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Abstract

Considering the guidance and control problem of the near space interceptor (NSI) during the terminal course, this paper
proposes a three-channel independent integrated guidance and control (IGC) scheme based on the backstepping sliding
mode and finite time disturbance observer (FTDO). Initially, the three-channel independent IGC model is constructed based
on the interceptor-target relative motion and nonlinear dynamic model of the interceptor, in which the channel coupling term
and external disturbance are regarded as the total disturbances of the corresponding channel. Then, the FTDO is introduced
to estimate the target acceleration and control system loop disturbances, and the feed-forward compensation term based
on the estimated values is employed to effectively remove the effect of disturbances in finite time. Subsequently, the IGC
algorithm based on the backstepping sliding mode is also given to obtain the virtual control moment. Furthermore, a robust
least-squares weighted control allocation (RLSWCA) algorithm is employed to distribute the previous virtual control moment
among the corresponding aerodynamic fins and reaction jets, which also takes into account the uncertainty in the control
effectiveness matrix. Finally, simulation results show that the proposed IGC method can obtain the small miss distance and
smooth interceptor trajectories.

Key words: Integrated Guidance and Control (IGC), Finite Time Disturbance Observer (FTDO), Backstepping Sliding Mode,
Robust Least-Squares weighted Control Allocation (RLSWCA)

1. Introduction

The guidance and control algorithm of the near space
interceptor (NSI) is one of the most critical technologies to
effectively deal with the threat of near space air-breathing
hypersonic vehicles. The traditional design method is usually
based on the assumption that the spectral separation between
the guidance loop and control loop is satisfied, which may be
invalid during the terminal interception phase [1]-[2]. Since
this scheme cannot strictly guarantee the stability of the
overall guidance and control system, the modifications of each
subsystem are generally required to obtain overall system
performance. By viewing the guidance and control loops as
an integrated system and taking into account the coupling

terms between these two subsystems, the integrated guidance
and control (IGC) exploits the states of the interceptor and
the interceptor-target motion to directly generate the actuator
commands, which can efficiently reduce the cost of the
required sensors and increase the guidance accuracy and
system reliability [3]-[5].

The past few years have witnessed rapidly growing interest
in the IGC design, and many approaches have been reported
[6]-[13]. It is well known that sliding mode control is an effective
technology to deal with system disturbance and parameter
uncertainty. In [6] and [7], smooth second-order sliding mode
(SSOSM) control is proposed to study the IGC design problem
of the interceptor. The SSOSM-based guidance law is first
developed to obtain the desired overload command, which can

W (278~294)14-087.indd 278

This is an Open Access article distributed under the terms of the Creative Com-
mons Attribution Non-Commercial License (http://creativecommons.org/licenses/by-
nc/3.0/) which permits unrestricted non-commercial use, distribution, and reproduc-
tion in any medium, provided the original work is properly cited.

Received: December 29,2014 Revised: June 13,2015 Accepted: June 15,2015
Copyright (© The Korean Society for Aeronautical & Space Sciences

278

S

@ * Associate Professor, Corresponding author: feiwangnpu@163.com
**% Associate Professor
*%% Professor

http://ijass.org pISSN: 2093-274x elSSN: 2093-2480

2015-07-03 2&d SIOGL



W (278~294)14-087.indd 279

——

WANG Fei Integrated Guidance and Control Design for the Near Space Interceptor

be transformed into the desired value of pitch angular rate in
the inner loop. Subsequently, the SOSM-based control law
is constructed to track the desired pitch angular rate in finite
time and obtain the IGC algorithm. In fact, the methods in [6]
and (7] belong to the partial IGC design, which still cannot
break away from the constraint of the traditional separation
design. A novel IGC design method based on the robust
higher-order sliding mode is also given in [8]. Based on the
principle of zeroing the line-of-sight (LOS) angular rate, the
IGC design problem can be transformed into the stabilization
of a third-order integral chain system. Furthermore, a global
finite-time stabilization control law is proposed for the above
system based on geometric homogeneity theory, and the
compensation term based on the super twisting algorithm is
given to obtain the strong robustness against the uncertainties
caused by target maneuvers and interceptor aerodynamic
parameter perturbation.

Some nonlinear optimal control methods have also been
applied to the IGC design. For example, the state-dependent
Riccati equation (SDRE) technique is introduced to solve
the Hamilton-Jacobi-Bellman (HJB) equation online in the
nonlinear optimal control for the IGC design [9], but it is
time consuming. Furthermore, the -D method is used to
approximately solve the HJB equation, which did not require
the online numerical computation [10]. Furthermore, the
methods in [9] and [10] cannot ensure the robustness of the
closed-loop system in the presence of system disturbances
and parameter uncertainties. In [11], a novel IGC design
approach based on the small-gain theorem and input-to-
state stability (ISS) theory is proposed for missiles steered
by both canard and tail controls without the assumption
that the angle between LOS and missile velocity is almost
constant. Theoretical analysis shows that both the LOS
angular rate and the tracking error of the attitude angle
(rate) are practically stable with respect to target maneuvers
and missile model uncertainties. However, most of the
above design methods [6]-[13] have not considered the
uncertainties and disturbances or dealt with the effect of
system disturbances at the price of sacrificing the normal
control performance.

On the other hand, disturbance observer-based control
(DOBC) provides an active approach to deal with system
disturbances and uncertainties (see e.g., [14]-[16] and the
references therein for a survey of recent development), and
has been successfully applied in many fields, such as missiles
[17]-[18] and hypersonic vehicle [19]. In order to completely
remove the effect of system disturbances in finite time, finite
time disturbance observer (FTDO) has also drawn much
attention in the past few years [20]. Due to the redundancy
of the NSI actuators (aerodynamic fins and reaction jets),
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control allocation is an effective scheme to distribute the
virtual control command among the individual actuators
[21]. Therefore, a novel robust least-squares weighted control
allocation (RLSWCA) algorithm is proposed to deal with the
above control allocation problem while taking into account
the uncertainties in the control effectiveness matrix and the
uneven distribution problem of the NSI actuator inputs [22]-
[23].

Motivated by the above analysis, we will study the three-
channel independent IGC design problem for the NSI based
on the backstepping sliding mode and FTDO. By viewing the
channel coupling term and external disturbance as the total
disturbances of the corresponding channel, a three-channel
independent IGC model is given for the NSI. Then, the FTDO
is introduced to estimate the target acceleration and control
system loop disturbances, and the backsteppingslidingmode
control law based on the estimated value is given to obtain
the virtual control moment, in which the first-order low-pass
filters are introduced to compute the differentiations of the
virtual control variables at each step of the backstepping
control. Furthermore, the RLSWCA algorithm is employed to
distribute the previously virtual control moment among the
corresponding actuators. Finally, simulation results show
the effectiveness of the proposed design method.

Briefly, the rest of this paper is organized as follows.
Section 2 introduces the three-channel independent IGC
model for the NSI. Section 3 presents the corresponding IGC
design method and RLSWCA algorithm. Section 4 gives the
simulation results for the NSI guidance and control system.
Finally, a brief conclusion is drawn in Section 5.

2.1GC model description

The interceptor-target motion in the three-dimensional
space can be seen in Fig. 1, and the kinematical equations
are described as follows [24]:
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Fig. 1. Interceptor-target motion in three-dimensional space
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F-rg;—rqycos’q, =a, -a,, (1
rg, +2rq, + rq'; sing, cosq, =a, —a,,, 2

—rq/, cosq, — qu'ﬂ cosq, + 2rq£q'/, sing, = ap—d,.; (3)

where r is the relative distance between the interceptor
and target, g, and ¢, are the azimuth angle and elevation
angle in the LOS coordinate system, [a
la,,a
the LOS coordinate system, respectively.

T
Apgpsyap] and

mar> “mie>

a, ﬂ]T are the interceptor and target accelerations in

te?

The dynamic equations of the NSIin the three independent
channels (pitch, yaw and roll) can be written as follows:

a

‘o
a=w, — L —+ @, tan fsina — o, tan fcosa +d,
my, g
Lm’” Lm"w, M. J.—J,
. = 95 mza+qS MmO e T o0, +d, (4)
UL J. J.  J -
qSCla
am}s = -
mg
. A SC%asin a sin
ﬁzwv+M+a)vsina+M+dﬁ
Tomb, ’ mV,
SLm” SLm”w», M, -
CUV — q y/9_+ q y y +___j;4_:{£__:{£.aka% +-dw (5)
’ J}’ J}’ J)’ y '
4SC’'p
Azp =
mg
V=0~ cosytand+ao, sinytan I+d,
.M —-J. 6
W, = Jx +-=Z a)ya)z+dwx ©

where ¢q is the dynamic pressure; ¢, f and y are the angle of

8 s

Cr, omy
, . . . . .

and m,’ are the corresponding aerodynamic coefficients; d,

d,, d,, d,,d and d, are the external disturbances;

and a,, , are the interceptor accelerations in the velocity

a o,

attack, sideslip angle and roll angle; C;', m., m

z

@,
A3z
coordinate system, respectively; M, M, and M, are the
moments in the pitch, yaw and roll directions, which are mainly
produced by the aerodynamic fins and reaction jet devices. It is
also assumed that the lateral thrusts produced by the reaction
jet devices are treated as the continuous variables [25]. Then,
define the following equivalent control surface deflections of

the lateral thrusts in the pitch and yaw directions [25]:

8, =F,/F

smax

smax

where F, and F, denote the lateral thrusts in the pitch and yaw
directions, F,,,, is the maximum steady thrust of the reaction jets.
Define the following virtual control moment:
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v=(B.+AB)u (8
where AB, is the uncertainty in the control effectiveness
matrix, and

— — — 1T _ T

4 [Vr,Vy,Vp] _[stMy’Mz] s

u :[5)(’ 5}!’52’ 5sy’ é‘sz]rs Bc :[BC]’BCZ] >

qSLm® 0 0
B,=| 0 g¢SLm> 0 |
0 0 qSLm’
0 0
Bc2 = 0 (1 + KM,. )F;lname
(1-"_1<MZ )Eyn]ame O

It is assumed that the angles between LOS and the
interceptor velocity coordinate system are small [1], i.e.,

a,,, =a,, anda,,,~d,, Based on equations (1)~(6), we

mée

can obtain the IGC model in the pitch channel:

X o
p2

— 2
=0,5X,, +a,55X, =X, SINX, COSX, +

X,

=a,,X,, X, +a’p3 )

X,y =0,uX,+a,,%,,+b, v, +d,,

yp2 = xp2
where

=a, x,=w0., Vv =M_,

xpl :qg’ ‘xp2 :qe’ xp} p4 z 4 z

27 qSC? qSC? gSLm*
a =——, a =— —, =— s = £,
p22 r p23 mr p33 m Vm p43 J;
SLm": 1
Apaa :qizs bp4 =7
J. J.
d,; =w,tan fsina -, tan fcosa +d, ,
J.—-J B
dp4 = a)xwy + dwz ;
JZ
the IGC model in the yaw channel:
¢, = 2 t i
x}v2 - a»v22x)’2 + a»v23xy3 + xp2xy2 an 'xpl -
oS X,
X3 =d53X,3+ X, + dy3 (10)
Xy =a43X3 1 a,44X 4+ by4vy + dy4
Yy =X
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where
Qps X0 =Gy, X5=p, X, =0, vV, =M,
2 4sc’ ¢SC? qSLm!
A =—"—, = S A=, A= =,
2 r 7B mrcosx B m v, “ J,
gSLm’” 1 . gSC®asinarsin 3
A, = s by=—, d =0 sinag+—————+d,,
: J, J, ' mv,
J.—J
d,=——0w0 +d, ;
, 7 g ;

and the IGC model in the roll channel:

{xrs =x,,+d, (11)

X,=b,v, +d,

.
where

X3 =V, X4=0, V.=M

x?

d, =-0, cosytan 3+, sinytan3+d7,

z
00 +d, .

X X

Therefore, the IGC design objective is to derive the LOS
angular rate from zero so that it is as small as possible, and
guarantee the stability of the NSI dynamic simultaneously —
i.e., the design an appropriate controller for the time-varying
systems (9)~(11) to make the absolute values of the outputs
as small as possible.

3.1GC design and stability analysis

In this section, a novel IGC algorithm is developed for the
time-varying systems (9)~(11) based on the backstepping
sliding mode and FTDO, and the stability analysis is also
given for the closed-loop IGC system.

3.1 Control design in the pitch channel

Define the variable v, =rq,, and based on equations (2)
and (9), we can obtain:

(12)

Then, the following FTDO is proposed to estimate the
target acceleration :

(278~294)14-087.indd 281

Zpo0 = Voo T fpz’zpzl =V Zpm T Von
13 2/3
Vo = lpZOL 2|szo v,| Sgn(zpzo -v,)+ Zpo1

112
= _/1;;21[* 2|Zp21 _Vp20| Sgn(zp21 p20)+Zp22 (13)

—A L

_ 9p2/ Pp2
p22lpa |Zp22 vp21|

sgn(ZpZZ - vp21)

Z 120 VE’ZPZI _atS’ZpZZ a,
vy, vytanx, ¢SCy . .
where f , :—T—f— X3V, and g, are
the estimated values of v, and «,, respectively; 4,,,, 4,

and A ), are the observer gain coefficients to be determined.
When we define the error variables e,,, =z, —V

ra

e, =z, —a —a,,, we can obtain the

p21 = Zpo1 T Gy and e, =2z,

following error system:

. 13 2/3
epZO lpzoL Z‘ep20| Sgn(ep20)+e
12
_ﬂ'pzll‘ 2|ep21 - p20| Sgn(epn p20)+e (14)
. q,/P, . .
ﬂpZZLpZ‘epZZ _epZI e Sgn(ep22 _epZI)_als

Based on reference [20], we can determine that the
error system (14) is stable in terms of finite time. Then,
the following FTDOs are also introduced to estimate the
disturbances d; and d,, in the angle of the attack loop and
pitch angular rate loop:

Zp3o Voot 30 p31 = vp31’2p32 =V,3
Vpzo = /IIIS()L]?3|Z/)30 _x1;3| Sgn(z])30 p3)+Z 31
Vp31 = ﬂp3lL1/3 |Z1131 V30 |1/ZSgn(Z])31 p30) +z, (15)
/Ipssz3|Zp}z p3l|qp3 bro Sgn(zp32 _vp3l)
Zp30 = )%113’21;31 = dAp3’Zp32 = dps

Zpa0 = Vpao T pao p41 =VoarrZpa = Vpar

13
Vpao = ﬂp4OL 4 |Zp40 - xp4| Sgn(z,mo p4) +2Z 4

_ 12
Vo = _11141 ])4|Zp4] - p40| Sgn(Zp4l - v1)40) +Z, (16)
_ qpa!Ppa _
/1p42Lp4|Zp42 Vp41| Sgn(zp42 vp4l)
Zp40 T XpasZ oy = dp4’Zp42 = dp4

where fp3 =A%, X, fp4 =0, p5X, +A,,X,, +bp4vp,
d
d,; and dm' respectively; the corresponding disturbance

estimated errors are defined as e,;,=2,3,-d,; and e,,,=2,,,,-d, ..

Based on the FTDOs (13) and (15)~(16), the following
backstepping sliding mode control law is given for the IGC

,73 and c;l are the estimated values of the disturbances

system (9):
Step 1: Define the first error surface as follows:
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-1
SpZ = _ap23 (po - xpzd) (1 7)
where x,,, is the command signal for the system (9), and the
derivative of s, is

. 2 . -1
Sp2 :apzsapzz(xpz7",;2(/)’“;)23(“,;22)5,,2 x gm)cpl Cos X, +a, = x,; J) = X3 (1 8)

Then, the virtual control x;3 is constructed as follows:

Xy = s (X =X 50 ) = @) (80X, = X0y SIN X, COS X+, /1= %0 0) +K,0S (1 9)

where k,,>0. In addition, the following first-order low-
pass filter is introduced to obtain the filtered virtual
control )?;3

p3x + x p3 ’ p3 (0) xp} (0) (20)
where 7,,>0 denotes the filter time constant. Then, we can
obtain the differentiation of the filtered virtual control:

Xy =—T,5(%,3—x,3) @1)

Step 2: Denote the second error surface as follows:

S, =X, —f; @2

p3
and its derivative is:

S5 =0,0%,+ X, -t—dp3

3 X3 (23)

Then, the virtual control x; 4 is constructed as follows:

—0,33% 3 —d

*

xp4 =

+X5 =k, 5 (24)

p3

where k,;>0. In addition, the following first-order low-pass
filter is proposed to obtain the filtered virtual control )?; .

1'1,4x +x 1,4, 1)4(0) xp4(0) (25)

where 7,,>0 denotes the filter time constant. Then, we can
obtain the differentiation of the filtered virtual control:

R

Xy =—T,4(X,,—X,,) (26)

Step 3: Denote the third error surface as follows:

*

S1)4 = x1)4 - x1)4 (27)
and its derivative is:
S,0=0,5%,;ta,,x,,+b, v, +d, —X,, (28)

Then, we can construct the following control moment:

_ 1 A e i,
v, = bp4[_ap43xp3 T a,44X s _dp4 +X,, _k/)4sp4 - kpS‘S/M‘ i Sgn(S/)4)] (29)

where k,,>0, k,;>0 and 0</,,>0<1.
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3.2 Control design in the yaw channel

Define the variable v, = rq'ﬂ cosq,, and based on
equations (3) and (10), we can obtain:
WV, Vvgtanx,  ¢SC’

Vv, =———+ + X,—a (30)
’ r r m

Then, the following FTDO is proposed to estimate the
target acceleration a,,:

Z.yZO Vioo t /325 }21 = vyZl’Z.yZZ =Vi»
ﬂ" 20Ll 2|Zy20 |2/3sgn(zy20 - Vﬁ) +2Z,
_ﬂ'}zlLl/z |Z}21 - }’2()‘1/2Sgn(ZyZl v2())+z (31)
Vi = 2‘22L,2|Zyzz Vi b Sgn(zyzz _Vyll)
Zy0 = ‘3/372}121 = _&tprzyzz = _&tﬂ
B
where o= VY N v,V tanx, . qSC! Xy, 2,y S the

r
estimated value of target acceleration -a,, and the estimated
error is defined as e,=-z,,,-a,. The similar FTDOs are also
constructed to estimate the disturbances d,; and d,
the sideslip angle loop and yaw angular rate loop, and the
estimated errors are defined as e 5,=-z,5,-d ; and e ,,=-2,,,-d, ,.
Furthermore, we consider the following backstepping
sliding mode control law for the system (10):

-1
Sy =7 ('xy2 - xyzd)

*

-_— -2 . o
X3 =530, ('xy2 =X+ kVZ'SyZ

-1
—d, (amxle + 2xp2xU2 tan x

a, .
1 - xy2d
7COS X,
e P .
TaX + X, =X,5,X,;(0)=x,,(0)
w3 X (32)
3 ok
X,y =—0,5X,; = d),3 +X,5— k}_Bsy3

+X,= x;w )?;4 0)= xtn (0)

_ o [ 2
v, = bm[_amsxyz Xy dy4 +X,, - kv4sy4 - kyS |S\=4‘ " sgn(s, )]

where 0<2,<1; s, §, and s, are the error surfaces of the
guidance loop, sideslip angle loop and yaw angular rate loop
in the yaw channel; k,, k, and k,, are the corresponding
error surface gains; 7, and 7, are the filter time constants;

X

13 and x; , are the virtual control of the guidance loop and

sideslip angle loop in the yaw channel; )T;3 and )7;4 are the
corresponding filtered virtual control.

3.3 Control design in the roll channel

In this section, we firstly design the FTDOs to estimate the
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disturbances d,; and d,, in the roll angle loop and roll angular
rate loop, and the estimated errors are defined as e ;,=z,,,-d,5
and e,,,=z,,-d,,, respectively.

For the system (11), we consider the similar backstepping
sliding mode control law:

Sp3 = X3 X3y

*

Xy ==+ X5~ k58,
Tr4fr4 + fﬂt = xr4’ fr4 (0) = xr4 (0) (33)

—*
Sr4 = xr4 _'xr4

— 1 e % A
v, = br4 [_dr4 T X —k 45,4 _k75|sr4| " Sgn(5r4 )]

r

where 0<1,<1, s, and s,, are the error surfaces of the roll
angle loop and roll angular rate loop, k, and k,, are the
corresponding error surface gains, 7,, is the filter time
constant.

3.4 Stability analysis

It is assumed that the estimated errors in the FTDO satisfy
the following constraints [6]-[7]:

le,o <N ,pule, | <N sule, [ <N,
le, | <Nppuleys | <Nsle | <N, (34)

le,sil <N,ssle | <N,
where N,
J €345
Define the following filter errors:

» N, and N, are positive constants, i € {2,3,4},

. . . .
Vo3 TXp3 T X3 Vs T X — Xy

s B . .
Vi3 T X3 =X 3V =X~ Xy (35)

—* *

Vg = Xpg =Xy
Then, the dynamics of the filter errors satisfy:

. -1 | o

Vo3 =703V 03 X35 Vs = 70,0 pa T X4

. -1 | o

yy3 - _T,\f}yy} _‘xy3’yy4 - Z—y4yy4 xy4 (36)
¥

yr4 = _T;Atlyr4 _xr4
From equations (17)~(29) and (32)~(33), we can obtain:

X

2 = T3 T X0y

e .
X3 =8, X =8, +Y,+X,

—_— *
X,y =S8, X, =8, +Y, X,

(37)

Sp2 =783 T Vs _kpZsz €,

Sp3 =S T V04 _kp3sp3 — €,

. .
Spq = _kp4Sp4 _kp5|Sp4| " sgn(sp4)_ep4l

(278~294)14-087.indd 283

Xp = =Ay038,, T X0,

2
. «
xy3 - S_v3 + xy3 - S_v3 + y_v3 + xy?y
s «
Xy =S, tX,=5,tY,+X,
. . (38)
Sy =837 V3~ kyZSyZ €
S =8, T Y, —k,s8,5—ey
. ya
S,q=—kyus =k sls .7 sgns, ) e,
_ — «
Xog TS ¥ Xy =84+ Vg T Xy
§,3= 8,4V, —ks8,5—€5 (39)
o _— — Z7‘4 —_
S,y = kg S,y —ksls, |7 sgn(s, ) — e,y
here & m 6 n It i d
where ¢ ,, =———e e, =—-—e,. It is assume
21 20 €21 21
’ gSce ”* v gscr

thatle , |< N, ,and e, [<N,,.

For the system (9)~(11), consider the following Lyapunov
function:

Q

V=V,+V +

y

Xt

(40)
where

V,=05s2,+05s,+0.5s2,+0.5y2, +0.5)>,
V,=0.5s2,+0.5s2,+0.557, +0.5y7, +0.5y7, .

V. =0.55% +0.55%, +0.5)7,.

The coefficients and variables for the system (9) and their
derivatives are all bounded. By some simple calculations, we
have:

L - . ..
|xp3| <1, (SpZ’Sp3’yp3’ €215 kpz’ Xp2d>Xp2a ’xp2d) 41)
|5Cp4| < 77,;4 (sz’spz’sp4»yp3=yp4= €,215€p31 ’kpz’kp3’ xpzd’xpzd’jépm) (42)

where 77,; and 77,, are both nonnegative continuous
functions. For some given positive constants ¥, and R;, the

following sets

. . T 2 -2 22
Bpl = {[xp2d7xp2d’xp2d] X g T X g +X,05 < Zp} (43)

sz = {[szasp3asp47yp3ayp4aep21’ep31]r9Vp SR;} (44)

are compact. Obviously, B,,xB,, is also compact. Therefore,
77,5 and 77, have maximum values on the set B,,xB,,, which

satisfy the following conditions:

bl <My, 1, <M, (45)

p3?

Based on the same method, we can also obtain:
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oK
)

<My, WM, <M, (46)

where M,

p3’
From equation (37), we have:

M,,, M, M,, and M,, are positive constants.

szjpz :Sp2(7Sp3 V3 7k]}ZSpZ +éﬁ21)
Sk o5, +0.5(55, +53) +0.5(s7, + ¥,5) +0.5(s3, +12,,,) (47)

2 2
ot 0.55,}3

<(5-k,,)s +0.5y2,+0.5N?,

Sp3Sp3 =S,.3(5p4+yp4 _kp3sp3 _ep31)

<—k .s* +0.5(S,2,3 +S]274)+0.5(S]273 +J’,2]4)+045(Si3 +|ep31|2) (48)

p3°p3

<(1.5—k,)s2, +0.552, +0.5y7, +0.5N},

. i
8485 =8 al k48,0 =K sls 07 sgn(s ) —e, ]

Apatl

< 7k,;45,2;4 + 0'5(5,274 +le,q - K ps1S 4]
< _k,ms,zm + 0-5(3;4 +|ep41|2) + kps Is,ml(l +|S,;4|) (49)

< —k[“‘s[z)4 + 0.5(s[2)4 +le,q M+ k,s(0.5+ O.Ss;4 + s;4)

<(0.5-k,, +1.5k,5)s%, +0.5N?

p4 p4

+0.5k

yp3j;p3 =V (_T;;yps - x;s) < _T;;ylzzz + 0~5(y,2;3 +|X;3|2)
(50)
< —T;;y,zls + O.S(y;3 +M,2)3
yp4).}p4 = yp4(7‘[;iyp4 7x;4) < 77;;)’1274 + 0~5(y;4 +|X;4|2)
(51)
< 7r;iyf,4 +0.5(y,2)4 +Mf)4)

Based on the same method, from equations (38) and (39),
we can obtain:
5,08, <15k ,)s7, +0.557, +0.5y>, + 0.5N?,
5,58, < (15— l’cy3)sj3 + 0.5s}2,4 + O.Sy;4 + O.SN}Z,,3
S48, <(05—k, +1.5k )5}, +0.5N;, +0.5k . (52)
Vs < —z';éyf,s + 0.5()/)2,3 +M}2,3)
Vyadya S—Tyia +0.5(y0, + M},)

8,8, <(1.5—k,)s% +0.557, +0.5y7, + 0.5N?,
$,48,, <(0.5—k,, +1.5k,,)s7, +0.5N?, +0.5k,, (53)
VeaVa S _T;:y,it + 0~5(yr24 +Mr24)

By taking the time derivative of V(f) along the system
(9)~(11), we have:

V= S80S 2 T8,38 3 F8 48,0 TV 3V 3 T VY s 5,05

5,583 5,480t V3V F V0V 808, 88,0 F V0D
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S(L5—ky,)s0, +(2=kys)sps + 1=k, +1.5k )5, +(1=7,3) 5,
(54)

+(1=7,3)y2, +05N2, +0.5N2, +0.5N?, +0.5M2, +0.5M, +0.5k 5

P2 P4

*(14571{,»2)5,22 +(27k\3)5;23 +(-k, +1<5k\5)5\24 +( 71'13'))’;23
+(1-7,0)¥2, +0.5N2, +0.5N%, +0.5N2, +0.5M 2, +0.5M 2, + 0.5k

+(1.5—k, )57+ (L=k,, +1.5k,5)s, +(1=7) ¥, +0.5N% +0.5N?, +0.5M 7, +0.5k
If the design parameters satisfy the following conditions:

K,y 21.5+0.55,k , 22+ 0.5k,k , ~1.5k ; 21+0.5¢

r;; >1+0.5x, r; 21+0.5x,k,, 21.5+0.5¢
k,22+0.5x,k,, —1.5k 5 21+0.5« (65)

7,3 21+0.5k,7,, 21+ 0.5x,k,, >1.5+0.5x

ol 214+0.56,k, — 1.5k, >1+0.5x

rs =

where « is a positive real number, then we have:

V<V +C (56)
where

C=05N2,+05N2, +0.5N2, +0.5M 2, +0.5M, +0.5k s +0.5N”, +0.5N,

3
+0.5N}, +0.5M}, +0.5M}, +0.5k s +0.5N5+0.5 N7, +0.5M, +0.5k
Based on the comparison principle, from equation (56)

we can obtain:

[V (0)—Cle™ +C
K

V(1)< (57)

If the parameter « is selected large enough, the parameter
C/k can be made arbitrarily small. Therefore, the error
surfaces and filter errors are all uniformly ultimately

bounded, and we can obtain the small miss distance.

3.5 Robust least-squares weighted control allocation

In this section, we proposed a novel RLSWCA algorithm
to distribute the virtual control command among the
individual actuators (aerodynamic fins and reaction jets),
while also taking into account the uncertainty in the control
effectiveness matrix.

The elements of the uncertain terms AB, are all usually
small bounded. Therefore, we assume that the uncertainty
in the control effectiveness matrix satisfies the following
constraint:

IAB ||, <7 (58)

where 7 is known constant. Generally, the individual
actuators constraints are given as follows:
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u)<u(t)<u(t),u<u(t)<un
u(t)=max{u,, ,u(t-T,)+uT,}
(1) = min{u,, ,u(t—T,)+ul}

(59)

where T, is the sampling time.
The following transformation is introduced to avoid the
uneven distribution problem:

u=Ww'u (60)
where W,>0 is the transformation matrix.

For the control allocation problem (8) and (58)~(60), we
can obtain the optimal input # based on the robust least-
squares method in [22] and [23]:

max J

u=arg min .
W, u(t)<i(6)<w, a (1) |1AB,||..<n

(61)

where J_ =||(B, + AB,)W,ii —v||. Furthermore, we can obtain
the following worst-case residual:

x(@)= max |(B, +AB )W i—v| (62)
Based on the triangle inequality, we have
Z(@)< max (1B, iv|+||ABW,i)
Lo <n
(63)
= 1B, ]|+ max ||ABW, i
IAB, L.<n
Assume that
~T
W, = ©4)
|
e, AfBWi#v

where €, = ) E
any unit norm vector, otherwise

Then, in the direction of ¢, the worst-case residual is:

following constraint:

IBW, u—vl|+nlal] < 4, (66)

where £, is the upper bound of the residual to be minimized.
Based on the method [23], the RLSWCA problem can be
rewritten as a second order cone program (SOCP) problem:

min 4, 67)
subject to |IBW a—v||<A, -7, nla|<z, and

W, u(t) < i(r) < W, ().
Then, the optimal solution u of the RLSWCA problem can
be given by:

W,(ul +W, B BW,)'W,Bv if 11>0
u= (68)

w,(W,B'BW,)"'W By else
where i = (2, —7,)e0° [(2 +7°8) 2 0,5 =|| W, ul*+| W, ull"
4, and 7, are the optimal solutions of the minimization
problem (67). The proof procedure can be easily obtained
from [23].

Based on the above analysis, the structure diagram of a
three-channel independent IGC system for the NSI is shown
in Fig. 2.

4, Simulation results

Some simulation results are presented to illustrate the
effectiveness of the proposed three-channel independent
IGC algorithm and RLSWCA scheme.

The parameters of the FTDOs (13)~(16) and (31) are

selected as follows:
A =20, Ay =A0=2. A, =15, 4,=11 q,=05, p, =8, ic{2,34};
/1\ 20 = 20, }nm = /1\40 =

2, Ay,=15, 4,=11, q,=05, p, =8, ie{2,3,4};

x(a)=||B.W, u—v|+nu| (65) Ao =2, An=15, A,=11, ¢, =05, p.=8, ic{3,4};
To this end, the worst-case residual (65) also satisfies the L,=L,=L;=100, L,=L,=10, L,=L,=L,=50
Aerodynamic
Three-channel independent fins Near space
Seeker P IGC algorithm » RLSWCA interceptor |—
(pitch, yaw and roll channel) model
A yy Reaction jets —

Sensor (Inertial components)

d

Interceptor-target relative motion

Fig. 2. Structure diagram of a three-channel independent IGC system
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The parameters of the proposed three-channel
independent IGC algorithm (17)~(29) and (32)-(33) are
selected as follows:

k=k,=25, k,=k,=k,=10, k,, =k, =k, =40,
k,=ks=ks=5, r,=7,=01, 7,,=7,=17,=0025,

Ay =2, =24,=006, x,,=x,,=x,,=0.

The proposed three-channel independent IGC

algorithm incorporating the RLSWCA method (denoted by
IGC+FTDO+RLSWCA) is firstly applied to the NSI guidance
and control system. Furthermore, we also studied the
proportional navigation guidance (PNG) law and sliding
mode guidance (SMG) law combined with the traditional
backstepping sliding mode control law and RLSWCA method
(denoted by PNG+BSM+RLSWCA and SMG+BSM+RLSWCA,
respectively) for the simulation comparison. This was in line
with traditional guidance and control separation design. The
PNG law and SMG law are given as follows:

am4£ = _prqe H am4ﬂ = Npl;q.ﬂ (69)

Aae = _Nvi;qc + Esgn(q.g) s Apap = st’q/; —Esgn(%) (70)

where N, =3.2, N, =4.5and & =200.

In this paper, we select the following six interception
conditions to illustrate the effectiveness of the above three
guidance and control schemes:

Case 1 and Case 4: No maneuvering target, a,=a,=0m/s*

Case 2 and Case 5: Step maneuvering target, a,=a,=40m/s*

Case 3 and Case 6: Sinusoidal maneuvering target,
a,=a,=40sin(f)m/s

Table 1. Simulation results of the three guidance and control schemes

The initial conditions for Cases 1~3 are give as follows:
The initial positions of the interceptor are x,,)=y,,,=2,,,=0m;
the velocities of the interceptor and target are V,,,=1500m/s
and V,=1700m/s, respectively; the initial flight-path angle
and heading angle of the interceptor and target are 6,,,=26°,
Yomo=-5°% O=-
7,=1.8x10% the azimuth angle and elevation angle are g,,=20°

10° and y,,,=120°; the initial relative distance is

and g,=-36° respectively. The initial conditions for Cases
4~6 are also give as follows: The initial positions of the target
are x,=15204.5m, t,=6840.4m and z,=11046.7m; the other
conditions are the same as Cases 1~3.

In the simulation process, we select the external
disturbance of the control system loop as d,=d;=d,=0.2sin(1)
and d,, =d,, =d,, =sin(#), respectively.

Figure 3 shows the response curves of the LOS angular rate
for Case 1 based on the above three guidance and control
schemes, and we can see that the proposed three-channel
independent IGC algorithm can make the LOS angular rate
converge to the steady state value more quickly; i.e., the
small miss distance can be obtained. Fig. 4 and Fig. 6 show
the curves of the interceptor attitude and control inputs.
The actual and estimated value responses of the target
acceleration are shown in Fig. 5, and we can observe that
the proposed FTDO can provide a satisfactory estimation of
performance. The simulation curves for Case 2 and Case 3
are shown in Figs. 7~14, the simulation curves for Case 4~6
and the analysis processes are similar, which are omitted
here for brevity.

Define the control energy function as follows:
J, = O.5_[;\|Bcu||2dl. Table 1 shows the miss distances,
interception time and control energy of the three guidance
and control schemes for Cases 1~6. The proposed IGC

Case Design method Miss distance Interception time Control energy
PNG+BSM+RLSWCA  0.4139 m 6.318 s 1.361x10°
1 SMG+BSM+RLSWCA  0.2652 m 6318 s 2.268x10°
IGC+FTDO+RLSWCA 0.1282 m 6.318 s 2.513x10’
PNG+BSM+RLSWCA  1.2580 m 6.321 s 3.216x10’
2 SMG+BSM+RLSWCA 1.0120 m 6.319 s 2.582x10’
IGC+FTDO+RLSWCA 0.1928 m 6.318 s 4.069x10’
PNG+BSM+RLSWCA  1.2360 m 6.320 s 2.848x10’
3 SMG+BSM+RLSWCA 1.1970 m 6318 s 1.347x10’
IGC+FTDO+RLSWCA 0.2110 m 6.318 s 3.755x10’
PNG+BSM+RLSWCA  0.4640 m 7.020 s 1.195%10°
4 SMG+BSM+RLSWCA 0.2948 m 7.020 s 1.902x10°
IGC+FTDO+RLSWCA 0.1344 m 7.020 s 2.468x10’
PNG+BSM+RLSWCA 1.1140 m 7.023 s 3.496x10’
5 SMG+BSM+RLSWCA 0.9619 m 7.022 s 2.283x10’
IGC+FTDO+RLSWCA 0.1968 m 7.020 s 4.375%10’
PNG+BSM+RLSWCA  0.9931 m 7.022 s 1.180x10’
6 SMG+BSM+RLSWCA 1.3220 m 7.021 s 1.260x10’
IGC+FTDO+RLSWCA 0.1481 m 7.020 s 4.235%10’
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Fig. 3. Trajectories of the LOS angular rate for Case 1
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Fig. 4. Trajectories of the angle and angular rate for Case 1
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Fig. 7. Trajectories of the LOS angular rate for Case 2
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Fig. 9. Actual and estimated values of target acceleration for Case 2
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Fig. 10. Trajectories of the actual control inputs for Case 2
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Fig. 14. Trajectories of the actual control inputs for Case 2
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algorithm required more control energy to obtain the small
miss distance. Compared with PNG+BSM+RLSWCA and
SMG+BSM+RLSWCA, it can be observed from Table 1 that
the miss distance and interception time for the proposed
IGC algorithm are minimal, since this method considers
the effects of the target maneuver and external distance
in the control system loop, and the couplings between the
guidance loop and control loop.

Remark 1. In general, the knowledge and experience
of experts (including control engineers and operators)
are employed to determine the design parameters. For
the design parameters of the pitch channel, the FTDO
parameters are often selected as ,,0=20, 4,35=4,4=2, 4,1=1.5,
Ap=1.1,q,=0.5and p,=8, i<{2, 3, 4}; the filter time constants
are often selected as 7,,{0.01, 0.2} and 7,,£{0.01, 0.2}, and
then the controller parameters are often selected as k,,&1{2,
5}, ks=1/1,4 k,=1/1,,, k,s=1{1, 10} and 4,,&(0, 1). The design
parameters of the yaw channel and roll channel are similar.

5. Conclusion

In this paper, a novel three-channel independent IGC
design method is proposed for the NSI, based on the
backstepping sliding mode and FTDO, which also take into
account the couplings of the guidance and control system
and those between the different channels of interceptor.
In the proposed method, the FTDO is firstly constructed to
estimate the target acceleration and the disturbance of the
control system loop, and the IGC algorithm based on the
backstepping sliding mode is given to obtain the desired
control moment. Moreover, the stability analysis based on
the Lyapunov theory shows that the proposed IGC scheme
can make the LOS angular rate to converge into a small
neighborhood of zero. Finally, simulation results also
illustrate the effectiveness of the proposed IGC algorithm.
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