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Abstract: A composited integrated guidance and control (IGC) al-
gorithm is presented to tackle the problem of the IGC design in the
dive phase for the bank-to-turn (BTT) vehicle with the inaccuracy
information of the line-of-sight (LOS) rate. For the sake of theoreti-
cal derivation, an IGC model in the pitch plane is established. The
high-order finite-time state observer (FTSO), with the LOS angle
as the single input, is employed to reconstruct the states of the
system online. Besides, a composited IGC algorithm is presented
via the fusion of back-stepping and dynamic inverse. Compared
with the traditional IGC algorithm, the proposed composited IGC
method can attenuate effectively the design conservation of the
flight control system, while the LOS rate is mixed with noise. Ex-
tensive experiments have been performed to demonstrate that the
proposed approach is globally finite-time stable and strongly ro-
bust against parameter uncertainty.
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1. Introduction

The traditional double-loops method is to design the guid-
ance subsystem and control subsystem separately and then
integrate them. In the terminal attack stage of vehicle
against ground targets, the time constant of the guid-
ance subsystem will be decreasing with the rapid decrease
of relative vehicle-target distance. Consequently, the time
constants of guidance and control system may not satisfy
the original hypothesis [1]. Hence, the system performance
degrades seriously.

Integrated guidance and control (IGC) is a new, fea-
sible solution to deal with this problem. In IGC, the dy-
namic of angle of attack serves as a bridge to integrate the
guidance and control subsystems. Therefore, IGC takes
adequately advantage of the inherent system performance
to guarantee a more optimal flight trajectory. In addition,
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IGC can assign reasonably the control ability of the vehi-
cle and reduce effectively excessive control. Accordingly,
the integrated design has attracted significant attention in
recent decades [2—8]. Several advanced control methods
have been investigated for the IGC system, including 6 — D
method [9], feedback linearization [10], predictive control
[11], small gain [12], the state-dependent Riccatti equa-
tion [13], sliding mode control [13-15], dynamic sur-
face control [16- 18] and finite-time control [19-21]. To
be more specific, Shima [22] chose the differential game-
based zero-effort miss (ZEM) distance as the sliding sur-
face and designed a novel sliding-mode-based integrated
algorithm. Two typical traditional double-loop methods are
employed to validate the merit of the integrated algorithm
in several endgame interception engagements. Yan [23]
developed a small-gain theorem-based IGC algorithm for
vehicle manipulated by both canard and tail controls. The
input-to-state stability (ISS) theory is used to calculate the
angle of attack and pitch rate commands, which generates
the desired aerodynamic lift to realize accurate intercep-
tion to a maneuvering target. Hou [24] aimed at the three
channels independence IGC model to put forward a robust
multi-channels IGC design approach and the adaptive dy-
namic surface technique was addressed to cope with these
unmatched uncertainties. Extensive experiments show that
the proposed design method can guarantee the accuracy
strike to a ground fixed target. Nevertheless, it chose the
side-to-turn (STT) vehicle as the subject for study.

The design of guidance law for hypersonic vehicles in
the dive phase requires accurate measurement of the line-
of-sight (LOS) rate. Unfortunately, it is usually impos-
sible to detect via the radar seeker. Meanwhile, it is in-
evitable to introduce error, caused by computational meth-
ods or attitude rate in the process of extracting the LOS rate
via the infrared seeker. To improve attack accuracy, state-
estimation acts as an available solution to refactor the LOS
rate. Guvfil [25] and Chwa et al. [26] respectively adopted
the Kalman filter and the nonlinear observer to obtain the
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high-order derivatives of the LOS rate. As a result, the de-
sign of the controller does not have to depend on the LOS
rate and its high-order derivatives. However, this solution
has not taken full advantage of the system information. Be-
sides, another scheme is to employ the filter, combined
with the extended state observer to obtain the noise-free
LOS rate. In this way, the noise perturbation can only be
reduced but not eliminated, and the time constant of the
filter has the tremendous impact on the precision of the
filter. On account of the better convergence performance
and anti-disturbance attribution [27], the non-smooth con-
trol theory has been used to design the robust controller in
various nonlinear systems, e.g., nonlinear cascaded system
[28, 29], switched stochastic nonlinear system [30].

The contribution of this paper is developing a compos-
ited finite-time state observer-based (FTSO) IGC design
method for the bank-to-turn (BTT) vehicle against fixed
ground targets. The high-order FTSO, with LOS as the sin-
gle input, can make full use of the system information to
estimate the LOS rate in real time. The composited IGC
algorithm can attenuate effectively the design conservation
and reduce excessive control. Simulation results verify the
high precision endgame performance of the proposed IGC
design method and strong robustness in spite of aerody-
namic coefficient uncertainty and small-range target ma-
neuver.

The remainder of this paper is organized as follows: In
the next section, an IGC model in the pitch plane is formu-
lated. Then a composited FTSO-based IGC algorithm is
designed in detail. Extensive experiments have been per-
formed in Section 4. Finally the conclusion is arrived at.

2. Problem formulation

In this section, a longitudinal strict-feedback IGC design
model is formulated and some essential fundamental pre-
liminaries are provided.

2.1 IGC design model

The longitudinal nonlinear dynamic [31] is described as
follows:
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where V is the velocity of vehicle, 6 is the flight path an-
gle, «v is the angle of attack, w, is the rotating rate along
the pitch axis, L is the reference length, S,..¢ is the refer-
ence area, ./, is the moment of inertia about the pitch axis,

0, is the elevator deflection angle, ¢ denotes the dynamic
pressure, ¢y represents the nominal values of the lift force
coefficient derivative with respect to the angle of attack,
m<, m@= and m?= are respectively the nominal values of
the pitch moment coefficient derivatives with respect to the
angle of attack, the rotating rate along the pitch axis and the
elevator deflection angle.

The nonlinear engagement kinematics, regardless of the
lateral plane, is given by
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where r and \p are the relative distance and the LOS an-
gle, respectively.

The longitudinal IGC design model can be got by means
of merging sub-dynamic (1)-(3).

T1 = T2

To = a2172 + azez3 + Gy

&3 = a3173 + x4 + G2 4
T4 = a4173 + a4274 + bu

Yy=x1

where © = [11 22 23 24]T = [Ap \p a w;|T is the state
vector, u = J, denotes the input of system, y = A\p repre-
sents the output of system. The other nonlinear terms and
gain coefficients of state variables are shown as follows:

G - gcosfcos(Ap — 9), Gy — gcosf
r |4
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r mr
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Furthermore, the dynamic model (4) can be rewritten as
the strict-feedback nonlinear system represented by

& = fi(t, @) + 22
&o = fa (t,x1,22) + agexs

i3 = f3(t,x1,22,23) + 24 5)
@y = fa(t, 21, 02,23, 74) + bu
y=x1

where fl (t, .Il) = O, fQ(t, X, .’,EQ) = a91x2 + Gl»
f3(t, 1,02, 23) = azmzs + Go, fa(t, 21,272,703, 74) =
4103 + G4274.

The design objective is to propose a composited robust
IGC algorithm to ensure the accurate strike against the
ground fixed target, while the LOS rate is mixed with un-
certainty.
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2.2 Fundamental preliminaries

For the ease of the design of high-order FTSO, several ne-
cessary assumptions and lemmas are presented.

Assumption 1 There are a smooth function n(z) > 0
and constants ¢ > 0, & > 0, which guarantee ¢(t, )
bounded

0 < an(z) < ¢;(t,z) <an(z)
0

vt >

where j = 1,2,...,n.

Assumption 2 There exist positive constants 3; and
w € (—1/n,0) to guarantee the following inequality valid
for Vt, z;, Z;, u € R

|fj(t7217227"'72j7u) _fj(t7217227"'72j7u)| <

J
Bid(t,2) Y |2 — 2| mate)
k=2
wherem; =14+ (j — Lw (j =2,3,...,n).

Assumption 3 The LOS angle could be obtained
fairly accurately via the seeker in the dive phase.

Lemma 1 [32] Suppose that there exist a positive defi-
nite and continuously differentiable function V' (z) on the
region U C R™ around the origin, real numbers ¢ > 0
and y € (0,1). When the term V() + ¢V () is negative
semi-definite, the origin is a finite-time-stable equilibrium.

Lemma 2 [33] For z € R, w € R, there exist
real numbers s > 0, £ > 0 and real-valued function
9¥(z,w) > 0. Then

S _
2wl < Bl + T

s+t

Lemma 3 [30] For z € R, w € R and a ratio of posi-
tive odd integers k > 1, the following inequalities hold:

() |27 — wk| < K|z —w|(|z)*1 + Jw[F1) < |z —
wlk + ez —wl|wFL, ¢ =k(2+2F2);

(i) |27 — w| > 27|z — w|*;

(iii) |z + w|® < 2871 2F + wk|.

Lemma 4 The following inequality is valid:

n n2z
<Z |5z‘|2> < Z |3i"
i=1 i=1

whenn € (0,2).

Lemma 5 [34] Assume ¢ : R” — R is a homo-
geneous function of degree w as for dilation weight ¥.
Hence, the following facts meet:

(i) The homogeneous of degree about the partial differ-

ential term is w — p; and p; acts as the homogeneous
Zq

weight of z;.

(ii) The condition Q(z) < wW (z) would be satis-
fied, when the positive definite function W (defined on
U c R™) is homogeneous of degree w as for dilation ¥,
where @ > 0.

3.IGC design

The high-order FTSO, with LOS angle as the single input,
is presented to make full use of the system information to
reconstruct the LOS rate. The composited IGC method is
developed to tackle the challenge caused by the inaccuracy
measurement of the LOS rate. Besides, the corresponding
strict proof process of stability is provided.

3.1 FTSO

Theorem 1 When Assumptions 1 — 3 are satisfied and
the proper constants k; are selected, the proposed high-
order FTSO (6) for nonlinear system (5) can ensure the
estimations (&1, . .., Z4) to track well the actual state vari-
ables (z1,...,24) in a finite time.

fl = fg + fl(t, T, U)+
Lkqsig™? (z1 — 1)

T2 = axds + fa(t,z1, 22, u)+
a22L2kQSigm3 (:El — fl)

3 = &4+ fa(t, 1, &2, &3, u)+
L3k381gm4 (:vl — Lf‘l)

f4 = bu + f4(t, r1,To, T3, T4q, u)—|—
bL4k4Sigm5 (171 — j?l)

(6)

where w € (1/n,0) and m; = (i — Dw + 1,i =
1,2,...,n+ 1.

Proof

(i) To begin with, the high-order FTSO (7) is designed
for the following fourth-order integral system:

T1 = X2
T = A22%3
T3 = T4
,f4 =bu
y=x1

which can guarantee availably the estimations (&2, &3, Z4)
to track well the actual state variables (xo, x3, 24) of the
integral system in a finite time, when Assumption 1 is met
and appropriate parameters k; are chosen.

1.2'1 = Is + klsigm2 (1‘1 - jl)

fg = a9ol3 + GQQkQSigms (171 — j?l)
5.2'3 =T+ ]C;),Sigm4 (1‘1 - jl)

f4 = bu + bk4sigm5 (:El — fl)

)

where w € (1/n,0) and m; = (i — Dw + 1,i =
1,2,....n+1.
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The errors of the FTSO are defined as e; = z; — &; (i =
1,...,4). Then, one can obtain that

61 = 62 — klslg ( )

€2 = ag€3 — agkosig™?(ey)
€3 = e4 — kssig™* (1)

é4 = —bk4Sigm5 (él)

®)

Then, some efforts are made to validate the errors dy-
namic (8) of FTSO globally finite-time stable, when the
proper parameters k; are chosen.

Applying the nonlinear mapping,

e1 = sig(é1),
€y = Slg(EQ)/kl
€3 = Slg(ég)/kg
eq = sig(€a)/ks
the dynamic of the errors system (8) could be translated
into

€))

él = 11(62 — 8;’[”2)

éa = anla(ez —ef™)

, o 10
63213(64—61 4) ( )
é4 = —bl4€§n5

where ll = kl, l2 = kg/kl, lg = kg/kg, l4 = k4/k3.
Next, it is necessary to indicate that the states of the
translated system (10) are globally finite-time stable, while
the proper parameters [; are chosen.
The nonlinear mapping is defined as

mi41 mi41
miy m
Gijlejti.e5) = ey —e;™” an

wheret = 1,2,...,n,7 = 1,...,42and es = 0. On ac-
count of the above mapping and the attribute of m;, the
following propositions hold.

Proposition 1 The following facts hold:

3
. .
(1) E Gi,j = €i4+1 — 61 it

,i=1,2,....n
Jj=1
mig1
(11) |G’LJ| < ]+1|ij|mj+17] - 1727"'7 -
12> j;
+1 mi41 1
(i) |G5] < A|G77J|(|G7J|m + + lejra| ™),
7=2,3,...,n,1 < j, for constant A > 0.

Proposition2 There is a positive constant £ to guaran-
n

24w 24w
tee the inequality |ex| ™ < & Z |G, ;| ™+t valid, where
Jj=k
k=1,2,....n
Proposition 3 There exists a constant ¢ to guarantee
the following inequality valid:

- 8C?n—i—l—l
Z 8ek v

k=n—i+1

klkGron—i <

2+1—
LY e e G

gnz+1

Proposition 4 The following inequality

247

Z ¢JG ™1 _[

j=n—i+1

2—my_;

Ry - )

l\3|’—‘

2471
My —it+1
gz/)"—Z-G(n—i,n—i

is valid, when the proper parameter ¢ is selected.

Based on Proposition 1, the system (10) can be trans-
lated into

é1 =0LG1
2

éa = azals Z Ga,i

2 (12)
€z = I3 Z Gs '

“i

és =Dbly Z Gai

i=1

The bottom-up inductive skill is adopted to validate that
the error system (12) is globally finite-time stable, when
the proper parameters /; are chosen.

Step 1 The following partial system is investigated
firstly:

€1 =bl4Ga (13)

which describes the error dynamic of w,.

The appropriate Lyapunov candidate function, which is
continuously differentiable and positive definite, could be
adopted.

The following inequality scaling is effective:

. 2—my
Q4(84)‘(16) = e4m4 é4 =

2-my 247

—blaGy ;" Gag < —4bG[F (15)

when the appropriate parameter [4 > 4 is selected.
Step 2 The following partial system is researched:

éz =13G33
4
é4 = bly Z G4)i (16)
i=3

The following Lyapunov candidate function is employed:

Qs(es,ea) = Qu+ V3 amn
€3 2-mg 2—mg

where V3 = J PG e, "* )ds. Taking the
3/ ma

4
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derivative of Q3(es, e4) and integrating with the error dy-
namic (16), one can address that

QB" (16) Q4‘(16) + V3|(16) (18)

The inequality of the scaling transformation is applied

into (18). Based on the conclusion (15) in the first step and
2—my

0
the property % =—G,,* ,one can conclude that
€4 ’
. 24w
Q4‘(16) bl4G4”Ql =GP blaGaz <
24w 24w
—4bGP = blaG Y Gaga. (19)

Based on Proposition 1 and Lemma 2, it is obvious that

2-mg

l4|G 10 Gags| < l4|G44| 7 2m4|G33|m4 S

24w 24w

1

where x1 > 0. Integrating (20) and (19), the following in-
equality can be got

. 1 24w 24w
Q4|(15) <-b (4 - 5) 0415 + blilG:;:gl . (21)

In addition, taking the derivative of V5 and integrating with
the error dynamic (16), it is clear that

. 2 _ m3 2—mg _1 m3
Vsl 16y = — e, e3—e) )+
3|(16) ma 4 éa(es i)
2—mg 2—m3
(63 m3 e4m4 )é3 —
2 —mgy A-mssma
3G4.4 * bly(Gas + Gaa)Ga 3+
my ’
2—mg 2—mg3
(e3™ —ey™ )Gy 3. (22)

Then, the inequality scaling technique is also used to trans-
form the every member in (22). Above all, it can be ob-
tained based on Proposition 1 (iii) that

|G2,3] < /\|G33|m4 +)\|G33||64| <
3 m4
)\|G3 3|m4 +/\|G3 3||G44| (23)
According to (23), one can acquire that
2 —m 2777:377714
3G4,4 > 14GaaGaz <
my
2 m3 m5 |2—ms3+w myg |m
l4/\|G B | 8 |G r |3+
2 2—may+tw m
l4/\|G ppe |G 3™ (24)

Based on Lemma 2, the inequality (24) can be translated

into
—mgq—mg+2 1 2w 24w

—m3 + 2 — e o
76'4 4 l4G474G273 < —G4 4 T K2G3 34
my ) 44 )

(25)
where k2 > 0. Analogously, integrating Proposition 1 with

Lemma 2, the inequality (23) can be translated into

2—mg—my

2 — ms3 m
5
G4,4

l4G23G43 <
my

2—mg AT g ms
= _
Gya 2

m mg
my |G3.3| my .

my

14/\( 2TY?SM4 ) <

24w 24w

—G44 +I€3G33 (26)

where k3 > 0. Moreover, based on Lemma 3 and the pro-

2
perty s > 1, one can obtain that
2—m3 2—m3 2—mg 2—m3 mgq
(e3™ —e,™ IsGsz = (e3™ —ey™* ls(ea—eg"™) =
2—mg mg 2—m3 7714
—lsle,™ —eg® " flea —eg®[ <
mgtmy—2 L mg4my—2 24w
=327 ™1 |es —eg™® | i = =327 TGy
27)
Substituting (25)—(27) into (22) yields
. 1 27?" mgtmy—2 2tz
‘/3|(16) < §bG4 4 (132 m4 — blig — bI€3)G3734 .
(28)
With the aid of (21) and (28), (18) turns into
. 271’“’ ms+mg—2
Qslae) < —b(A-1)GY — (527 ™ —
24w
bk, — bky — bng)G{‘g“ . (29)

Based on Assumption 1 (¢4/¢3 < 7/c), the follow-
ing inequality is valid, when the proper parameter k3 is
selected.

mgtmy—2

1327 ™ — (k1 + ke +R3)pa/p3 24 -1 (30)

Hence, it can be easily got that

24w 24w

Qs < —(4—1)(bG7 + Gy ). 31)
Step 3 The following partial system is considered:

€2 = a2laGa o

€z =13 Z G
i—2
4
éa="bly» Gui
i—2

(32)
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The following Lyapunov candidate function is used:

Q2|(32)(e2, e3,e4) = Q3] (32)(e3,€4) + Va|32)  (33)

€2 2—mg 2—mo

where V5 = J my (s ™2 —ey ™ )ds. Taking the deriva-
ey"s

tive of Q2(e2,e3,e4) and integrating with the error dy-
namic (32), one can obtain that

Q2|(32) = Q3|(32) + Vz|(32)- (34)

The inequality of the scaling transformation is applied
into (34). Based on the conclusion (31), one can conclude

that 9 9
0Qs . P 62364<

Q3| (32) = Des ey

24w 24w

=3(00G,Y + G375 )+
Qs 5@3
— 3G
Des 3G32 + e,
Based on Proposition 3, it is clear that
Qs Q3
—bl,G A LyNe,
e, 4U42 + eg 3,2 S

1 24w 24w 24w

§(G37)n34 + bG47)n5 ) + p1a22G27723 . (36)

—bluGy 0. 35)

Substituting (36) into (35) yields

1 2+w
- b msg
(3-3) 061

24w 24w

G37:§4 ) + plangin; . 37

Based on Proposition 4, it is got that

Q(€3,64)|(32) < -

. 1 24w 24w
Val(z2) < §(bG4,45 + G35 )—
1_2-m2 Ztw
21 Tl — &1]anGy - (38)

Substituting (37) and (38) into (35) yields

. 1
e (31
24w

—CLQQG mg( 1— —

24w 2+w
—) (bGP + G )~

2—mo
s lg —p1 — 51)- 39)
The similar conclusion (40) can be gained when the

proper parameter [o are chosen.

247 247 247

Wa < —20bF) + F3'%' +annFy5 )  (40)

Step 4 The whole system (12) is researched and the
following Lyapunov candidate function is addressed

Q1la2) = Q2la2) + V1 41)

2—m1q

— ey, "? )ds. Taking the deriva-

€1 2—my

where V; —J' my (s ™1

mo
€2

tive of Q1 and integrating with the error dynamic (12), one
can get that

Q1la2) = Q2l(12) + Vil(12)- (42)

Similar to Step 3, it is obvious that

. 24w 24w
Q1la2) < —(0G,Y + G35 +
24w 24w
CLQQGQTLQS + Glﬁz ) 43)

Based on Assumption 1, (43) could be translated into
n 24w
=S 01G T < —opW(e) (44

where o1 =1, 02 = az, ¢3 =1, ¢4 =

m1+1 24w
. — m
E €541 ej it

Based on the definition of homogeneity, one can
conclude availably that the Lyapunov candidate func-
tion 1(e) is homogeneous of degree 2 with dilations
(m1,...,myq). Similarly, W (e) is also homogeneous of
degree w + 2 for identical dilations. The following inequal-
ity holds, when the appropriate parameter G; > 0 can be
selected.

b, W(e) =

. 24w 24w
Q1 < —oW < —0G1Q,? = —G20,° (45)

where G2 = 0G1. Q1(e) will converge to zeros in a finite
time. In other words, the errors of system converge rapidly
to the equilibrium point of system (12).

(i1) Under the previous conclusion, the strict proof pro-
cess of the high-order FTSO for the system (5) would be
verified.

Above all, the following error dynamics of the high-
order FTSO could get

€1 = Léy — Lk1e7™
ég = agolesz — agnggégna—f'

fa(t, 21,2, u) — fa(t, 21, 22, u)
L
= Leg — Lkse "+

(46)
f3(t7x17x27$33u)_f3(ta$17£27£37u)
L2
. t
é4 _ —bLk4é§n5 + f4( ,$1,(E2;$3,.’L’4,’U/)_
L
f4(t,x1,£2,;ﬁ3,;ﬁ4,u)
L3

— &) /L i=1,...,4.

where ¢; = (x;
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Under the nonlinear mapping (9), system (46) can be
rewritten as

S
fa—fo
c1(e2 —ey™?) kL
) agaca(es — e .
R A A IS P 7
cs(eq —e7™) P
bea(—el™) 2
fa— fa
RN

where f; = fit,x1,Za, ..., Ty, u) fori = 2,3, 4. Based
on the previous fundamental work of Q1 (e) and (45), it is
clear that

Q1lary < —LopW+

. 3@1(8) fi—fi
Z 861- ki_lLi_l'

(48)

1=2

Under Assumptions 1 and 2, one can acquire that

. a;pi(t, z) Z |/€j_1Lj_1ej|(m7?+"')/mj
|fi — fil

Jil < =2 : <
ki_le—l ki_le—l
i m;+T
ep(2) ) lex| (49)
k=2

where L > 1 and € > 0. Integrating (48) with (49) yields

Q1 la7y < —Log(z2)W+

(=) 8%16(,6) Z|ekl%w]. (50)
vl =2

1=2

Based on the homogeneous definition, one can con-
a i m;+w
U 5 3 e
=2
neous with a degree of w + 2. The following inequality
holds, when the appropriate parameter Gs can be selected.

clude that this term

Q1lary < —Lad(y)W(e)+

ep(y)GsW (e). (5D

The derivative of ()1 would be negatively definite, when
the condition Lo > €G3 is met. In addition, the equation
(51) could be translated into

: 24w
Q1lasy < —(Lg —eG3)a/aG1Q, 7 . (52)

Therefore, the error dynamic system (47) or (46) is glob-
ally finite-time stable. O

1257

3.2 Composited IGC algorithm

Theorem 2 On the basis of the high-order FTSO (6),
the proposed composited IGC algorithm is

u= % (—U4S4 — v4lsigr (54) — f4 + :'E4C)

84 = T4 — T4c
7'4:t4c + Ty = :Ezcv L4c (O) = zrlc (O)

i, = —v3S3 — v31sig” (s3) — f3 + Eac
53 = &3 — T3¢
T3d3c + T3e = T3, T3c (0) = 23, (0) (53)

ah. = — (—v2s2 — vasig” (s2) — fa + dac)
as2

Sg = Ty — Tac

Tode + Toe = x5, T2c (0) = 25, (0)

z;c = —V181 — vllsigr (81)

S1 = il - A

which could obtain the desired endgame performance, in
spite of the inaccuracy measurement of the LOS rate,
where v; > 0,v;1 >0and0<r <1lfori=1,...,n.
Proof
Above all, the following Lyapunov candidate function
is adopted:

1
V, = Z 55?. (54)

i=1
Taking the derivative of V; and integrating with system
(53), one can acquire that

4
Vo= sisi =Y si(—vis; — virsig®(s;)) =
=1

=1

i=1 i=1 i=1

1 4 4
_ <Zvlsf> - <Zv“|5i|5+l> <= wals

(55)

Under Lemma 4, it is obvious that

4 4 »
(3
- E vi ||t = — E vilsi|* 2 <
i—1 i=1

4 ) il 4 ) 2
§ 2 E
—Umin (Si) £ —Umin S; =

i=1
e+1 e+1

—Omin (2V3) 7 = =2 vy Vi 2 (56)

where 0 < € < 1, Upin = min{vu, v21,v317v41}-
Substituting (56) into (55) yields

e+1

Vi+ 27 vinVs 2 <0 (57)

which could guarantee the system (53) variables globally
finite-time stable. O
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4. Numerical simulation

Performance of the composited IGC algorithm is surveyed
by means of numerical simulation in this section. First, we
provide a comparison between the composited IGC and
the traditional IGC, when the LOS rate is mixed with dis-
turbance. Next, the robustness of the proposed algorithm
against parameter disturbance is investigated. Finally, its
flexibility in existence of small-range target maneuver is
evaluated.

The initial states and constraint condition of simulation
are shown in Table 1 and Table 2, respectively.

Table 1 Initial state of simulation

State variable Value
Simulation step/s 0.001
Position of vehicle/m [0, 16 000]
Velocity of vehicle/(m/s) 1 800
Position of target/m [0, 32 000]
Velocity of target/(m/s) 0

Table 2 Constraint condition of simulation

Constraint index Range

Terminal precision/m (0,10]
Amplitude of Angle of attack/(°) [0, 12.5]
Amplitude of deflection/(°) [-30, 30]
Rate of deflection/(°/s) [-50, 50]

Case 1 Performance comparison with inaccuracy in-
formation of LOS rate

One of the innovative points in this paper is to design
the integrated algorithm with the inaccuracy information
of the LOS rate. Thus, the traditional IGC algorithm (T-
IGC) based on back-stepping and dynamic inverse is em-
ployed to validate the advantages of the proposed FTSO-
based IGC (FTSO-IGC), while the LOS rate is mixed
with the disturbance. Assume that the mixed disturbance is
5 x 1073 sin(0.2t) rad. The contrastive simulation curves
of flight trajectory, virtual control and system input are
plotted in Figs. 1-4, respectively.

20
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0 . . . ,
0 10 20 307 40

X/km
: FTSO-IGC.

Fig.1 Trajectory of the vehicle

0 5 10 15 20

Time/s
:FTSO-IGC; + =+ = : T-IGC.

Fig.2 Curves of o

/(O.SAI)

@,

0 5 10 15 20

Time/s
:FTSO-IGC; &+ == v v T-IGC.

Fig.3 Curves of w_

3./

0 5 10 15 20

Time/s
:FTSO-IGC; + =+ = : T-IGC.

Fig.4 Curves of 5.

From Figs. 1-4, it is obvious that both the T-IGC and
the proposed FTSO-IGC can ensure an ideal strike preci-
sion and the terminal precisions are 2.792 m and 0.021 m,
respectively. In addition, the virtual control and system in-
put are sufficiently glazed and various involved physical
constraints are met. However, the effect of disturbance on
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the system is gradually increasing with the decrease of the
LOS rate.

Compared with FTSO-IGC, the additional «, w, and 6,
of the T-IGC algorithm are required to impel the LOS rate
to converge to zero. Consequently, the proposed FTSO-
IGC attenuates the design conservation of the flight control
system and reduces excessive control.

The actual state variables, their corresponding esti-
mations and the errors of the observer are depicted in
Fig. 5. As shown in Fig.5, one can conclude that the er-
rors of the FTSO are capable of rapid convergence to a
sufficiently small region around zero. That is to say, the
developed high-order FTSO is provided with satisfactory
performance of estimating the state variables, which can
improve the damage performance ability of the vehicle.

0.1

0 5 10 15 20
Time/s

_____ ley; mem=— X

(@) Ap

2

-10

-12

-14 . . . ,
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Time/s

----- ley; meme=m—= X3
©) a
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Time/s

: Xy

_____ ley ==Xy

) o,

Fig. 5 Curves of the actual states, estimations and errors of the ob-
server

Case 2 Robustness evaluation against aerodynamic
coefficient uncertainty

Modern vehicles usually need to accomplish the specific
flight task in complex atmospheric environment. Where-
fore, the propsed composited IGC must possess a weak
sensitivity to the aerodynamic coefficient. Let aerody-
namic coefficient uncertainty subject to the following dis-
tribution:

2 ~T(-0.2,0.2)

where T represents the uniform distribution.

The generated experimental design scheme based on the
Monte Carlo method serves as the additional bias term,
which is superposed on the nonimal aerodynamic coeffi-
cient in the emulation experiments. The multigroup curves
are displayed in Figs. 6-9. Despite the bias term of the
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aerodynamic coefficient varying randomly within [-20%,
20%], the design index of the terminal precision is satis-
fied. Moreover, the virtual control variables o, w, and the
actual system input J, all tend to be stable in the end.

207

15
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X/km

Fig. 6 Trajectory of vehicle with aerodynamic coefficient uncer-
tainty
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Fig. 7 Curves of o with aerodynamic coefficient uncertainty
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Fig. 9 Curves of §. with aerodynamic coefficient uncertainty

A noteworthy fact is that the random bias term of aero-
dynamic environment affects greatly on the amplitude of «
and w,. The aerodynamic coefficient becomes larger, when
the bias term is greater than zero. As a result, the required
amplitude of o and 0, will diminish to generate the spe-
cific aerodynamic lift. Thus, the composited IGC method
possesses a weak sensitivity to the aerodynamic coefficient
uncertainty.

Case 3 Robustness evaluation against small-range tar-
get maneuver

In this part, our goal is to test the robustness of the
developed algorithm in the presence of small-range target
maneuver. We set the position of the target in the nominal
case as the original point, and then perform the simulation
experiments of target maneuver at different speeds along
different directions. The climbing maneuver is defined as
the situation where the inclination of the target’s speed is
45° or 135°. The target maneuver is defined as the error of
the LOS rate, caused by measurement or computation. The
relevant experimental conditions are shown in Table 3.

Table 3 Maneuvering condition of target

Index Inclination/(°) Velocity/(m/s)
1 0 25
2 0 50
3 45 25
4 45 50
5 135 25
6 135 50
7 180 25
8 180 50

-60 . . . )

Time/s

Fig. 8 Curves of w. with aerodynamic coefficient uncertainty

According to the experimental results, we find that the
distance between the vehicle and the target is always within
the given precision. The trajectories of the vehicle in dif-
ferent situations are shown in Fig. 10. As we can see from
the experimental results, when the targets are doing low-
speed maneuver in different directions, the vehicle can hit
them precisely with the proposed FTSO-based IGC algo-
rithm. This has demonstrated the efficiency of the designed
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FTSO, which is able to obtain the information of the LOS
rate accurately and quickly.

20r

15 T

10+

Y/km
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—

28 30 32 34
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Fig. 10 Trajectory curves of vehicle with maneuvering targets

5. Conclusions

In this paper, the composited FTSO-based IGC algorithm
is proposed for the BTT vehicle in the dive phase, via the
fusion of back-stepping and dynamic inverse. The high-
order FTSO can make full use of the information of sys-
tem to estimate the states of the system. The errors of the
observer can converge rapidly to a sufficiently small re-
gion around zero and the difficulty caused by the inaccu-
racy measurement of the LOS rate is successfully over-
come. Compared with the traditional IGC algorithm, the
composited IGC method can attenuate effectively the de-
sign conservation and reduce excessive control. Besides, it
is also robust to aerodynamic coefficient uncertainty and
small-range target maneuver.
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