each desired impact angle

Fig. 3 Trajectories with Og acceleration of the target
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2
05(:1
050°

8 2 3 8 8 8 % &

0 i ] 25 E] o 5 10 [0
Time (sec) Time (sec)

(a) 8 = 0 (deg (b) 8 = 45 (deg)

050°

T 8 10 12 u
Time (sec)

(c) 6 =90(deg

Fig. 4 307 with 1g acceleration of the target

is depicted in Fig 3 when there is no target’s eva-
sive manoeuvre and real impact angles are repre-
sented in the table. As shown in the figure and
table, the proposed integrated guidance and con-

amples after analysing the stability and robust-
ness of the algorithm using Lyapunov stability
theorem. Whilst the proposed method can guar-
antee the interception satisfying the constraint for
the case that there is no acceleration of the target,
we have to consider more simulation conditions
to check the performance of the method. And, it
is necessary to redefine tiAg for the case that
there is target’s lateral acceleration.
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