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ABSTRACT

In this paper, sliding mode control and disturbance observer are used to design a new
continuous composite guidance law with terminal angle constraint. The robustness and finite-
time convergence of the proposed guidance law is established using the Lyapunov stability
theory. For performance improvement, a nonlinear disturbance observer, which can be viewed
as a ‘patch’ for the original guidance law, is designed to estimate the target manoeuvre.
Theoretical analysis and simulation results demonstrate the effectiveness of the proposed
method.
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NOMENCLATURE

ay missile acceleration

ar target acceleration

ki, k> design parameters of the proposed reaching law
L observer gain to be designed

N navigation ratio

p design parameter of the proposed sliding surface
q design parameter of the proposed sliding surface
r missile-target relative range

s sliding surface

Vi missile velocity

Vr target velocity

o design parameter of the proposed sliding surface
Yu missile flight-path angle

YT target flight-path angle

Oimp impact angle

A line-of-sight angle

N, i=0,1,2,3 observer coefficients to be designed

o design parameter of the proposed reaching law

1.0 INTRODUCTION

Missile guidance law design has been an important and hot topic of research for during past
few decades. Because of the efficiency for non-manoeuvring targets and less information
demand for implementation, classical Proportional Navigation Guidance (PNG) law has been
widely adopted for tactical missiles guidance!**). The basic idea behind PNG law is that it
makes the Line-of-Sight (LOS) angular rate converge to zero asymptotically as the missile
approaches the target. Moreover, a missile under PNG law with navigation ratio three is
proven to be optimal in minimisation of both energy consumption and miss distance®*.
However, the performance of PNG law and its generalisations will become worse, and lack
of robustness as the target’s manoeuvrability increases®. In order to achieve satisfactory
results for intercepting manoeuvring targets, many effective guidance laws based on modern
control theories have been reported, such as nonlinear H,, guidance law®, sliding mode
control (SMC) based guidance law(®®), L, gain guidance law®, Lyapunov-based guidance
law19, adaptive guidance law!", differential game-based optimal guidance law'!?), robust
proportional navigation guidance (RPNG) law!®), Integral Sliding Mode Control (ISMC)-
based guidance law!'¥ and references therein. To name a few, the authors in Ref. 11
presented a new linear-quadratic pursuit-evasion game based optimal guidance law, where
the interceptor strategy and target strategy are determined separately in two optimisation
problems. In Ref. 13, the authors studied an RPNG law by integrating SMC and PNG to
achieve robustness against target acceleration and a first-order autopilot dynamic is also taken
into account in the design process.

In modern applications, many kinds of missiles, such as anti-tank or anti-ship missiles, are
required not only to get a minimum miss distance but also to achieve the desired terminal
impact angles for increasing the lethality of the warhead that the missile carries. Specifically,
a vertical interception on target can significantly reduce the miss distance that resulted from
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navigation error. The impact angle guidance laws proposed in the recent literature can be
divided into two cases: linear and non-linear. For the former one, most of them are derived
by using linear-quadratic optimal control theory or biased-PNG concept based on linearised
engagement geometry for non-manoeuvring targets, such as sub-optimal guidance law(!>),
optimal guidance law!®!7, time-to-go weighted polynomial guidance law(!8-29) generalised
impact angle guidance law®", and biased PNG law'?22®), For the non-linear case, SMC is
quite frequently used to obtain impact angle guidance laws, such results can be found in Refs
29-33, due to its inherent robustness against external disturbances®**-3®). However, all SMC-
based guidance laws mentioned above used a discontinuous sign function to guarantee the
robustness against target manoeuvre except for Ref. 32. It is well known that the discontinuity
of sign function would result in high-frequency chattering in the control channel, which cannot
be realised by real systems. To address this problem, a relatively complicated continuous
second-order sliding mode guidance law was proposed in Ref. 32 to attenuate the chattering
phenomenon. Unlike Ref. 32, this paper focuses on simpler ways to attenuate chattering in
SMC guidance laws.

This paper presents a new continuous composite impact angle guidance law based on
SMC and non-linear disturbance observer (NDOB) for stationary, constant manoeuvring and
weaving targets. The contributions of this paper are summarised as follows.

1. Combining non-singular terminal sliding mode (NTSM) control theory®” and fast-type
reaching law, a continuous guidance is designed to fulfill the terminal angle constraint.
The key feature of the proposed guidance law is that both the LOS angle and its derivative
can converge to the residual sets of their corresponding desired values in finite time. This
is a very crucial property since the flight time in the terminal guidance phase is usually
very short. Compared with other existing SMC-based guidance law, the continuous
acceleration command enjoys the benefits of both linear control for chattering-free and
discontinuous control for target manoeuvre compensation.

2. For performance improvement of the original guidance law, the NDOB technique is
adopted for target manoeuvre estimation and a composite guidance law is synthesised.
Furthermore, the NDOB can be viewed as a “patch’, which does not affect the nominal
performance of the original guidance law.

3. Considering the fact that the well-known separation principle is usually not valid for
non-linear observer plus controller structure, a two-step method is utilised to prove the
stability of the closed-loop guidance system.

This remainder of this paper is organised as follows. In Section 2, the background and
preliminaries are stated. In Section 3, the original continuous guidance law is provided,
followed by the composite guidance law proposed in Section 4. Finally, the simulation results
and some conclusions are offered.

2.0 BACKGROUND AND PRELIMINARIES

The planar homing engagement geometry between missile and target is depicted in Fig. 1,
where the subscripts M and T denote the missile and the target, y), and yr the missile and
the target flight-path angle, \ and r the LOS angle and the missile-target relative range, Vs
and V7 the missile and the target velocity; a,s and a7 the missile and the target acceleration,
which are assumed normal to their own velocities, respectively.
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Figure 1. Homing engagement geometry.

Based on principle of kinematics, the differential equations describing the relative motion
are formulated as

iF=Vrcos(yr —N\) — Vaycos(yu —N), (D
. 1 . .
A= ;[VTSIH(YT—)\)—VMSIH(VM—X)], - (2)
. apy
_ M e
Y=g 3)
. ar
= — .. (4
V= “4)

Assumption 1: The target velocity and acceleration satisfy that
Ve < Vi, lar| < Ay, (5)

where A; > 0 denotes the upper bound of target manoeuvre.

The impact angle, denoted by 6;,,,, is defined as

Oimp = Y17 — YMS> ...(6)

where subscript f denotes the final values of the corresponding parameters. By accepting the
concept that zero LOS angular rate will result in a perfect interception with zero miss distance,
then, at the time of impact, Equation (2) can be rewritten as

Vrsin (yry —hys) — Virsin (yay — hy) =0 o (7)
Substituting Equation (6) into Equation (7) yields

VT sin (ny — )\.f) — VM sin (YTf — 9[,,1p — )\f) =0 (8)
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Since V7 < V), one can easily obtained that%3)

sin 0;
'}\f:ny—tan_l —lm[’ V. (9)
’ ’ €08 0y — V—;

For a pre-designated target, both y7 s and V7 are unique. Therefore, the terminal LOS angle
and the impact angle have a one-to-one correspondence and the impact angle control problem
can be transferred to the LOS angle-tracking problem. Without loss of generality, we consider
the terminal LOS angle constraint throughout this paper.

Before guidance law design, the following finite-time convergence lemma should be
recalled, which will be used to analyse the characteristics of the proposed guidance law.

Lemma 1:®® Assume that a continuous, non-negative function V' (¢) satisfies the differential

inequality
V() +BsV () +p V> () <0 ... (10)
where By, B3 > 0 and 0 < B, < 1 are constants. Then, for any given fo, V(1) = 0, ¢ > t, with
1, given by
t,=to+ 63(11— 5 In e glo)+61 ..(11)
3.0 CONTINUOUS IMPACT ANGLE GUIDANCE LAW
DESIGN

Assumption 2: Both the missile-target relative range and the LOS angle are smooth
continuous functions.

Assumption 3: The velocities of both the missile and the target are assumed to be constant
in guidance law design.

Assumption 4: The interceptor is assumed to be equipped with an active radar seeker that
can provide range, range rate, LOS angle and LOS angular rate measurement.

Under Assumptions 2 and 3, differentiating Equations (1) and (2) with respect to time yields

P=rh+ar —ay, ...(12)

. 27

)\:_L_F@_aﬂ’ ..(13)
r r r

where ar, 2 ar sin(h —yr), duy 2 ay sin(h — yys) denote the target and the missile
acceleration along the LOS, ap, 2 ar cos(h — yr), ay 2 ay cos(h — yyy) the target and
the missile acceleration perpendicular to the LOS, respectively.

Remark 1: Since it is difficult to change the push force along the LOS for practical
applications and, in most cases, both the target and the missile might not have extra
thrust along the longitudinal axis during the terminal guidance phase, Equation (12) is not
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considered in the terminal guidance law design and it is only necessary to control the missile’s
acceleration to nullify the LOS angular rate(!4:3%40),

Remark 2: One can observe in Equation (13) that A — vy, = £7/2 is a singular point, which
means that the missile acceleration would be infinity on X — y,; = £7/2. However, it has
been shown in Ref. (30) that A — y,; = £1/2 is not a stable equilibrium and therefore the
trajectories of the guidance system cannot stay on these points. Consequently, the missile
lateral acceleration can be used to control the LOS angle and its rate.

Let e be the LOS angle tracking error, i.e. ¢ = A — A and denote x| = e, xo = ¢, then, the
LOS angle error dynamic equations can be formulated as

Xl = X2
. L ... (14
X = L (=2 + ary. — an) (14)
To fulfill the design goal, consider the following NTSM surface
5= X1+ alxa4 sgn (x2), ..(15)

wherea > 0,1 < p/q < 2, p and g are two odd integers, and sgn(-) denotes the sign function.
A fast-type reaching law is designed as

» k k
§=—aZji! (—‘s+ =5l sgn (s)), .. (16)
q r r

where k; > 0, k; > 0, and 0 < p < 1. From Equation (16), one may note that |x;| = 0 will
hinder the reachability of the NTSM surface, but in the proof of Theorem 1, we will show that
|x>|=0 is not an attractor.

Theorem 1: For the error dynamic system in Equation (14) subject to Assumption 1, if the
NTSM surface is chosen as in Equation (15), the reaching law is as shown in Equation (16),
and the guidance law is designed as

r 2ih 0 k k
ay = ——— | = P sen () + s+ 251 sen (s) .(17)
cos (A —yu) r ap r r

Then,

(1) In the absence of target manoeuvres, i.e. ar; = 0, the states of system (Equation (14))
will converge to zero in finite time;

(i1) In the presence of target manoeuvres, the system trajectory will converge to the
neighbourhood of s = 0 as

1
. A Ar\°
ls| <e émm{el,sz},sl 2 k—ll,ez 2 <—1) ... (18)
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in finite time. Furthermore, the states of error dynamics (14) will converge into the
region

q

bl =2 bl < (£) ..(19)
o
in finite time.

Proof: Consider the following Lyapunov function candidate

1
V= zsz ...(20)

Differentiating Equation (20) with respect to time and substituting Equation (17) into it
yields

: . . ) L_q.

Vi=ss=x1+oaglalr X
= 31+ o2 o[ (<26 + ary — aun) 21
=X ¢ T M .21

P _ S -
= sl 7 (42— B — Bissen (5))

Since 7 < 0 in the terminal guidance phase, one can imply that r < ry, where ry denotes the
initial missile target relative range.

(1) For the case ar; = 0, Equation (21) becomes

. k k : k k
7 = oL )i ! <——‘s2 - —2|s|9+1> <ol ix, it (__1S2 - —2|s|p+1) .. (22)

q r r q ro )

Lety; = ag%lleg_l and y, = agl,f—gllef’/)—l, if |x5| # 0, then we have
Vi < =2y1 V) — 20F1/2y,p (et D2 ..(23)

Since 1/2 < (p+1)/2 < 1, it follows from Lemma 1 that the NTSM surface will be
reached in finite time #,;, which is given by

1 V(I—P)/z ¢ _+_2(pfl)/2
f = to+ LS () e . (24)
v2 (1 —p) 20=72y,
where ¢y denotes the starting time of the terminal guidance phase.
If |x2| = 0, substituting Equation (17) into (14) gives
) k k
x2=—71s—72|s|psgn(s), ... (25)

which shows that X, # 0 for all s # 0. Therefore, |x;| = 0 will not hinder the reachability of
the NTSM surface.
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In the sliding phase (s = 0), one can imply that

X1+ 0L|X2|§ sgn(x;) =0 ...(26)
If x, # 0, it is easy to verify that

xy = —ylxi [’ sgn (x1), . (27)

_4
where y = a 1’>O,B:%>O.

Finally, consider 1, = x% /2 as a Lyapunov function candidate. Evaluating V> along the
trajectory (27) gives

Vo = —ylo|PH = —2@+D2 B0/ .. (28)

Therefore, in accordance with Lemma 1, the states of system (14) can converge to zero
along the sliding surface (15) in finite time #,,, which is given by

1-8)/2
Vl( B)/ (trl)

Lo =t + 20y (1—p) ...(29)
(i) For ary, # 0, Equation (21) becomes
V), = sa§|xz|§71 (”:* — k—,lS - l%|S|pSgn(S)> (30)

P _ -
< allxgl it (A g5l - L - Lyt
q r i r

If we choose k1 > Aj/|s|, then the same structure as Equation (22) can be obtained, which
shows that the region

sl < 2 31)
S| = ki
can be reached in finite time.
Similarly, if k; > A;/|s|?, the region
1

sl < (2) (32)

s —
“\%

can also be reached in finite time.

Synthesising inequalities (31) and (32), one can conclude that the region (18) can be
reached in finite time. Similar to the case (i), we will show that |x;| = 0 is not an attractor.
Substituting Equation (17) into (14) gives

b (4 —s) = i sen () # 0, k1 > A1/

..(33)
~ls e s sen ()] £ 0,1k > A /Isl”

Xy =
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Since |s| < ¢, we have

X1+ alxa| 7 sgn (x2) = . o] < (34

After some algebra calculations, Equation (34) can be rewritten as

X1+ ((x L) [x2]"sgn (x2) =0 ...(35)

 [x2l"sgn (x2)
If we keep o — &/ (| x2| ‘ sgn(x;)) > 0, then the same structure as Equation (26) is obtained.
Therefore, the LOS angular rate converges into the region
q

xa| < (2) ...(36)

in finite time. Furthermore, combing Equations (34) and (36), we have LOS angle error
converges into the region

il < alxals + ¢ < 26 .. (37)

in finite time. This completes the proof.

Remark 3: It follows from Refs 38 and 41 that forany x € Rand 0 < p < 1, |x|° sgn(x) is a
non-smooth but continuous function. Then for Equation (17), it is clear that the proposed
guidance law is continuous and hence is also chattering-free. Furthermore, no negative
fractional power involves in Equation (17), therefore it is also non-singular.

Remark 4: Note that Equation (17) can be rewritten as

1 o\ L
= —— (2= LLy 5 ) B+ ks + kalsl? sen (5) ... (38)
cos(h —vyum) apr
Let
N=2-LI -4 ...(39)
apr

Then, the proposed guidance law can be regarded as a pseudo-PNG law with a time-varying
navigation ratio N and some additional robust terms. Furthermore, if one selects k; = 0 and
p = 0, the proposed guidance law reduces to the non-singular impact angle guidance law
proposed in Ref. 31, which is given as

ay = S — |:—2r—)\ + iIlez_% sgn (x2) + & sgn (s)i| ... (40)
cos (A — yu) r ap r

However, the term k; sgn(s) in Equation (40) is discontinuous and therefore chattering
phenomenon will occur in real applications.

Remark 5: In the proof of Theorem 1, one can see that the region ¢; is a result of linear
control with power one, while €, is a result of sliding mode control with fractional power

https://doi.org/10.1017/aer.2016.50 Published online by Cambridge University Press


https://doi.org/10.1017/aer.2016.50

1184 THE AERONAUTICAL JOURNAL Jury 2016

p. Since 0 < p < 1, the exponential term 1/p > 1 can reduce the bound of the region e
significantly with €, < ¢; if k; is chosen large enough. In view of this, p, k; mainly govern
the guidance precision and k; can be tuned by a desired convergent rate, since this parameter
is mainly used to accelerate the convergent rate, especially when |s| < 1.

4.0 COMPOSITE GUIDANCE LAW DESIGN

On the one hand, for a practical application, the bound of target manoeuvre cannot be known
a priori, which results in difficulty in finding a suitable value of k| or k;. Thus, the large value
of k| or k, should be chosen to guarantee the tracking performance. On the other hand, the
available acceleration is bounded by the actuator capability, and therefore if a too-large k;
or kj is selected, the actuator will maintain saturation for a long time, which will affect the
performance of the control and guidance systems. To handle this problem, the well-known
NDOB method is introduced for target acceleration estimation and a composite guidance law
is obtained in this section.

4.1 Disturbance observer design
Let f(x,t) = —2i,/r and b = 1/r, then the second equation of (14) can be rewritten as

Xy = f(x, 1) — bayn + bar, .. (41)

Let A éban denotes the lumped disturbance, and suppose that A is second-order
differentiable with a Lipshitz constant L, a finite time disturbance observer (FTDOB)
proposed in Ref. (42) is introduced here to estimate the lumped disturbance A, which is
given by

Zo =00 + f(x) = bayy., 21 = v1, 22 = 02, 23 = 03,

vy = —)\0L1/4|Zo — XZ|3/4 sgn (Z() — X2) + z1,

v1 = =MLYz — 0o sgn (21 — vg) + 22,

v = =W LY?|zy — 01| sgn (2 — vy) + z3, - (42
v3 = —h3L|z3 — vy sgn(z3 —v),

Xo=1z0, A=z, A =123, A =z3,

where * denotes the estimated information, \; > 0,7 =0, 1, 2, 3 the observer coefficients
to be designed, respectively. In accordance with Ref. 42, the estimation error A = A — A
will converge to zero in finite time if \; is selected properly. Therefore, the estimated target
manoeuvre dr, = rA will converge to ap, in finite time.

Remark 6: The selection of \; is a recursive way, which can be followed from Ref. 42, and a
possible selection of these parameters is Ao = 1.1, A = 1.5, hy = 2, A3 = 3. The parameter
L is used to regulate the transient performance of the estimation process. The disturbance
estimation response rate increases as Lincreases, but, by the same token, overshoot also
occurs. Therefore, this parameter should be selected properly in real applications.
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4.2 Guidance law design

Theorem 2: For the error dynamic system (14) subject to Assumption 1, if the NTSM surface
is as (15), and the guidance law is designed as

r 2r)\ k k a
= +—IX2I isgn (x2) + s+ — 5]’ sgn (s) + —=
cos (A —vyum) r r

.. (43)

r

then the states of system (14) will converge to zero in finite time.

Proof: Since the well-known separation principle is usually not valid for non-linear observer
plus controller structure, the proof of Theorem 2 will be given in two steps. First, we will
prove the boundedness of the closed-loop guidance system during the convergent process of
the NDOB (43). Second, the finite-time convergence of the LOS angle tracking errors will be
presented.

Step 1: Letd,, = a — a,, be the disturbance estimation error, differentiating Equation (15)
with respect to time and substituting Equation (43) into it yield

1

a. k k
§=alpuli (@——s——ﬂswsgn(s)) . (44)
q r r r
Consider the following Lyapunov function candidate

1
—x3 ... (45)

1 1
V3=—s2+—x%+2

2 2

Note that Vx € Rand 0 < a < 1, the inequality |x|* < 1 + |x| holds. Then, differentiating
Equation (45) with respect to time gives

V3 = 85§+ X1 X] + X2X2
P _ a,
= saflleq ! (aj,* — ’ﬂs — —Isl"sgn (s)) + X1x2 + X2
ap, k k
x [f = bl sen (v2) — £ — L5l sgn (5)
2|+ sl eal [ |22+ s+ 2 (14 1sD)]

A 2 2 A ?
<ol |2 |+IA\ +|A| Bl | bl 4 1A |+Irzl

(ki + ko) Bl g, bl
= L[« (1 |A]) + (k1 + k)| 2 + 145+ 4 (a2 [A] + 24 k1 +2k2) Pal?
+i (b 1) A+ %

“Tx

<af(l+xl)

<KV+L
. (46)
where
K 2 max [%§(I+\A|)+(k1+k2),2,1§| |+ 24k + 2% |
L2L(s+1)]A+%
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Table 1
Initial conditions for these three cases

rom) () ymo(®)  yro(®)  Vu(m/s)  Vr(m/s)  ar.(m/s’)

Casel 10,000 0 0 0 400 0 0
Case2 10,000 0 0 180 400 200 2¢
Case3 10,000 O 0 180 400 200 2gsin(0.5¢)

*The parameters with subscript 0 denote their values at the starting time of the terminal guidance phase.

are all bounded according to the principle of NDOB (42). Solving inequality (46) gives

_ (K730 + L) K — L

€ X :

... (47)

where V3(0) denotes the initial value of V3. It follows from Equation (47) that V3 is a bounded
function in the convergent process of NDOB (42), so the states of the error system (14) will
not escape in finite time.

Step 2: When the FTDOB estimation error converges to zero, the rest of the proof is the same
as the proof of case (i) in Theorem 1, and thus we omit it here for brevity.

Remark 7: (Nominal Performance Recovery) For stationary targets, it is derived from the
observer dynamics that A — z1 = 0, if the initial values of the NDOB state is selected as
zo(tp) = x2(tp) and z1(¢p) = z2(to) = z3(#p) = 0. In this case, guidance law (43) reduces to
(17), which implies that the nominal performance of the proposed composite guidance law is
retained and that the NDOB only serves as a ‘patch’ that retains the nominal performance.

5.0 SIMULATION RESULTS

In this section, the effectiveness of the proposed guidance law is demonstrated through
numerical simulations under various conditions. The Lipshitz constant L and the observer
coefficients are selected as L =100, Ao =8, Ay =3, Ay = 1.5, A3 = 1.1. The initial
conditions in the simulations are given in Table 1, where case 1 denotes stationary target,
case 2 constant manoeuvring target and case 3 weaving target. All the simulations terminate
when r < 0.1m and the acceleration command is bounded in accordance with the following
saturation function

_ Jamsgn(ay), lay| > 20g
= { ay, lay| < 20g ' -+ (48)

where g 2 9.8m/s” denotes the value of the gravitational acceleration.

5.1 Performance for various targets

In this subsection, the design parameters in the NTSM surface (15) and the fast-type reaching
law (17) are selected as: o = 1, n = 21/19, k| = 40, k, = 400, p = 0.5. Note that these, not
unique, parameters are observed to yield satisfactory results in numerical simulations. The
desired terminal LOS angle is set as \.; = —30°, —60°, —90°.
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Figure 2. (Colour online) Acceleration and LOS angle profiles for stationary targets.
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Figure 3. (Colour online) Acceleration and LOS angle profiles for constant manoeuvring targets.

The acceleration and LOS profiles for stationary, constant manoeuvring and weaving target
under the proposed guidance law for various LOS constraints are plotted in Figs 2-4. In
these figures, it can be seen that the LOS angle converges to the region around the desired
one in finite time, which in turn proves that the LOS angular rate also converges to the
region around zero in finite time. This property is valuable for miss distance minimisation
in real applications since the flight time of terminal guidance phase is usually very short.
Furthermore, the acceleration commands in these three cases do not have any singularity or
chattering phenomenon and the magnitudes reduce to a very low level at about 5s. Also,
the acceleration amplitudes at the interception time is very small, which means that the
terminal angle-of-attack is small too. This could be very valuable property for impact angle
guidance™®. All these aspects show that the proposed method is not difficult to implement for
real applications.
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Figure 4. (Colour online) Acceleration and LOS angle profiles for weaving targets.
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Figure 5. (Colour online) Acceleration and LOS angle profiles for various k.

5.2 Convergence characteristics analysis

In this subsection, some simulations, under case 2, are carried out for convergence
characteristics analysis of the proposed guidance law with %, = —90°. Parameters that not
mentioned in each figure are identical with those in Section 5.1. Simulation results of
acceleration and LOS angle profiles are presented in Figs 5-9.

As shown in Figs 5 and 6, it can be seen that k», unlike k1, significantly affects the accuracy
of the LOS angle convergence, since the non-linear term |s|° sgn(s) dominates over the linear
term s when |s| < 1, while the linear term, on the other hand, is used to obtain a faster
convergent rate when |s| > 1. If k5 is chosen too small, such as k> < 200, then large tracking
error occurs. Furthermore, the fractional term |s|° sgn(s) can be regarded as the bridge
between linear control (p = 1) and discontinuous control (p = 0), and therefore decreasing the
value of p can reduce the settling time, which can be seen in Fig. 7. Therefore, the proposed

guidance law holds both merits in linear control for chattering-free and discontinuous control
for target manoeuvre estimation error compensation.
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From Fig. 8, one can note that the convergence rate can be increased slightly by decreasing
the value of o, which conforms with the form of reaching law (16). From Fig. 9, it can be
seen that decreasing the value of n will make the LOS angle convergence rate much faster at
the early stage, while slow down the convergence process when system states approach the
sliding surface. This is because, in practice, the absolute value of the initial LOS angular rate
|x2(0)| must be much less than 1 rad /s. Thus, the non-linear term |x;| 47" in the reaching law
(16) increases as |x;| decreases in the early phase.

5.3 Comparison with other guidance law

In this subsection, the performance of the proposed guidance law is compared with the
Non-singular Terminal Sliding Mode Guidance (NTSMG) law designed in Ref. 31 and the
acceleration command of NTSMG is presented in Equation (40). Similar to the study of
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Figure 9. (Colour online) Acceleration and LOS angle profiles for various 1.

Ref. 31, we choose the following continuous function

1 1
sgmf(s)_2(l+eus 2),a>0 ...(49)
to approximate the discontinuous sign function to suppress chattering, where the constant a
is inversely proportional to the boundary layer width and is chosen as 100 in this study. The
initial conditions are the same as with case 2. It should be pointed out that the NDOB method
is used in both guidance laws for better comparison.

Let k. y = —90°. Figure 10 presents LOS angle and sliding surface profiles under NTSMG
law and proposed one. In this figure, one can see that the convergence rate of the NTSMG
is faster than that of the proposed guidance law. This is not surprising, since NTSMG
adopts the discontinuous function to guarantee the reachability of NTSM surface and target
manoeuvre estimation error compensation, which conforms to the result in Fig. 7. Figure 11
gives acceleration and LOS angular rate profiles under NTSMG law and the proposed one. As
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Figure 11. (Colour online) Acceleration and LOS angular rate profiles under the NTSMCG law and the
proposed one.

shown in this figure, the LOS angular rate under both guidance laws converge to the region
around zero in finite time. But the chattering phenomenon occurs in both LOS angular rate
and acceleration command under NTSMG law. Furthermore, NTSMG law brings a sharp
command jump from non-zero value to zero value caused by command saturation during the
flight. Such a characteristic is not desirable for guidance loop stability.

5.4 Performance with varying missile velocity

Although in the previous cases the simulation results are presented for constant speed
interceptors, performance will be shown to be equally good for interceptors with varying
speeds when considering realistic interceptors. Actually, for varying missile velocity,
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differentiating Equation (2) with respect to time yields

2N a a Vs sin (n —
s 20 an  aw  Vusin(—yw)

r r r r

... (50)

Let d = ary, + Vyrsin(h — yar) be the lumped uncertainty, then Equation (50) can be
rewritten as

X:—;Jr———, ..(51)

which has a structure that is similar to the one shown in Equation (13). Therefore, the
proposed target manoeuvre estimator will estimate the lumped uncertainty d instead of the
target manoeuvre ar;, in this case.

Because the proposed guidance law is designed for planar engagement geometry, a realistic
interceptor model in the pitch plane, taken from Ref. 7, is considered to validate the
performance. By considering the effect of thrust and drag, the variation of missile velocity
can be modelled as

T—-D

Vg = ——, .. (52)
m

where 7', D denote the thrust and drag acting on the missile, respectively; m denotes the
missile current mass, which is governed by
mp

m:mi—t—t, ...(53)
b

where m;, m, denote the missile initial mass and the mass of propellant, respectively; 7,
denotes the burn time.
The drag force D acting on the missile is determined by

1
D= EijCDA, ...(54)

where p denotes the air density, A denotes the reference area and Cp denotes the drag
coefficient, which can be modelled as Cp = Cpy + kCi for a parabolic model, where Cp
denotes the zero lift drag coefficient, C; denotes the lift force coefficient and k denotes the
induced drag parameter. Since L = O.SpV,ﬁCLA and ay; = L/m, the lift force coefficient Cy

can be obtained as Cr, = 2aym/(pV2A).
The thrust force T acting on the missile is considered constant before burn-out, that is,

|t <1
T = { 0 ..(55)

For the purpose of simulation, the following data taken from Ref. 7 is considered.

m; = 165kg, m, = 15kg, 1, =155, Cpy = 0.74,k = 0.03, 4 = 0.0324 m?,
o =0.909kg/m>, Ty = 5880 N, V3, (0) = 400m/s
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Figure 12. (Colour online) LOS angle response, acceleration command and missile velocity profile under
the proposed guidance law.

The desired terminal LOS angle in the considered scenarios is set as hy = —30°, —60°.
The design parameters are the same as with Section 5.1. The simulation results, including
LOS angle response, acceleration command and missile velocity profile, obtained by the
proposed guidance law, are presented in Fig. 12. It can be observed that the performance
under the proposed guidance law in this case is similar to that of constant missile velocity
case, since the NDOB can accurately estimate the lumped uncertainty online. Based on the
aforementioned simulation results, it can be concluded that the proposed composite guidance
law has satisfactory overall performance and can be applicable in real interceptions.

6.0 CONCLUSIONS

In this paper, a new continuous composite guidance law with terminal angular constraint
is proposed based on sliding mode control theory and non-linear disturbance observer
technique. The non-singular terminal sliding mode surface and a fast-type reaching law are
adopted to derive the guidance law. The fractional power term in acceleration command
makes the proposed method enjoy the benefits of both linear control for chattering-free
and discontinuous sliding mode control for robustness against the target manoeuvre. For
better improvement of the original guidance law, a non-linear disturbance observer is
designed for target manoeuvre estimation. The effectiveness of the proposed guidance law is
verified through numerical simulations under various conditions. Future work includes taking
autopilot lags into account and extension of this work to the 3D case.

ACKNOWLEDGEMENTS

The authors are deeply grateful to the editor and the associate editor for the time and effort
spent in handling the paper, and to the anonymous reviewers for their valuable comments and
constructive suggestions with regard to the revision of the paper. This work was supported by
the National Natural Science Foundation of China (Grant No. 61172182).

REFERENCES

1. NesLiNg, EW. and ZARCHAN, P. A new look at classical vs modern homing missile guidance. J.
Guidance, Control, and Dynamics, 1981, 4, (1), pp 78-85.

2. ParumBo, N.F, Brauwkamp, R.A. and LLoyD, J.M. Basic principles of homing guidance. Johns
Hopkins APL Technical Digest, 2010, 29, (1), pp 25-41.

https://doi.org/10.1017/aer.2016.50 Published online by Cambridge University Press


https://doi.org/10.1017/aer.2016.50

1194 THE AERONAUTICAL JOURNAL Jury 2016

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

ZARCHAN, P, Tactical and Strategic Missile Guidance. American Institute of Aeronautics and
Astronautics Publications, New York, New York, US, 1998.

ParumBo, N.F,, BLauwkawmp, R.A. and LLoyD, J.M. Modern homing missile guidance theory and
techniques. Johns Hopkins APL Technical Digest, 2010, 29, (1), pp 42-59.

YANG, C.D. and CHEN, H.Y. Nonlinear H infinity robust guidance law for homing missiles. J.
Guidance, Control, and Dynamics, 1998, 21, (6), pp 882-890.

ZHou, D., Mu, C.D. and Xu, W.L. Adaptive sliding-mode guidance of a homing missile. J.
Guidance, Control, and Dynamics, 1999, 22, (4), pp 589-594.

PHADKE, S.B. and TALOLE, S.E. Sliding mode and inertial delay control based missile guidance.
IEEE Transactions on Aerospace and Electronic Systems, 2010, 48, (4), pp 3331-3346.

Hg, S. and LN, D. Continuous robust guidance law for intercepting maneuvering targets.
Transactions of the Japan Soc. for Aeronautical and Space Sciences, 2015, 58, (3), pp 163-169.
ZHou, D., Mu, C.D. and SHEN, T.L. Robust guidance law with L, gain performance. Transactions
of the Japan Soc. for Aeronautical and Space Sciences, 2001, 44, (144), pp 82-88.

LecHEvVIN, N. and RaBBaTH, C.A. Lyapunov-based nonlinear missile guidance. J. Guidance,
Control, and Dynamics, 2004, 27, (6), pp 1096-1102.

ATIR, R., HEXNER, G. and WEIss, H. Target maneuver adaptive guidance law for a bounded
acceleration missile. J. Guidance, Control, and Dynamics, 2010, 33, (3), pp 695-706.

CHEN, R.H., SPEYER, J.L. and Lianos, D. Optimal intercept missile guidance strategies with
autopilot lag. J. Guidance, Control, and Dynamics, 2010, 33, (4), pp 1264-1272.

MoOSAPOUR, S.S., ALizADEH, G., KHANMOHAMMADI, S. and MoosAPour, H. A novel robust
proportional navigation guidance law design for missile considering autopilot dynamic.
Transactions of the Institute of Measurement and Control, 2013, 35, (5), pp 703-710.

LIANG, Y.W,, CHEN, C.C., Liaw, D.C., FENG, Y.C., CHENG, C.C. and CHEN, C.H. Robust guidance
law via integral-sliding-mode scheme. J. Guidance, Control, and Dynamics, 2014, 37, (3),
pp 1038-1042.

K, M. and GRIDER, K.V. Terminal guidance for impact attitude angle constrained flight
trajectories. [EEE Transactions on Aerospace and Electronic Systems, 1973, 6, (AES-9), pp 852-
859.

Ryoo, C.K., CHO, H. and TAHK, M.J. Optimal guidance laws with terminal impact angle constraint.
J. Guidance, Control, and Dynamics, 2005, 28, (4), pp 724-732.

Park, B.G., Kim, T.H. and TaHk, M.J. Optimal impact angle control guidance law considering the
seeker’s field-of-view limits. Proceedings of the Institution of Mechanical Engineers, Part G: J.
Aerospace Engiuneering, 2013, 227, (8), pp 1347-1364.

Ryoo, C.K., CHO, H. and TaHK, M.J. Time-to-go weighted optimal guidance with impact angle
constraints. [EEE Transactions on Control Systems Technology, 2006, 14, (3), pp 483-492.

Kimm, T.H., LEg, C.H. and TAHK, M.J. Time-to-go polynomial guidance with trajectory modulation
for observability enhancement. /[EEE Transactions on Aerospace and Electronic Systems, 2013, 49,
(1), pp 55-73.

Leg, C.H., Kiv, T.H., TAHK, M.J. and WHANG, [.H. Polynomial guidance laws considering terminal
impact angle and acceleration constraints. /EEE Transactions on Aerospace and Electronic
Systems, 2013, 49, (1), pp 74-92.

LEE, Y.I., Kim, S.H., LEE, J.I. and TAHK, M.J. Analytic solutions of generalized impact angle control
guidance law for first order lag system. J. Guidance, Control, and Dynamics, 2012, 36, (1), pp 96-
112.

MANCHESTER, [.R. and SAvkIN, A.V. Circular navigation guidance law for precision missile/target
engagements. J. Guidance, Control, and Dynamics, 2006, 29, (2), pp 314-320.

RarNnoOo, A. and GHOsg, D. Impact angle constrained guidance against nonstationary
nonmaneuvering targets. J. Guidance, Control, and Dynamics, 2010, 33, (1), pp 269-275.

ERER, K.S. and MErTTOPCUOGLU, O. Indirect impact-angle-control against stationary targets using
biased pure proportional navigation. J. Guidance, Control, and Dynamics, 2012, 35, (2), pp 700-
704.

Leg, C.H., Kim, TH. and TAHK, M.J. Interception angle control guidance using proportional
navigation with error feedback. J Guidance, Control, and Dynamics, 2013, 36, (5), pp 1556-
1561.

TexiN, R. and ERrEer, K.S. Switched-gain guidance for impact angle control under physical
constraints. J. Guidance, Control, and Dynamics, 2014, 38, (2), pp 205-216.

https://doi.org/10.1017/aer.2016.50 Published online by Cambridge University Press


https://doi.org/10.1017/aer.2016.50

HE ET 4L SLIDING MODE-BASED CONTINUOUS GUIDANCE LAW... 1195

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Kmv, T.H., Park, B.G. and Tank, M.J. Bias-shaping method for biased proportional navigation
with terminal-angle constraint. J. Guidance, Control, and Dynamics, 2013, 36, (6), pp 1810-1816.
ZHANG, Y.A., MA, G.X. and Wu, H.L. A biased proportional navigation guidance law with large
impact angle constraint and the time-to-go estimation. Proceedings of the Institution of Mechanical
Engineers, Part G: J. Aerospace Engiuneering, 2013, 228, (10), pp 1725-1734.

Harr, N. and BALAKRISHNAN, S.N. Impact time and angle guidance with sliding mode control.
IEEE Transactions on Control Systems Technology, 2012, 20, (6), pp 1436-1449.

KUMAR, S.R., Rao, S. and GHOSE, D. Sliding-mode guidance and control for all-aspect interceptors
with terminal angle constraints. J. Guidance, Control, and Dynamics, 2012, 35, (4), pp 1230-1246.
Kumar, S.R., Rao, S. and GHosE, D. Nonsingular terminal sliding mode guidance with impact
angle constraints. J. Guidance, Control, and Dynamics, 2014, 37, (4), pp 1114-1130.

Hg, S., LiN, D. and WANG, J. Continuous second-order sliding mode based impact angle guidance
law. Aerospace Science and Technology, 2015, 41, pp 199-208.

HE, S., LiN, D. and WANG, J. Robust terminal angle constraint guidance law with autopilot lag for
intercepting maneuvering targets. Nonlinear Dynamics, 2015, 81, (1), pp 881-892.

ZHANG, K. and BEHAL, A. Continuous robust control for aeroelastic vibration control of a 2-D
airfoil under unsteady flow. J. Vibration and Control, 2014 DOI: 10.1177/1077546314554821.
ZHANG, K., WANG, Z., BEHAL, A. and MARrzocCCA, P. Novel nonlinear control design for a two-
dimensional airfoil under unsteady flow. J. Guidance, Control, and Dynamics, 2013, 36, (6),
pp 1681-1694.

ZHANG, K., WANG, Z., BEHAL, A. and MARzOCCA, P. A continuous robust control strategy for the
active aeroelastic vibration suppression of supersonic lifting surfaces. Int. J. of Aeronautical and
Space Sciences, 2012, 13, (2), pp 210-220.

FENG, Y., YU, X. and MaN, Z. Non-singular terminal sliding mode control of rigid manipulators.
Automatica, 2002, 38, (12), pp 2159-2167.

BHAT, S.P. and BERNSTEIN, D.S. Continuous finite-time stabilization of the translational and
rotational double integrators. IEEE Transactions on Automatic Control, 1998, 43, (5), pp 678-682.
ZHou, D., Sun, S. and Teo, K.L. Guidance laws with finite time convergence. J. Guidance, Control,
and Dynamics, 2009, 32, (6), pp 1838-1846.

TiaN, Y., L1, Y. and REN, Z. Vision-based adaptive guidance law for intercepting a maneuvering
target. /[ET Control Theory and Applications, 2011, 5, (3), pp 421-428.

LaN, Q., L1, S., YANG, J. and Guo, L. Finite-time control for soft landing on an asteroid based on
line-of-sight angle. J. Franklin Institute, 2014, 351, (1), pp 383-398.

SHTESSEL, Y.B., SHKOLNIKOV, [.A. and LEVANT, A. Smooth second-order sliding modes: Missile
guidance application. Automatica, 2007, 43, (8), pp 1470-1476.

Leg, C.H., Kim, T.H., TAHK, M.J. and WHANG, [.H. Polynomial guidance laws considering terminal
impact angle and acceleration constraints. /EEE Transactions on Aerospace and Electronic
Systems, 2013, 49, (1), pp 74-92.

https://doi.org/10.1017/aer.2016.50 Published online by Cambridge University Press


http://dx.doi.org/10.1177/1077546314554821
https://doi.org/10.1017/aer.2016.50

	1.0 INTRODUCTION
	2.0 BACKGROUND AND PRELIMINARIES
	3.0 CONTINUOUS IMPACT ANGLE GUIDANCE LAW DESIGN
	4.0 COMPOSITE GUIDANCE LAW DESIGN
	4.1 Disturbance observer design
	4.2 Guidance law design

	5.0 SIMULATION RESULTS
	5.1 Performance for various targets
	5.2 Convergence characteristics analysis
	5.3 Comparison with other guidance law
	5.4 Performance with varying missile velocity

	6.0 CONCLUSIONS
	ACKNOWLEDGEMENTS
	REFERENCES

