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ABSTRACT 1n this paper, the problem of attitude control for hypersonic vehicle in the present of actuator
fault and unknown uncertainties including modeling uncertainties, aerodynamic parameters uncertainties
is investigated based on integral sliding mode technique. A fault-tolerant control (FTC) law is proposed
consisting of three parts, an improved integral sliding mode(ISM) equivalent control law, a power reaching
law and a new adaptive compensation control law. The proposed FTC possesses triple advantages. Firstly,
when sliding mode is established, the proposed equivalent controller will offer faster convergence speed via
introducing a switching condition into the conventional ISM control. Secondly, the adaptive compensation
control law is presented considering both the unknown uncertainty and the unexpected actuator fault
including additive fault and multiplicative fault. Finally, the boundness of bounded unknown uncertainty is
no longer needed in advance. Simulation results show the effectiveness and the superiority of the proposed
fault-tolerant controller on fast convergence speed and expected attitude tracking performance.

INDEX TERMS Actuator failure, attitude control, fault-tolerant control, hypersonic vehicle, integral sliding

mode.

I. INTRODUCTION

Hypersonic vehicle (HSV) has attracted plenty of interest
among many researchers around the world due to its espe-
cial superiority in quick maneuverability and large flight
envelope. Therefore many issues around HSV have become
popular, especially, attitude control for HSV. For decades,
various researches on HSV have been developed [1]-[7].
As we know, modeling uncertainties and ever-changing exter-
nal environment bring huge difficulty for controller design.
Meanwhile, complex flight conditions and aging components
of flight system often lead to multiple faults, such as actuator
failure, sensor failure and system failure [8]-[16]. All these
failures may lead to stability reduction, system performance
deterioration and security breach of the HSV closed-loop
system, and in case of serious failure, catastrophic accidents
are inevitable. Hence, fault-tolerant control for HSV in the
present of single and multiple faults has become a research
hotspot in recent years [17]-[22].
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To the best of our knowledge, there are two major issues
on FTC design for HSV. Firstly, among all types of HSV
faults, actuator fault has attracted most attention due to its
high occurrence probability. Moreover, the vast majority of
theoretical research and simulation experiment on actuator
faults refer to either addictive faults or multiplicative faults
[42]-[44]. Hence the first challenge is to handle multiple
faults simultaneously. In addition, it is hardly to predict the
fault type, time of fault occurrence and the degree of fault.
As a result, specific information of fault is always difficult
to obtain in the realistic flight process. Then the second
challenge can be summarised, that is, how to design the fault-
tolerant controller with minimal fault information or without
requirement on specific fault to be known a priori.

For decades, many control methods have been involved
for fault-tolerant controller design for HSV [23]-[30].
Jiang et al. [23] designed the back-stepping controller com-
bined with neural network observer to reconfigure flight
controller, when control effector damaged. However,
the remarkable draw of back-stepping method is the ’explo-
sion of complexity’. Then Qi et al. [24] introduced a dynamic
surface strategy into the back-stepping method to eliminate
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the unexpected feature. Also, Qi et al. [24] applied the method
to longitude control for hypersonic vehicle with faulty redun-
dant elevators. In [25] and [26], model predictive control was
adopted to cope with actuator saturation for HSV. Meanwhile,
plenty of research results are based on sliding mode control
(SMC) technique. In [27] an integral sliding mode control
strategy was investigated to design a fault-tolerant controller
for air-breathing supersonic missiles, even in the presence
of actuator faults. Zhai et al. [28] dealt with the unknown
additive fault causing by unknown actuator failure of HSV.
Among various control strategies, sliding mode con-
trol stays ahead of others due to its easy implementation
and insensitivity to unknown uncertainty. Therefore, many
researchers focus on fault-tolerant control for HSV on the
basis of SMC, such as linear sliding mode control (LSMC),
integral sliding mode control(ISMC), terminal sliding mode
(TSMC) and high order sliding mode control (HOSMC)
[31]-[39]. However, linear sliding mode control can only
guarantee the asymptotic convergence of system states and
ISMC, TSMC and HOSMC perform better in their finite-
time converge. Sun et al. [31], [32] have utilized ISMC to
design finite-time controller for HSV. Moreover, in [32],
integral sliding mode strategy was employed to tracking-
control issue for HSV with actuator failure. As a result,
the tracking errors of velocity and altitude converged in
finite time. Yet, when initial location of the system states
departs far from the equilibrium point, the actual convergence
speed of the system states is not entirely satisfactory. Thus,
Ding et al. [33] investigated a fast integral sliding mode con-
trol law by simplifying the adjustment process of coeffi-
cients. In addition, terminal sliding mode control is another
finite-time SMC and is also popular among many researchers
[34]-[36]. In [34] a passive fault-tolerant control strategy was
proposed based on adaptive TSMC. However, the establish-
ment of terminal sliding mode results in the singularity of
TSMC. Therefore Liang ef al. [35] designed a non-singular
TSMC to avoid the drawback and improve the attitude track-
ing performance. Besides, high-order sliding mode is also an
effective control method and always combines with integral
sliding and terminal sliding mode [36]-[39]. In [36] and
[37], high-order sliding mode technique combined with inte-
gral sliding mode was adopted to design attitude controller
for HSV and velocity-altitude controller for air-breathing
hypersonic vehicle, respectively by Zong et al. However,
the convergence speed of system states of closed-loop under
high-order sliding mode controller is not always gratifying.
Inspired by the above discussion, an improved adaptive
integral sliding mode fault-tolerant controller is proposed
with three advantages. Firstly, inspired by [38] and [39],
a switching condition is introduced into conventional integral
sliding mode control in absence of uncertainties and faults to
accelerate the respond speed of system. In [38], "unit circle’
is selected as a rational to improve the transient process.
Different from [38], a new switching condition is proposed in
this paper. It offers a more precise range on the basis of actual
system states. Moreover, compared with [39], no additional
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parameters are required. Secondly, both the additive fault and
multiplicative fault are considered. Thirdly, actuator faults are
treated as a kind of unknown disturbance. Then the uncertain-
ties include modeling uncertainties, external disturbance and
unknown actuator faults. Moreover, the proposed controller
considers the fact that the bounds of the uncertainties are
unknown before in controller design.

The reminder of this paper is organized as follows. The
preliminaries and problem statement are given in Section II.
The proposed controller is detailed in Section III. Section IV
provides the numerical simulations to illustrate the effective-
ness of the proposed method. Section V concludes the paper.

Il. PROBLEM STATEMENT
A. NOTATIONS AND LEMMA
Notations : R"*" denote m x n matrix. (-)7 denotes the
transpose of matrix (-). ()~! denotes the inverse of matrix
(-). sgn(-) is the sign function. A, (-) denotes the maxi-
mum eigenvalues of a matrix. A,;,(-) denotes the minimum
eigenvalues of a matrix. For vector o = [o1, 02, -, onlT
and real vector y = [y1,¥2, -+, ¥al! , the following nota-
tions are defined. 6 = [01, 02, - - , 0,]7. diag(o) € R™™"
represents a diagonal matrix composed of each elements
ino. o = [o',05, -+, o}"1". s5ig¥i(0;) = |oi|"isgn(o)).
Josighiondr = [{loi@)"sgn(oi(x))dz. sig?(0) =
[5ig”1(01), 5ig"(02), - - , sig"(on)]”. [y sig¥ (o()dt =
[fot sig’ (01)dL, fot sig"(op)du, . . ., fot sig”"(on)dt:lj.
Lemma 1 ([40]): Let k; > 0(G = 1,2, 3), such that the
polynomial A3 + k3A% + koA + ki is Hurwitz. There exists
€ € (0, 1) such that the following double integral system

61 =07

can be stabilized at the origin in finite time under the follow-
ing controller

v = —kisig* (01) — kasig™(02) @

with a; = 252232,(12 € (1—e¢, 1)and a3 = 1. In other words,

the following equation holds.

0120220 (3)

Lemma 2 ([5]): There exists a positive constant /(0 < [ <
1) such that for x; € R™!( = 1,---,n), the following
inequality holds.

Q) <) bl <O Il €
i=1 i=1 i=1

B. MATHEMATIC MODEL AND CONTROL OBJECTIVE
The mathematic model of attitude dynamics of rigid-body
hypersonic vehicle is formulated in the control-orient form
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as follows [4]
a@ = q — ptanfcosa + rtanfsina
B = psina — rcosa

[ = psecBcosa + rsecfsina
p

IZZM IXZ
= 7 Mx + I_*Mz + Ip1pg + Ippgr (5)
, 1
G =M+ I (r* = p*) + Iopr
Yy
I

o=

I_*Mx + IIX_:MZ + Irlpq + Ir2qr

where «, B, u are angle of attack, side-slip angle and bank
angle, respectively. p, ¢, r are the angular rate (roll, pitch,
and yaw rates respectively). Iy, lyy, I;; are the moment
of inertia. I, is product of inertia. I* = [ [, — Ifz.
Ipt, Lo, 11, 12, Ir1, 12 are formulated as below. [,; =
((fxx — Iyy + L)) /T, Ip2 = ((Iyy — I — Ixzz)/l*, Iql =
Le/lys Ip = (g = L)) /Ly, It = (e = Ly + 12)/1%,
Iy = (=L + Iyy - Izz)lxz)/l*'

Then (5) can be rewritten in the following form

X1 = Rxxx + Ay (6)
X2 = I N (—xJIxs + M + Ay) @)

where x; = [a, S, M]T and x, = [p,q, rf. Ay €
R3*! is unknown modeling uncertainties. Control input is
M = [M,, M,, MZ]T. Inertia matrix 7, linear skew-symmetric
matrix operator x5 and coordinate-transformation matrix
R(x1) are as follows

I, 0 — I 0—-r ¢
I=| 0 I,,0 [,x)= r 0 —p|and
L0 I -g p O
—cosatanf 1 —sinatanpf
R(x;) = sin o 0 —cosax
—cosasecf 0 —sinasecp

A, € R**! is unknown bounded external disturbance [5],
[37]. Apart from the above unknown uncertainties, inertia
uncertainty is also considered herein and formulated as Al,
thus the inertia matrix I is rewritten as I = I,, + AI . I,
denotes the nominal inertia matrix. Then (7) turns to

X2 =1, (=x Lxy +u) + I, (—x5 Alxy — ALk + Ay)
(®)

withu =M .

Generally, the deflection of aerodynamic surface brings
control torque. Therefore, actuator fault is reflected by control
torque M and the actuator fault discussed in this paper can be
expressed as

u=0u;+p ®

with ug = [ugi, ugn, ugz)? is the expected control input
vector. ® is the actuator effectiveness matrix and @ =
diag(61, 65,03),0 < 6;(i=1,2,3) < 1.If 6;(i=1,2,3) =
1, it means the i* actuator conducts normally, otherwise,
i actuator works with failure. Additive fault is denoted by
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p = l[p1.p2.0)", p < lpii = 1,2,3)] < p (p and
0 are unknown positive constants). Therefore, the dynamic
equation of attitude control system with inertia uncertainties,
unknown external uncertainties and multiple-type actuator
faults can be given by (6) and (8).

Fundamentally speaking, the attitude control objective is
to force the aerodynamic angels x; = [, B, u]” track the
desired aerodynamic angels x1; = [&g, Ba, /,Ld]T, which can
be expressed as a tracking error vector e = [e1, €2, e3]T,

e =X —X14 (10)
e =x| —Xi4 (1D
with ||X14] < &14(E14 > 0). Define z; = e and 7o = Z1, then
a double integral system can be obtained,
21 =2
LT (12)
22 = X1 —X1d

21 = [z11, 212, 21317 and 25 = [221, 222, 223" . The represen-
tation of X¥| can be obtained by differentiating x| twice,

. d
X = E(R(xl)xz + Ay

_ dR@x))
o dt
Differentiate R(x), one obtains

X2+ R(x )iz + A (13)

sinatanB& — cosasec’ B3

dR(x1) .
= | cosac
dt .
sina cos Ba — cosatanfsecBf
0 — cosatanfa — sinaseczﬂﬁ
0 sinad (14)
0 — cosacosBd — cosatanBsecSp
Substituting (8) and (14) into (13) yields
dR
¥ = ﬂxz — R, %5 T ,x0

dt
x R, (—x} Alxy — Alko)
+RODI '+ R A+ A (15)

By the following definition

dR(x1)
dt
yAF 2 R, ' (—x) Alxy — Alx),
Go 2 Rx I,
Az 2 Rx)I;'As + Ay,

lI>

Fo x2 — R, x5 1o,

one can obtain
X1 =Fo+Gou+Fy (16)
where F; = AF + Aj. Substituting (9) into (16) yields
X1 =Fo+ Go(Ouy + p)+Fy (17
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Combined with (12), (17) can be expressed as

21 =22

. .. (18)
22 =Fo+ Go(Ouy + p)+Fg — X4

Assumption 1 ([5], [41]): Fo, Go, Fa, z1, 22, X14 are
bounded and the following inequalities exist

IFoll < &ollx2|* (19)

g < lGoll < g (20)
IFqll < & + &llxa? (2D
lzill < &1, lz2ll < &2, IX14ll < 24 (22)

where &, &1, &, g, &, &1, & and &4 are positive constants.
Therefore, the control objective can be formulated as

lim [|zi]| = lim |le|]| =0 (23)
t—1 t—1

where 11 € (0, 400) . When (23) holds, the aerodynamic
angels «, B, i can track the desired angels oy, By, [La-

ill. IMPROVED ADAPTIVE INTEGRAL SLIDING MODE
FAULT-TOLERANT CONTROL LAW

In order to accomplish the fault-tolerant control law design
mentioned above, a new improved integral sliding mode con-
troller is proposed at the very beginning. Then combined with
the improved integral sliding mode controller, an adaptive
fault-tolerant control law is designed, as a result, the tracking
error will converge with fast transient process even in the
present of unknown uncertainties and actuator failure.

A. IMPROVED INTEGRAL SLIDING MODE CONTROL LAW
DESIGN

In this section, an improved integral sliding mode control
law is proposed for double integral system (1), aiming at
obtaining quicker convergence. Firstly, an integral sliding
mode manifold s is given as follows

t t
s =07+ f kisig“ (01)ds + / kpsig®(0x)ds  (24)
0 0

where a1 = 2;‘232, ar € (0,1), az = 1. Then, motivated
by [38] and [39], an improved integral sliding control law is

designed for double integral system (1) as follows

vw = —R"'B"Psig (25)
where
' ' 1/(-a) .
sig= [sig?(01), sig”(o)]", oj| < aj/ D= 1,2)
o, otherwise
(26)

where 0 = [0, 03], B = [0, 117, a = [a1, a2]T. R is
a positive constant and obeys the following linear-quadratic
performance index

J = / OO(oTQo + RV2)dt. (27)
0
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P is the positive-define solution of the algebraic matrix Ric-
cati equation

PA+ATP+Q—-PBR'B'"P=0 (28)

1 T 1pT
where A = 0 .Thus K = [k;, kp]' =R "B'P.

With the help of control law (25), the closed-loop system
(1) will be stable in finite time. Then the following theorem
can be obtained.

Theorem 1: The system states o1, 0 in (1) will converge to
origin in finite time under the control law (25) with az = 1,
ay € (0,1)and a; = Yar—a3°
Proof: There are two cases to be discussed.

) 1/(1-ay)
Case I: |oj| > a;

1/(1—aj)

If |o;| > a; , the control law v,, in (25) becomes

va1 = —R"'BT Po. (29)

Obviously, (1) can be written in the form of state space as
follows

0 =A0+Bv,. (30)

where A is the state matrix of (30), and B is the con-

trol input matrix of (30). Therefore v, acts as the optimal

control law for double integral system (1) [38]. Therefore

the system states of (1) will converge to a region O =
1/(1—aj),.

{er.00:101 <a)"" VG =1.2}.

1/(1—a;
Case 2: |o;| < a1

1/(1=aj)

If loj| < a 7 the control law v, in (25) becomes

J
v = —R™'BT Psig%(0). (31)

According to optimal control theory, the elements in
R™'BTP are always positive. In fact, (31) is in accordance
with (2). Then according to Lemma 1, when system states
01 € 0 and 0; € O, the closed-loop system (1) will be stable
in finite time.

Remark I: Different from the existing methods designed in
[38], we proposed a new strategy to improve the convergence
speed of system states o1, 0>. In [38], “far from” and ‘“‘near
to” are chosen as a condition to improve the convergence
speed. However, it is not rigorous enough. Therefore we
propose a strict condition to obtain fast convergence speed.
For further analysis, define w and w» as follows

wi = sig”(o1) (32)
wy = 01 (33)

The graphical presentation of wy and wy w.r.t. o1 in first
quadrant is shown in Fig.1. Suppose that the parallel line w,
of wy intersect wy at point C. Then we have the location of
point C as (ai/(l_a‘), aj"/(l_a‘)) It is clearly that, system
state o; converges to origin on wy faster than that on wy
inside Circle 1(see Figl). Also, system state 0] converges
to origin on w; slower than that on w, outside Circle 1.
Therefore, in control law (25), a}/ (1=ar) is chosen as the
switching condition to design an improved control law.
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. a7
Wy = 01 + a3 ! (all/— 1)

4

.

’
——w; = $g“ (01)
J - - wy=on
/e Circle 1E7'adius _ ai/(lfal)

0 0.2 0.4 0.6 0.8 1
01

FIGURE 1. Graphical presentation of wy, wy, wp,.

B. ADAPTIVE FAULT-TOLERANT CONTROL LAW BASED ON
IMPROVED INTEGRAL SLIDING MODE
In this section, an adaptive fault-tolerant control law is devel-
oped based on integral sliding mode technology. With the
help of the proposed control law, both the reachability of
sliding surface and convergence of the system states in (18)
can be guaranteed even in spite of unknown uncertainties,
disturbance and actuator failure.

Firstly, based on Theorem 1, an integral sliding mode
function vector S is as follows

t t
S=zn+ f ¢.15ig%1 (z1(5))ds + / c25ig"2 (z2(5))ds
0 0
(34)

where § = [s1, 52, s3]7. e;1 = diag(ci,c1, 1), €2 =
diag(ca, 2, ¢2). by1 = [b1,b1,b117, b = [ba, by, bo].
The auxiliary equivalent control law vy = [vy1, VN2, sl
vnii = 1,2,3) is designed in accordance with (25) in
Theorem 1.
) _RleTPSigi, |Zij| < b;/(l_bj)(j — 1’ 2)
Ni =
l —R'BTPZ;,  otherwise
(i=1,2,3) (35)

where Z; = [z1,22]"G = 1,2,3) and Sig; =

[sig” (21(1)), sig" (zai (NI (i = 1,2, 3).
Combining with integral sliding mode function (34),
an adaptive sliding mode control law is proposed as follows
Ug = Ueq +ur+uc (36)

where u,; € R**! is equivalent control law. u, € R3*!
forces the sliding function (34) converge. u. € R3*! deals
with the model uncertainty, external disturbances, and actua-
tor failures. u., and u, are given as follows

Uey = —Gal(Fo — vy —¥14) (37
1
r = =Gy (xs + nsgn(s)ls| ) (38)

where T =diag(t;, 2, 13), 7 > 00 = 1,2,3). n =
diag(ni, n2, n3), n; > 0@ = 1, 2, 3). Taking the time deriva-
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tive of (34) yields

S=z+vw=F,+Go®uy+Fy+F, (39)

and
Fq = Gop (40)
F,=Fy—vy —¥ua (41)

Substituting (36) and (37) into (39), it can be obtained

§=Fy +Go®, +u)+Fa+F, (42)

and
Fy = (E — Go®G, F, (43)

where E = diag(1, 1, 1).
Assumption 2 ( [5]): Considering that Go and p are
bounded, it is obtained

IFall < gbop (44)

with g, = max{|g|, 181}, pp = max{|pl, |p1}.
Assumption 3: Considering that Go and ® are bounded,
there exists a positive constant &3 such that

IE — Go®G, | < & (45)
Then u, can be obtained by

_ S5
uc:{ PGotr, > )

-92Gps, P <4
with & is a boundary constant. & = §4§5 + 56357 + 58,

§4, §6, ég are the estimates of &4, &, &g respectively and
obey the following updating laws

%4 = —ca1€4 + cpts|s||
Sts = —co1€6 + co2t7 sl (47)
Es = —cg1€5 + csalls|

(Bok%; + £24)E3, E0&3, 26081463,
JnaeV3 Iz 8s, ,

hnaxeV3 7 2|5
& =1+ llztl? + llz2ll + llz2l* + llz21*2,
&6 = max (& + &2&7;, 268, &}, & = 1 + ||zl + 221l
& = gppp. Ca1, C42, Co1, Co2 and cgp, cgy are designed
positive constants.

Remark 2: According to Lemma 2, the following inequal-
ities exist.

. (1-=b1)

leaasigh? @O < dmar(ez)V3llzi Pt (48)
. (1—-b7)

leasig?? @) < dmarlc2)V3 llzall®?  (49)

and & = max

Hence the main result is given in the following theorem.

Theorem 2: For nonlinear system (18), the state variable
zii = 1,2,3,j = 1,2) can converge to a neighborhood
region of zero by defining a sliding function (34) and the
adaptive fault-tolerant control law (36).
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Proof: Select the Lyapunov functional candidate as
sTs &2 g2 g2

— +
2 2c40)y  2cepro

where & = & — Aoks, &6 = &6 — Mok, &5 = &5 — Mg
and A2 = Ayin(Go®Gy). Taking the time derivate of (50) and
using (36)-(38) and (42) yield

V =5"GyOu, +s" (Fy +Fq + F,)
CAlz 2 2
+57GoOu, + Z&Sax — &4&5s|l

V =

50
2cg0) 0

C6ly oz C8lz 2 2
+ —&686 — S6&7lIsll + —8&s&s — &slisll  (S1)
Cc62 g2
Obviously, the following inequalities can be obtained.
sT(Fy +Fg+Fo) < lIsI(IFn |l + IFall + IIFal)
< (EaEs+EE+ &SIl
sTGoOu, = —GoOG; 't s> — Go®Gy nlis|>
< —hizllsi® = amllsi?
where A} = )»mm(Go@Gal). Then, (51) turns to
V < —aizlsl® = aimls) 3
+ 2a€a&sIs || + 2a€e&7lls || + 2aslls|
+ ai§4§4 + Cﬂééée + Cﬁésés + 5" GoOu,
C42 C62 82
B ol i
Qe 2hace  2hacs
= aanls? + hoags sl + Azbstrlls| + raslis]
cué} o1 csiEd
20c4p  2h2ce2 2Moc82
Combined with (50), it can be obtained

2
= —nrlsl® -

+sTGo®uc +

(52)

V<-—qV- A1n||s||% + 1 +57GyOu,
+ habags sl + rakeErllsll + Aaksllsl (53)

2 3 c 2 c 2
where —ThlsI — mhalsl®, 2 = 567+ GE +
€81
21 c82 %_8 .

Then there are two cases to be discussed.
Case 1:If ® > §, substituting the first equation in (46) into
(51) yields
V< —uV—mlsl? + 1
+ 2aaslls| + 2a€es7llsl + 2akslls|
— DAz |sll (54)
with Ay = X,,in(Go®Gy) . Then one has
V< —uV—hmlsl? +
+ 2abagslls| + 2a€e&7lls| + 2akslls|
— ha(6as + E&7 + &) s
< —uV - hlsll® + o (55)

Case 2: If & < §, substituting the second equation in (46 )
into (51) yields

2
. 3 S
Vf—nv—mmwf+u—xﬂ9%¥

46148

x hakaksllsll + A€etrllsll + Aags sl
3
< -1V -xnls||?2 + 2

lls|I>
+A®|s|| — xzcsz (56)

2
Obviously, the maximum value of ), |s| — AzqﬂM

is 73 = 1128 when D|s|| = 1§. Then one has the following
inequality
. 3
V=—1uV-rnlsl?+n+mw (57)
Note that
143 s lrs o Lr3
lIsll""2 =24(§s §)4 > (Es §)4 (58)

Then one has
l 7 3 3
—(zs §)d < —=Vi41 59)
2 3 £2
where ©4 = (25212)1 + (2c§2A2
Then (55) and (57) turns

3+ (ot

cg2h2

. 3
V <-—-7qV-1nVi
{ =-17 n +1n (60)
<

v —‘E]V—MUV%—G—‘L’s

where 75 = 70 + 73 + 74.
Therefore, the sliding surface will be stabilized into the
region 2,

Q= {||s|| Smin{ |2 \/§<E>3” 61)
71 AN

where 14 = max{t2, t5}. Therefore, the sliding mode func-
tion will converge to the neighborhood of ||s|| = 0, that is,
the real sliding mode is established. Thus it can be obtained
that
1511 < w1, [52] S T, 53] = 73 (62)
where 731 > 0, t0 > 0, 73 > 0.
Thus, we have

2(1) + c,15ig"1 @1(9)) + epsigh2 @a(s) = T, (63)

where 73 = [T, Ts, T3] . By resorting to Theorem 1,
zji = 1,2,i = 1,2,3) will converge to a vicinity of the
origin in finite time.

IV. SIMULATION

This section carries out several simulations to evaluate the
improved integral sliding mode control law (25) and the
proposed adaptive fault-tolerant control law (36) for HSV
attitude control. Simulation experiment is carried out by
MATLAB R2018b.
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FIGURE 2. Comparison results of states 0;, 0, under controller (21) and
the controller (25).

A. NUMERICAL EXAMPLE 1
Consider the double integral system (1) and rewrite (1) as
below

f)l =07

. (64)
0=V

Controller (2) and controller (25) are used for double inte-
gral system (64) respectively. Initial values are set as 01(0) =
—30 and 02(0) = 10 . Parameters in controller (2) and
10 0

0 20|

K = R 'BTP and P is the positive-define solution of (28).
As a result, (25) turns

controller (25) are setasay; =2/3.R = 35,0 =

1

2
—Ko, loj| > (5) 3

Vn = 1

—Ksig“(0), |oj| < (g)“%

G=12) (65)

Simulation result is illustrated in Fig.2. It is clearly that
the convergence speed of 0;(j = 1, 2) with controller (25) is
faster evidently than that with controller (2). Also, as is shown
in Fig.3, with the improved controller (25), the establishment
of sliding mode can be obtained faster than that with the
controller (2).

B. NUMERICAL EXAMPLE 2

In this subsection, several simulation results are presented
to evaluate the effectiveness of the proposed fault-tolerant
controller (36). The mathematical model of HSV attitude
control is given by (5). Initial system states are set as «(0) =
6deg, B(0) = 0 deg, u(0) = 1 deg. p(0) = O0deg/s,
q(0) = Odeg/s, r(0) = Odeg/s. The desired aerodynamic
angel vector is set as [«g, B4, ud]T = [3deg, Odeg, 3deg]T.
The parameters in vy;(i = 1, 2, 3) are set in accordance with
(65). Other parameters used are listed in Table 1. The model
parameters and aerodynamics coefficients used herein can be
found in [45].
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FIGURE 4. Tracking error of attitude angle.
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FIGURE 5. Sliding mode surface sy, s,, s3.

The external disturbance is defined as AM and is set as
follows,

1 + sin(rt/125)
1 + sin(wz/125)
1 + sin(wrz/125)

AM = x 10%(N - m).
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FIGURE 6. Control torque.
TABLE 1. Controller parameters.
Parameters Value
T diag(9, 4, 14)
€41, C61, €81 1.4,1,0.12
n diag(1,1,1) x 1073
€42, C62, C82 2,2.5,2.5
ba 2/3
0;(i=1,2,3) | 0.3
1 0.01
pi(i=1,2,3) | 10*(N -m)
The environment uncertainties are set as AI = 10%lI,
20% bias atmospheric density and 10% bias for aerodynamic
coefficients. The actuator faults factor 6;(i = 1,2, 3) and

pi(i = 1,2, 3) are given in Table 1.

Assume that the actuators fail at # = 9s, it is clearly that
the actuator failures have the adverse impact on the closed-
loop system(See Fig.4-Fig.6). When actuator fails, the con-
trol inputs undergo very obvious changes(Fig.6). It leads to
a noticeable fluctuation which occurs in the tracking error
of attitude angle e, es, e3(Fig.4) and sliding mode sur-
face(Fig.5). Fortunately, with the help of the proposed fault-
tolerant controller (36), the performance degradation of the
faulty closed-system can be stopped soon. Clearly, within 5s,
the attitude angle tracking error ej, ep and e3 return to
the vicinity of origin(Fig.4). Meanwhile the establishment
of sliding mode is achieved again(Fig.5). The control input
torques are also readjusted(Fig.6).

V. CONCLUSION

For addressing the fault-tolerant control problem for the
attitude system of HSV, an improved adaptive integral slid-
ing mode fault-tolerant controller is presented. With the
proposed fault-tolerant controller, the transient process of
the system states will be accelerated. Meanwhile, the adap-
tive compensation part in the proposed fault-tolerant control
provides the closed-loop system the assurance in stability
even in the present of additive fault and multiplicative fault.
Concurrently, the need for bound of unknown uncertainty
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and unknown fault is removed. The simulation example has
shown the effectiveness of the proposed fault-tolerant control
strategy. Furthermore, in our future work, other types of fault
will be considered, such as sensor faults and system faults,
and so forth.
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