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Abstract

In this paper, a novel adaptive continuous nonsingular fast terminal sliding mode fault tolerant control scheme for reusable
launch vehicles (RLVs) is proposed. This scheme was designed to counteract the modeling uncertainties, external disturbances
and actuator faults during the reentry phase. First, an attitude dynamics model for the reentry of RLVs is built. Then,
with feedback linearization, a second-order attitude tracking error model is derived. Subsequently, based on the traditional
discontinuous nonsingular fast terminal sliding manifold (NFTSM), a second-order continuous NFTSM-based control strategy
is developed to achieve a fast and accurate attitude tracking in the presence of uncertainties, disturbances and actuator faults.
Compared with the existing NFTSM-based control strategies, the proposed control law guarantees higher robustness and
chattering reduction without introducing state or disturbance observers. Thus, the proposed control law has a more concise
and simpler structure. Furthermore, it does not require prior knowledge of the upper bounds of the disturbances. While most of
the existing control strategies based on the NFTSM tend to suffer large oscillations at the initial phase of the control process,
the proposed control law eliminates these oscillations. Finally, simulations are carried out that demonstrate that the proposed
control law has better robustness to disturbances and faults while creating less chattering than the exiting control laws.

Keywords RLV - Finite-time fault tolerant control - Nonsingular fixed-time terminal sliding mode - Adaptive gain - Higher
order sliding mode control

1 Introduction Fault tolerant control (FTC) strategies are designed to
maintain safe operating limits and to mitigate the effects

Reusable launch vehicles (RLVs) have attracted tremendous  of system/component malfunctions [3]. FTC for the reen-

attention by researchers due to their excellent traits, such as
low flight cost and reusability. They are expected to play
an important role in military and civil applications in the
future [1]. However, great challenge are encountered in the
reentry phase, in which the vehicles suffer significant uncer-
tainties, severe external disturbances and poor aerodynamic
maneuverability [2]. Thus, rendering the control strategy
more robust to the uncertainties, disturbances and actuator
faults and causing it to stabilize more rapidly and accurately
becomes an essential research topic.
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try vehicle has been extensively studied in recent years,
and many types of robust control approaches have been
used as the basis for developing FTC [4]. The approaches
include Hy, control [5, 6], back-stepping control [7, 8], slid-
ing mode control (SMC) [9, 10] and others. Among these
approaches, the SMC is an attractive choice because of its
useful properties, including superior robustness to distur-
bances, finite-time convergence and higher control precision,
etc. The rotational equation for RLVs in the reentry phase is
of second order. For stabilizing the second-order system, the
terminal sliding manifold (TSM) is a suitable choice, since it
has advantageous properties including fast and finite-time
convergence [11, 12]. However, there exists a singularity
problem for the early TSM methods. To overcome this prob-
lem, many researches on the non-singular TSM (NTSMC)
have been carried out [13-16].In addition, the traditional
TSM does not demonstrate uniform convergence speed when
the system states are at different ranges from the equilibrium.
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Hence, the so-called fast TSM (FTSM) strategies were pro-
posed to compensate for this shortcoming [17, 18]. In the
FTSM, the convergence is rapid even when the states are far
from the equilibrium. An advanced version of the FTSM is
the fixed-time TSM, which drives the system to the origin
in fixed time. In recent years, extensive research on the non-
singular fast/fixed-time TSM control (NFTSMC) has been
conducted [19-21]. In particular, a singularity-free fixed time
TSM structure that possesses a faster convergence speed and
retains a higher control precision than its predecessors was
proposed in [19].

On the other hand, in spite of the advances in the
NFTSMC, the control laws proposed are always discontinu-
ous. This can give rise to large undesirable chattering as was
shown in the simulation tests in reference [19]. To solve this
problem, saturation functions and boundary-layer functions
were employed [22]. While the chattering is reduced by that,
the system’s trajectories are not constrained exactly on the
sliding surface but rather to its vicinity. Consequently, the
robustness of the controller is weakened. The designers still
have to make the trade-off between the control accuracy and
the chattering reduction. The approach to solve this dilemma
is the higher order SMC strategy. However, the difficulty of
designing a higher order NFTSMC lies in its special struc-
ture. Specifically, the derivative of the sliding manifold is
an implicit function for the control law u [as is shown in
Eq. (27)]. Moreover, the upper bounds of the disturbances
and uncertainties are always assumed to be known a priori.
However, they are not easily obtained in real applications.
In addition, any overestimation of the disturbances leads to
additional unwanted chattering. To resolve these two prob-
lems, two major types of methods have been studied recently.
One resorts to a sliding manifold on the basis of the properties
of the homogeneous system [23], which we will refer to as
the homogeneity-based TSM (HBTSM) here. The derivative
of such a terminal sliding manifold is an explicit function
for the control u. Based on the HBTSM, an adaptive con-
tinuous nonsingular control law can be developed [24-27].
In [24], the equivalent control based adaptive super-twisting
algorithm was combined with the HBTSM, which results
in a continuous controller and mitigates the chattering. In
[25, 26, 28], the multivariable version of the HBTSM was
established and used to develop a continuous fault tolerant
control algorithm. However, compared with the NFTSMC,
the HBTSM has several disadvantages. For instance, for the
HBTSM, itis hard to estimate the upper bound for the conver-
gence time and the property of fast/fixed-time convergence
vanishes. Another type of method is to use a disturbance
observer, so that the effect of disturbances can be offset by
their estimation [27, 29-33]. Without the influence of the
disturbances, the discontinuous part (sign function) in the
control law can be removed. However, the introduction of an

observer increases the redundancy and complexity of the con-
troller. Considering the shortcomings of the above methods,
some researchers have made attempts to develop a continu-
ous NFTSMC without the usage of an observer. In [34], a
higher order version of the NFTSMC was proposed by com-
bining a super-twisting SMC. However, the stability of the
system has not been proved in this design and the stability of
the system may not be guaranteed under all conditions [35].

Moreover, due to the unique structure of the traditional
discontinuous NFTSMC, the magnitude of its output value
during the initial stage of the control process is sensitive to the
change of the disturbance value [19]. As a consequence, the
initial control signal magnitude increases dramatically when
the disturbance becomes slightly larger. This effect tends to
give rise to large oscillations, which can lead to instability
when there exists control saturation.

Motivated by the aforementioned problems, a novel adap-
tive second-order nonsingular fast terminal sliding mode
controller (A2-NFTSMC) is proposed and applied to fault
tolerant control of the RLV attitude in this paper. The main
contributions are summarized as follows:

a) The proposed controller is developed on the basis of the
well-researched NFTSMC, instead of the HBTSM. Thus,
the properties of fast/fixed-time convergence and easy
estimation of convergence time are inherited from the
NFTSMC.

b) The proposed controller represents a second-order slid-
ing mode algorithm. As a result, the chattering is greatly
attenuated compared with the existing discontinuous
NFTSMC without sacrificing the algorithm’s accuracy
and robustness to disturbances and faults. In addition,
the proposed controller does not rely on observers to esti-
mate the external disturbances. Therefore, the structure
of the controller is simpler and more concise.

¢) Unlike most of the existing control laws based on the
NFTSMC, the proposed controller does not require any
prior knowledge of the external disturbances, modeling
uncertainties or actuator faults. In addition, the shortcom-
ing of the traditional NFTSMC that its output magnitude
is sensitive to the change of the disturbance value is over-
come in the proposed control strategy. Consequently, the
hazard of introducing large oscillations during the initial
stage of the control process is eliminated.

This paper is organized as follows. Section 1 gives an
introduction of this research. Section 2 presents the model-
ing of the RLV dynamics during the reentry phase and the
statement of the control problem. Section 3 is dedicated to
the proposed adaptive second-order nonsingular fast terminal
sliding mode controller design. Section 4 provides simula-
tion tests to demonstrate the efficacy of the proposed method.
The conclusions are given in Sect. 5.
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Notation I: In this paper, the following notations are used.
|| - || denotes the Euclidean norm of vectors or the induced
norm of matrices.

Notation 2: For any vector x = [x1, X2, --
positive constant r, denote

[lxil7signGe, el sign(), -,

., x,]7 and

sign”(x) =

al"sign () |

2 Dynamics Modeling and Problem
Statement

During the reentry phase, the motion of RLVs can be decom-
posed into rotational motion and translational motion. The
equations of rotational motion are described as [4, 36]

b= Jzz My JxzM; (Jxx — Jyy + Jzz)Jxz
]xx-]zz - szz Jxx«]zz - szz Jxx-lzz - J)?z
L Uy = T lee — T2
JxxJzz - szz ,
q _ JMx +%(r2—p2)+ JZZJ_JXXPV,
yy yy Yy
_ Jxz Mx JxxM; + (Jxx — Jyy)Jxx + J)%Z
]xx-]zz - szz Jxx«]zz - -Ixzz Jxx Jzz - szz
N Jyy = Jxx — Jzzz)sz ar, (1)
JxxJzz — i
a=—pcosatan B +q —rsinatan

sin o

Cosﬁ[ljfcosy —q'bsintpsin)/

+(6 + we)(cos ¢ cos Y siny — sin ¢ cos y)]

coso . . _
[V — dcosyy — (6 +we)cos dsinyy],

_cosﬂ
B:psina—rcosa+sino[)'/ — dcosy —(é+we)cos¢sinw]
coso[l/}cosy — $sinysiny
+ (0 + we)(cos ¢ cos ¥ sin y — sin ¢ cos y)],
6 =—pcosacos B —qgsinfB —rsinacos B +dsin B — ¥ siny

— ¢ sin ¥ cos Y+ (6 + we)(cos ¢ cos Y cos y —singsiny),
)

where p, g, r are the roll, pitch and yaw angular rates; «, 8,
o represent the angle of attack, the sideslip angle and bank
angle; y is the flight path angle; ¥ is the heading angle; w,
is the Earth’s angular speed; 6 and ¢ are the longitude and
latitude; J;; (i = x, y, z; j = x, y, z) is the moment
of inertia; M,, My, M, are the roll, pitch yaw moments,
respectively.

Since the rotational motions of RLVs are much faster than
their translational motions, the time derivatives of both the
position and the velocity are considered to be negligible with
respect to the rotational motion. Equations (1) and (2) can be

@ Springer

simplified as [37]

Q = Rw + Af, 3)

o=—J o Jo+J M+ Ad, 4)

where M = [M, M, MZ]T, Q=[x B o]7, and @ =
[p g rT; Af = [Afs Afy Af]7T is the bounded differ-
entiable unmatched disturbance vector caused by simplified
modeling; Ad € %3 is the bounded unknown disturbance
vector caused by model uncertainty and external distur-
bances. J, R, > € %33 are the nominal inertia matrix, the
coordinate transformation matrix and the skew—symmetric
matrix operator on vector w, respectively. They are defined
as follows:

Jeox 0 —Jy, 0 —r ¢
J = 0 Jyy 0 |, =|7r 0 —p
—Jyz 0 Jz —-q p O
- _ S
—cosatan 1 —sino tan 8
R = sin o 0 —cosa ,

—cosacos B —sina —sina cos 8

where Ad can be expressed as Ad = J '[-AJd —
w*AJw + AM], where AJ € %3%3 is the uncertain part
of the inertia matrix and AM € %3 is a vector of unknown
external disturbances.

To further include possible actuator faults, Eq. (4) can be
expressed as

o=—J "o Jo+J ' [AM + Fs] + Ad
=—J "W Jo+J "M+ J7(A = DM + Fs] + Ad,
(6)

where vector A = diag[Ax Ay A.]is the actuator effective-
ness withO < A; <1, i=x,y,zand Fs € [F5, Fs, Fs,]
is the actuator bias fault. )

The aim of this paper is to design a continuous sliding
mode controller such that the angle vector €2 tracks the guid-
ance command Q.r = [ttyef Bref O'rgf]T accurately in finite
time in the presence of uncertainties Af and disturbances
Ad.

For the sake of the controller design, feedback lineariza-
tion of the dynamic system is carried out first. Assume that
X1 = Q— Qer and Xy = Q- Qref, which denote the
tracking errors of the attitude angles and the angular rates,
respectively. By differentiating X; and X;, we obtain

X| = Xa, (7

X, =F+GM+AD, 8)
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where X| = [x1x X1y X1.], X2 = [x2x X2y x2:1;G = RJ 7Y
F =[F, Fy F;]is the known normal part of the system; the
disturbance AD = [AD, ADy, AD;] is the unknown part
which is induced by uncertainties, disturbances and actuator
faults. Here, F and A D can be expressed as

F=(R=RI™0* T )o = Sy, )

AD =RJ'[(A—I)M + Fs]+ RAd + Af. (10

Since, during the reentry phase, angle g is kept near 0, we
have

cosp—sinftanf
Jxszz - 12

Xz

det(G) =

Jxx-]zz_J2 7&0' (11)

Xz

Therefore, G~ ! exists. Introducing a control vector U =
[ux, uy, u;] and defining it as U = GM, Eq. (8) can be
expressed as

X, =F+U+AD. (12)

Assumption 1 [26]: It is assumed that uncertainty AD in
(10) is differentiable and bounded with ||AD]| < Ly; its
derivative is also bounded with H ADH < Lj, where L and
L, are unknown positive constants.

Assumption 2 [26]: Assume that the condition

[771(A = DJ| < 1holds.

Remark 1 Eq. (6) can be rewritten as
o= Jw+ (1 +IN A= J) J M
+J 7 'Fs+ Ad. (13)

In the second term in (13), i.e., the control term,
J~1(A — I)J denotes the uncertain portion of the matrix and
the identity matrix / represents the nominal portion. Accord-
ing to [38], for the nominal part of the control signal to domi-
nate the uncertain part, condition || (J~'(A — )J) - I7!|| <
1 must be satisfied.

3 Controller Design
3.1 Preliminaries
Lemma 1 [19] Consider the following scalar system:

y = —lisign™'y — Isign™y, y(0) = yo, (14)

where ly > 0,1 > 0, m; > 1and 0 < my < 1. The
equilibrium point of the above system is finite time stable,

and the convergence time T is bounded by

1 1
+ )
Liimi —1) DL —m)

T < Tmax = (15)

Remark 2 Note that the upper bound of convergence time
does not depend on the initial value yg. Then system (14) can
be seen as being fixed-time stable [39].

Lemma 2 [40] (Jensen’s inequality) For a vector v =
[vi va - -+ v,] with v; > O, there holds inequality.

n 1/q n 1/p
(Z U?) < (Z v!’) : (16)
i=0 i=0

if0<p<gqg.

Lemma 3 [40] For a continuous convex function f, if
numbers vy, vy --- v, are in its domain, then there holds

inequality:
f(Z w/n) < (Z f(vi))/n. (17)
i=0 i=0

Lemma 4 For a vector v = [v] vy --- v,] with v; > 0, it
can be proven from Lemma 2 and Lemma 3 that there hold
inequalities:

n n 1/p

ZM’S(ZU{]) , ifp <1, (18)
i=0 i=0

n n 1/p

Zvifnp](Zvip> , if p > 1. (19)
i=0 i=0

3.2 Design of Adaptive Second-Order Nonsingular
Fast Terminal Sliding Mode Controller

In order for the angle vector €2 to track the guidance command
Q,er, the controller to be designed should cause state vector
X1 in (7) to converge to the origin in finite time. Thus, in this
section, a novel A2-NFTSMC that achieves this goal will be
proposed. First, assume that state vector X, is obtainable.
The terminal sliding manifold is chosen as [19]

. kojan;
S; = sign™ixyj+—0"

on2—1/ai T
sign X2i +kisign®ixy;),
Das — 1 8 ( i iStg 1)

i=x,y, 2

(20)

where control parameters ky; > 0, ko; > 0, ap; > 1 and
1 < ay; <2 — 1/ay; are preselected. Then, define § = [S,,
Sy, S1.
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Theorem 1 When the sliding manifold satisfies S = 0, state
vectors X1 and X» converge to the origin in fixed time, and
the upper bound for the convergence time for each pair of

their elemenfs is 1
Tsi =

=— + = —, I =X,Y,2
ki@ — 1) koi(1 —ap;)

whereky; = ki, ko = ((Qaa; — 1)/kpian;)®/ 2= Gy; =
ay; and az; = ay;az;i [(2ax; — 1).

Proof As X 1 = X3, when § = 0, Eq. (20) can be trans-
formed into

X1p = —kisign™ixy; —kosign®xy;, i=x,y,z, (21)
By Lemma 1, we can obtain that the upper bound of the
convergence time for each xj; equals Ty;. Then, as xy; is
stable and constant, the state x»; also converges to the origin
correspondingly.
To drive the sliding manifold S to the origin in finite time
while resisting disturbance A D in the meantime, an adaptive

continuous control law is presented as

1 bi
ui = —F; —kijan; |xi;|“" (k_ +X2i>
1i

— k3;sign' (S;) — kqjsign(S;) + v;, (22)
Ui = —riv; — kagisign(xi), i =x,, 2, (23)
with
‘_L' Vayi(.,. ot ondliy: .
o = sign (x2i + kyjsign®lixy;)
kai
kiiaz; Can
- = . +k . aii ),
2y — 1()62, 1isignxy;) (24)
and adaptive gain k4; chosen as
: loi (1S: 1™ +1S:1™2), 18| > &
i = Oz(| il [Si ] ) [Si ] 0 (25)

0, ISil <eo

where x; = v;+AD;; k3j, kai, ri,loi, yo and g9 are preselected
positive parameters; parameters cy, ¢z, m1;, mp; are chosen
asO0<cy <1l,cp>1,0<my; <1,mp > 1. We can note
that, according to Eq. (23), sign(yx;) is required to implement
the control law. How to obtain sign(;) is explained Remark
3.

Theorem 2 Consider the dynamic system of Egs. (7) and (8),
where the disturbance vector A D satisfies Assumption 1. If
the controller is designed as in (22) to (25), then there exists
a finite time in which the state vectors X1 and X, converge
to the origin.

@ Springer

Proof In the following proof, subscript i is used to represent
the three different channels x, y and z. Define a Lyapunov
function

1
Vo= =STS.

> (26)

By differentiating function Vj and taking into account the
control U in (22), we obtain

. 1 . i—1
Vo= D Si(alxyl ™ xy + 9 Giai + aniky ey | x))

i=x,y,2

= Y Silanilxnl™ " xy

i=x,y,z

i—1
+ i (F; +ui + AD;j +ayikyi|x1:|* ™ x2:))

= Y Siarbeul™ " o+ i (—a x4 ¢

i=x,y,z

— kaisign®' (i) — kaisign(S;) + v + ADy)), (27)
where ¥; = kojlx; +kizsign@ixy;|'71/%% . Since, with
regard to Eq. (24), there exists relation
Vigi = x2i +k1; S, (28)

we further obtain
Vo= Y Si<_k1ia1i|x1i|a”_1si +i(—k3isign®(S;)
i=x,y,2

—ky;signi(S;) + v; + AD,‘))
= <—k1iali|xli|a”_1S,‘2 + i (—ksi|Si |

i=x,y,2

—kai|S;1%) + Sivi xi).- (29)
We can notice that, as ¥; > 0, the terms in (29) are all

negative except for S;v; x;. Now, prove that there exists a

value of ky; for which y; converges to the origin in finite

time. In view of Eq. (23), the derivative of yx; is

dy; . .
d_tl = —kgisign(xi) — riv; + AD;. 30)
Consider a Lyapunov function candidate V,, = Xiz / 2.
Combining with (30), we obtain the derivative of V,;:
Vi = —kailxil — rivixi + AD; xi
< —kailxil = rixi + |[riADi + AD; |1 x| 31)
< —kailxil = rix? + (riLy + L) | xi).
If k;; satisfies the condition
kgi > riLi + Lo +¢;, (32)
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where ¢; is a predefined positive constant, Eq. (31) can be
rewritten as

Vi = =€V —1iVy,

Thus, according to Lemma 1, V,, converges to the ori-
gin in finite time, which further establishes the finite-time
convergence of x;.

In addition, since a; > 1, v; is nonsingular. If both X
and X, are bounded, then S; and v; are also bounded. There-
fore, the convergence of S;v;x; to O in finite time can be
concluded. Then, since (¢; +1)/2 < 1 and (¢ + 1)/2 > 1,
in view of Lemma 4, we obtain

(33)

Vos D (—kaianixiil 1 S? + (k1,1 — kay|5i12))

i:)(,)',z
= Z v <_k3i<|si‘2><q+l)/2—k4i<|S,-\2>(E2+l)/2)
i=x,y,2

< 22 min (kg VD2 3(1=cD)/4 5(cr+1)/2
=X,y,2

1

_min (ki Vp 2T, (34)

For the convenience of discussing the state of /;, define
two groups of areas I'y; and I'y;

Fy={; =1}, i=x,y, 2z,

) (35)
Do ={¢i <1}, i=x,y,2
and k; = xp; + k1jsign®ixy;.
Case 1: When the states are all in the first group of areas
I'1; i = x, vy, z), it can be shown that

"/0 < - 2(cl+1)/2 - min (k) Vo(cl+1)/2
=x,y,2

Kq

_ 3(1—c§)/4 (c2+1)/2 “min (ks) V()(CZ+1)/2-
I=x,y,2

Ky (36)

As K, > 0 and K, > 0, according to Lemma 1 and
Theorem 1, states X| and X5 can be driven to the origin in
finite time.

Case 2: If the states are not all in the group of areas I'y; (i =
X, ¥, 2), i.e., at least some states are in the second group of
areas I'p;, there is a possibility that k; = 0. Here, it will be
proved that the curve k; = 0 is not attractive unless S; = 0.
Supposing that k; = 0, then the derivative of k; is
Ki = —k3isign(S;) — kaisign(S;) + xi. (37)

As it has been shown that y; converges to O in finite time,
ki > Owhen S; < 0 and k; < 0 when S; > 0. Hence,

the states pass through I'»; and reach I'y; in finite time. As
a result, the states converge to the origin in finite time no
matter which areas the states are in.

The above proof was achieved under the premises that
inequality (32) is satisfied and states X| and X, are bounded.
Note that kg; is supposed to increase in accordance with
Eq. (25) if (32) is not satisfied and, consequently, the sliding
manifold does not converge to the origin. Therefore, condi-
tion (32) must be met in finite time. Thus, the divergence
time for the states is also finite and the states X| and X, are
bounded. In addition, since the sliding mode converges to the
origin in finite time, adaptive gain kg; is also bounded.

The proof of theorem 2 further leads to the conclusion that
with the controller designed as in (22)—(25), the angle vector
2 tracks the guidance command €2, in finite time in the
presence of disturbances, uncertainties and actuator faults as
described in (3) and (6).

Remark 3 In view of the control law in (23), x; is not
obtainable due to the unknown disturbance A D;. Taking into
account the control u; in (22), S; is obtained as

Si = —kaiaii |x1; | S;
+Yi(—k3isign® (i) — kaisign (i) + xi)- (38)
Since the curve k; = 0 is not an attractor except when

S; = 0, there is ¥; > 0 almost all the time before the slid-
ing manifold converges. Hence, resorting to the time delay

method, sign(;) can be achieved as follows [27]. Integrate
both sides of (38) and define

t
o) = /0 (Wi x)dr

t
=S +/ (k2ia1i|x1i|a”_]si + i
0

X (kgisigncli(Si) + kygjsign¥ (S,-)))dt. (39)

There is ¥ xi = limo(g(t) — g(t — 1))/7, which further
T—

leads to

sign(xi) = sign(g(t) — g(t — 1)), (40)

where 7 is a short time delay.

Remark 4 According to the definition of ky; in (25),
when |S;| > &g, kg; increases until condition (32) is sat-
isfied before the system states start to converge to the
origin. With Egs. (25) and (32), it can be deduced that
the time interval of this process is finite and bounded by
(riLy + Ly + &) [ (loileol™" + Loi|e0l ™).

Remark 5 Note thatin Eq. (27), Vpisan implicit function for
control law u;. Therefore, many higher order sliding mode

@ Springer
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Fig. 1 Comparison of angle of attack, sideslip angle and bank angle
between NFTSMC and proposed controller

control strategies, such as the super-twisting algorithm, can-
not be directly applied here. Although an attempt was made
to combine a super-twisting control law with the NFTSMC
in reference [34], there was no strict stability proof given and
the system may not be stable under certain conditions [35].
The adaptive A2-NFTSMC strategy proposed in this paper
represents a second-order sliding mode control law. It is an
augmentation of the discontinuous version of the NFTSMC
in [19]. Compared with the discontinuous one, the chattering
is reduced, while the controller precision and robustness is
guaranteed at the same time. As the gain ky; is adaptive, there
is no need to know the upper bound of the disturbance. In
addition, an accelerating term —r;v; is injected in (23) and
the convergence speed is increased.

Remark 6 Another benefit of the proposed adaptive second-
order structure of &; in (22) is its insensitivity to the change of
the magnitude of the disturbance as long as the initial values
of v; are set to 0. The reason for this is that v; tracks —AD;
rather fast without causing a large overshoot. However, for
the traditional NFTSMC, a slight increase of the magnitude
of the discontinuous term is amplified by the unique structure
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Fig.2 Comparison of convergence of X, between NFTSMC and pro-
posed controller

of NFTSMC, which further gives rise to a large overshoot (to
be shown in the simulations below).

Remark 7 The design of this control strategy is partly moti-
vated by reference [27]. Compared with the sliding manifold
applied in [27], the sliding manifold selected in this paper
(NFTSM) has advantageous features. The design of the
control law in [27] is based on a sliding manifold with homo-
geneous property [23]. Although it was proven to be finite
time convergent, the convergence time is hard to calculate.
Meanwhile, compared with the NFTSM, not only has it faster
converging speed than the other one and its convergence time
is fixed instead of being only finite, but also its convergence
time is easy to obtain according to Lemma 1.

4 Simulation

In this section, the results of two simulation tests are pre-
sented to demonstrate the performance of the proposed
controller. In the first test, the traditional NFTSMC method
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Fig. 3 Comparison of control torque between NFTSMC and proposed
controller

in [19] is compared with the proposed one. The simulation
test is similar to the ones described in [4, 36].

The parameters of the RLV in the test are as follows.
The moments of inertia are J,, = 588791kg - m2, Jyz =
24242kg -m?, Jyy = 1303212kg-m? and J,, = 1534164kg -
m?. The system is subjected to the initial conditions «(0) =
32°, B(0) = 2°,0(0) = 58°, and p(0) = ¢q(0) = r(0) =
0°/s. The guidance commands are set as a,.r = 30°,
Brer = 0° and oy = 60°.

The external disturbance AM is set as

1 + sin(z)
AM = | 1+sin(®) | x 10°N.m, (41)
1 + sin(t)
and the actuator faults are given as
1 +sin(0.4¢)
Fy =2 % 1 +sin(0.47) | x 10° N.m, (42)
1 +sin(0.4¢)
17
Ay (43)

=1 0.75 +0.15in(0.5¢ + 7 /3)°
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Fig. 4 Comparison of angle of attack, sideslip angle and bank angle
between FESOB-NSFTSMC and proposed controller

1’
Ay = . , (44)
0.5 +0.1sin(0.5¢ + 27 /3)

1’
A, = ) . (45)
0.6 + 0.1sin(0.5¢ + )

In the simulation, fault A is exerted at 6 s and bias fault
Fjs isintroduced at 9 s. The unmatched disturbance A f in (3)
is assumed to be O in the first test, so that no estimation of
state X» is needed. The parameters for the sliding manifold
aresetas ky = [1.1, 1.1, 1.1,k = 1[4, 4, 4],a; =[1.1,
1.1, 1.1], ap = [3, 3, 3]. For the A2-NFTSMC scheme in
(22)—(25), the parameters are set as k3 = [1.2, 1.2, 1.2],
ke =112, 1.2, 1.2],¢1 =05,¢cp =12, r =11, 1, 1],
lo = [30, 30, 30], m; =1[0.6, 0.6, 0.6],m; =[1.2, 1.2,
1.2], and 7 in (40) is chosen as the simulation sample step.

For the NFTSMC, the controller is expressed as

i—1 ¢i
uip = —F; — kijay; [x1; " <k_ +X2i>

1i

— k3isign®(S;) — kaisign(S;) + ksisign(S;),  (46)
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between FESOB-NSFTSMC and proposed controller (zoomed)

with ks = [1, 1, 1] and the other parameters are the same
as for the A2-NFTSMC. We notice that the NFTSMC is dis-
continuous and, to set the values of parameters ks, the upper
bounds of A D; must be known in advance. Since using the
sign function in (46) can give rise to unacceptably large chat-
tering, the sign function sign(S;) is often substituted by the
function:

ePSi — 1

W = ———
! ePSi + 1

, p>0,i=ux,y,z 47

In this test, p is chosen as 1000. The results of simulation
test] are demonstrated in Figs. 1, 2 and 3. As shown in Fig. 1,
both controllers enforce the attitude angles to track the com-
mand in finite time. However, the tracking precision of the
proposed controller is much superior to that of the NFTSMC,
which indicates that the proposed controller exhibits better
robustness. In addition, the proposed controller is much less
influenced by the actuator faults introduced at 6 s and 9 s,
respectively. This also can be observed in Fig. 2, where the
controllers drive the state vector X» to the origin. The reason
for the difference between the performances of the proposed
controller and the NFTSMC is that there has to be a tradeoff
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Fig.6 Comparison of convergence of X, between FESOB-NSFTSMC
and proposed controller

between the control accuracy and the chattering reduction
for the parameter selection of the NFTSMC. In contrast, for
the proposed controller, as it represents a higher order con-
trol strategy and it is inherently continuous, both chattering
reduction and control precision can be guaranteed simulta-
neously. It can also be observed in Fig. 3 that the proposed
control strategy does not produce a very large control torque
magnitude at the initial phase as the NFTSMC does. The
initial output value of the traditional NFTSMC is sensitive
to changes of ks;, i.e., a small rise of the value of ks; can
lead to a large increase of the control torque value. The pro-
posed controller eliminates this sensitivity. This feature is
very beneficial in real applications when the magnitude of
the controller output signal should not surpass the controller’s
saturation value.

Up to now, the discussion was based on the situation when
the state vector X, is obtainable. This is not practical in real
applications as € contains an unknown part A f . In the second
simulation test, Af is taken into account:
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—sin(t +0.57)
—sin(t +0.57) |N - m.
—sin(z + 0.57)

Af = (48)

The fixed-time extended state observer based non-singular
fast terminal sliding mode controller (FESOB-NSFTSMC)
in reference [31] is implemented for comparison purposes.
The observer and controller of the FESOB-NSFTSMC can
be expressed as

71 =7+ e’7+busigno”(X1 —Z1)
+e™P1 —v)sign® (X, — 7)),

7y = Z3 + M0y sign®®(X| — Zy)
+e2MP(1 — v)sign® (X1 — Z)) + U,

73 = &My sign® (X1 — Zy) +e3P(1 —v)

sign®(X| — Z1) + Ysign(X| — Z1), (49)
0, ift<T,

v = . , (50)
1, ift>T,

and

(D .
uj = —F; — kyay; x| ! <k—l +20; | — kaisign“(S;)

1i

— kaisign(S;) — z3i, 1 =X, y, 2, (61
where Z1 = [z1x, 21y, 21z), Z2 = [22x, 22y, 22:], Z3 = [23x,
23y, 23z, Ty = 0.1, a1 = 0.8, By = 1.8, 1.5,
b=14and Y = 1. ¢; and S; have the same form and
parameters as in (20) and (24), only with the element x;; sub-
stituted by zp;. It is worth noting that, although knowledge
of the disturbance bounds is not required for the controller
as stated in reference [31], the upper bounds must indeed
be known in advance for the design of parameter Y in
the observer. Therefore, the FESOB-NSFTSMC strategy
still does not avoid the necessity to learn the disturbance
bounds.

For the proposed controller, the parameters are selected
as the same as in test 1. Instead of using state or disturbance
observers, a time-delay estimation (TDE) scheme is applied
to estimate X5. The benefit of the TDE is its simplicity and
straight-forwardness in applications [41, 42]. Here, the TDE
scheme is designed as follows.

Integrating both sides of equation €2 = Rw + Af yields

t t
h(t):/ Afdr :9—9(0)—/ Rodr. (52)
0 0

The estimation of Af, A f , then can be calculated as

Af = () = ht — 7)) /70, (53)
where 7 is a short time delay that is chosen as the simulation
sample step. The estimation of X» is further deduced as
)%2 = Rw — Qref + Af. (54)

The results of simulation test 2 can be found in Figs. 4,
5, 6, 7 and 8. From Fig. 4, we can see that both controllers
have similar fault tolerances and the convergence times of
the angles are the same. However, Fig. 5 (the zoomed ver-
sion of Fig. 4) further illustrates that the proposed controller
causes better tracking precision. From Figs. 6 and 7, it is
obvious that the proposed controller does not cause large
oscillations in the initial stage as the FESOB-NSFTSMC
does. Furthermore, it does not cause as much chattering as
the latter during the stable phase. The superiority of the
proposed controller over the FESOB-NSFTSMC can also
be observed from Fig. 8. The control torque of the FES-
OB-NSFTSMC suffers large oscillations during the initial
stage compared with the proposed controller. Although the
FESOB-NSFTSMC is also a continuous controller, there has
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Fig. 8 Comparison of control torque between FESOB-NSFTSMC and
proposed controller

to be an observer to estimate the disturbance AD. In con-
trast, the adaptive strategy of the proposed method enables
the controller to dominate the disturbances without requiring
additional control effort.

5 Conclusions

In this paper, an A2-NFTSMC is proposed as the fault tolerant
attitude control scheme for RLVs during their reentry phase.
The proposed controller is established based on the NFTSMC
which exhibits a fast/fixed-time convergence. By resorting to
an adaptive second-order sliding mode control strategy, the
traditional discontinuous term of the NFTSMC is avoided
and the chattering is reduced, while the robustness of the
controller is increased. The upper bounds of the disturbances
are no longer needed to be known in advance. Moreover,
the newly proposed NFTSMC output value is no longer
sensitive to changes of the magnitude of the disturbance
as the traditional NFTSMC. Simulation results demonstrate
that, compared with the existing NFTSMC based controllers,
the proposed one has better robustness and causes less
chattering, while its control structure is kept simple and
concise.
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