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DISTURBANCE OBSERVER-BASED SECOND ORDER
SLIDING MODE ATTITUDE TRACKING CONTROL
FOR FLEXIBLE SPACECRAFT

CHUTIPHON PUKDEBOON AND ANUCHIT JITPATTANAKUL

This paper presents a composite controller that combines nonlinear disturbance observer and
second order sliding mode controller for attitude tracking of flexible spacecraft. First, a new
nonsingular sliding surface is introduced. Then, a second order sliding mode attitude controller
is designed to achieve high-precision tracking performance. An extended state observer is also
developed to estimate the total disturbance torque consisting of environmental disturbances,
system uncertainties and flexible vibrations. The estimated result is used as feed-forward com-
pensation. Although unknown bounded disturbances, inertia uncertainties and the coupling
effect of flexible modes are taken into account, the resulting control method offers robustness
and finite time convergence of attitude maneuver errors. Finite-time stability for the closed-
loop system is rigorously proved using the Lyapunov stability theory. Simulation results are
presented to demonstrate the effectiveness and robustness of the proposed control scheme.

Keywords: second order sliding mode control, flexible spacecraft, extended state observer,
finite-time convergence

Classification: 93C10, 93C95, 93D15

1. INTRODUCTION

With the development of space technology, modern spacecraft missions are expected to
achieve fast slewing and high-precision attitude control of spacecraft, such as navigation,
communication and earth observations. In practical applications, the attitude of flexi-
ble spacecraft are inevitably affected by space environmental disturbances, vibrations of
flexible appendages, inertia uncertainties caused by fuel consumptions and load varia-
tions. These factors may reduce pointing accuracy of the attitude of flexible spacecraft
and even cause instability. Thus, it is very challenging to design an attitude controller for
flexible spacecraft to achieve rapid and precise maneuver performance. Various control
methods have been applied to deal with this problem, such as passivity-based control
[6, 9], sliding mode control (SMC) [1, 11, 13], active disturbance rejection control [3, 4],
backstepping control [14] and so forth [7, 19, 31]. Although these methods have provided
for sufficient reliable results, they can only ensure the asymptotic convergence. In other
words, the attitude converges to the desired attitude with infinite settling time.
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However, in some scenarios, infinite time attitude control is inadequate and the ability
of fast maneuver is required in many real-time space missions. To obtain rapid conver-
gence speed and enhance system robustness, finite-time control strategies are usually
required [8, 34]. Finite-time stability [2, 22] implies finite-time convergence of sys-
tem trajectories. It achieves faster convergence and better disturbance rejection than
asymptotic or exponential stability. Terminal sliding mode control (TSMC) has offered
a practical way to obtain convergence of system state in finite time [20, 31]. TSMC has
been applied in [12, 27] to deal with spacecraft attitude control problems. However, the
traditional TSMC methods encountered singularity problem. Later, to solve the singu-
larity problem, nonsingular terminal sliding mode control techniques [10, 33] which are
the enhanced TSMC methods have been developed. Nonsingular terminal sliding mode
control techniques have been used to design attitude control laws in [18, 24, 30]. Recently
second order sliding mode control (SOSMC) [15] is considered as a potential method to
alleviate the control chattering and offer higher tracking accuracy when compared to
the conventional SMC. Pukdeboon et al. [23], [25] developed SOSMC algorithms for
spacecraft attitude tracking maneuvers. Shtessel et al. [26] applied a smooth SOSMC
law to a missile guidance system. Tiwari et al. [28] used the geometric homogeneity
approach to design a globally robust SOSMC scheme for attitude tracking of a rigid
spacecraft. Li et al. [17] proposed an SOSMC algorithm for spacecraft formation flying.
Davila et al. [15] applied a second order sliding mode observer to mechanical systems.

Extended state observer (ESO) has been considered as an effective approach to com-
pensate for uncertainties and disturbances. Several researches have incorporated ESO
into SMC method to obtain strong robustness. In Xia et al. [32] attitude tracking
control scheme was developed using SMC and ESO was applied to estimate bounded
disturbance. In [16] the ESO technique and the control Lyapunov function approach
are merged to design an attitude controller under actuator saturation. Zhong et al. [35]
developed a robust ESO-based SMC scheme to control attitude tracking and vibration
suppression of flexible spacecraft. These ESO-based SMC schemes provide better ro-
bustness than the common SMC. Thus, a control technique combining ESO and SOSMC
can ensure outstanding control performance for flexible spacecraft attitude maneuver.

In this paper, a new ESO and SOSMC algorithm are developed to deal with the at-
titude tracking problem of a flexible spacecraft in the presence of bounded disturbance
and inertia uncertainties. The proposed composite attitude controller is designed comb-
ing the derived SOSMC and ESO to achieve rapid convergence, high-precision tracking
performance, reduction of the vibration. The main contribution of this paper is twofold.

(1) The integrated controller combining ESO and SOSMC has rarely been studied
to design a controller of complicated systems. To the best our knowledge, a combined
attitude controller incorporating ESO and SOSMC has not been developed to deal with
the problem of flexible spacecraft attitude tracking maneuver.

(2) A new modified nonsingular terminal sliding surface is suggested. Then, a new
SOSMC attitude control algorithm with this sliding surface is designed. A novel ESO
is also developed to estimate the disturbance torque and the estimated results are used
as feedforward compensation. The proposed controller and disturbance observer designs
are the generalized versions of the super twisting algorithm [15] and the observer pre-
sented by [5]. The proposed method gives an additional appealing feature that it offers
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more choices to tune the control and observer to achieve an improved performance.
The associated stability proof is accomplished by a novel strict Lyapunov function and
Lyapunov stability theory.

The organization of the paper is as follows: Section 2 describes spacecraft attitude
dynamics and mathematical preliminaries. Section 3 provides the chattering-free atti-
tude controller design procedure. In section 4, the proposed ESO is presented. The
finite-time convergence of of the state observer is ensured. Simulations are provided in
section 5, and finally conclusion is given in section 6.

2. NONLINEAR MODEL OF SPACECRAFT AND PROBLEM FORMULATION
2.1. Spacecraft attitude dynamics and kinematics

The flexible spacecraft consists of a main rigid body and attached appendages. The
reaction wheel assemblies are employed to control attitude of spacecraft. The dynamics
of a spacecraft with flexible appendages can be modeled as the following nonlinear
equations [6]:

Jw~+w” (Jw+0n) + o =u+d (1)

H+Cn+Knp=—-6Tw (2)

where J € R3*3 is the symmetric inertia matrix of the whole structure, w € R3 is
the angular velocity of the spacecraft in the body frame, v € R? is the control torque
acting on the hub, d € R? is the external disturbance torque vector, and n € R"
is the modal coordinate vector of the flexible appendages with n being the number
of flexible modes considered. In 7 § € R3™ is the coupling matrix between the
flexible appendage and the hub, K = diag(¢?,--- ,(?) denotes the stiffness matrix, C' =
diag(2&1¢y, -+ 5, 2€,¢,) represents the damping matrix with ¢ and £ being the natural
frequency and corresponding damping. The operator (-)* denotes a 3 x 3 symmetric
matrix such as

0 —Wws w2
w* = | ws 0 —w (3)
—Wo w1 0

for w = [wl wo wg]T
Let the vector Q = [qo qT]T represent the attitude quaternion of the spacecraft
subject to the unity length constraint, i.e ||Q|| = 1, where g and ¢ = [ql q2 Q3] denote

the scalar and the vector components of the unit quaternion, respectively. Attitude
kinematics of spacecraft can be described by using the unit quaternion as follows [6]

o=1] ® 0

== w
2 lgols +q*|

where I3 is the 3 x 3 identity matrix.

Let Qq = [qdo qg]T with gg = [qdl qd2 ng]T be the unit quaternion representing
the desired attitude and satisfying ||Qq|| = 1. Let w, € R?® be the desired angular
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velocity. The quaternion error Q. = [Qeo qu]T with ¢. = [qle,qge,qge]T and the

angular velocity error w. are defined as follows:

Ge = qd0q — 4 4 — 904d> doe = q" qa + qoqdo (5)

We = W — Wy, (6)

The unit quaternion Q. satisfies |Q.| = 1. Under the coordinate given in (5)) and (6],
the equations (1)) and (4) can be written as [0]:

Jwe =—Jo, —w*Jw+u+d— 01— w”on (7)
.1 —4F
Qe = 2 |:QeOI3 + qex] e ®

We now give some lemmas that will be used in later sections.

Lemma 2.1. (Bhat and Bernstein [2]) Suppose V(z) is a smooth positive definite
function (defined on U C R") and V(x) 4+ ¢V*(x) is negative semi-definite on U C R™
for « € (0,1) and ¢ € RT, then there exists an area Uy C R" such that any V(z) which
starts from Uy C R™ can reach V(z) = 0, in finite time. Moreover, if T, is the time
needed to reach V(z) = 0 then

Vl_b(l’o)

T, < —,
T oc(1=y)

(9)

where V() is the initial value of V(x).

Lemma 2.2. (Yuet al. [33]) For any numbers A; > 0, A2 > 0,0 < @w < 1, an extended
Lyapunov condition of finite-time stability can be given in the form of fast terminal
sliding mode as

V(z)+MV(z)+ XVZ(x) <0,

where the settling time can be estimated by

1 /\1V1_w(1‘0) + A2
< .
TT - )\1(1 - ’W) n < )\2 (10)

Assumption 2.3. We assume that the inertia matrix in is in the form J = Jy+AJ
where Jy is the known nonsingular constant matrix and AJ denotes the uncertainties.

Assumption 2.4. The total uncertainty vector d and its first time derivative d are
assumed to be bounded, but the upper bounds of d and d are unknown in advance, i.e.

|d|| < Dy, and ||d|| < Dy, where Dy and D, are unknown positive constants.
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According to Assumption 2.4, the spacecraft dynamics can be written as
Jowe = —Jowy —wXJOw+u+Td7 (1].)

where
Ty=d— AJw, —w*AdJw — §1j — w* o).

Now, we consider the following coordinate transformation
o= we+ Kiqe, (12)

where K7 = diag(ky, k2, k3) is a diagonal matrix with k;, ¢ = 1,2,3 being positive
constants. The derivative of ¢ with respect to time can be obtained as

o = we + K1Qe
= I (= W ow = Jodsy +u+ Ty)
1
+§K1(Qe0—[3 + ¢ )we. (13)
which can be written as ~
c6=F+ Bu+d, (14)

where F = J; ( — wX Jow — Joc'ur) + 3K (qeols + ¢ )we, B=Jg " and d = J; ' Ty,

In this paper the disturbance d in (14) can be rearranged as d = J; ' T, which satisfies
the invariance condition [29]. In other words, the disturbance acts on the same channel
as that of control input. Thus, the proposed control law can effectively handle matched
uncertainty or disturbance.

Remark 2.5. For Assumption 2.4, it is reasonable, because the external unknown dis-
turbances including environmental disturbance, solar radiation and magnetic effects are
all bounded in in practice.

2.2. Problem Statement
In this paper, the attitude tracking control system described by and is considered

and q4, wq and wy are assumed to be bounded. The main objective is to design a control
law which forces the attitude and angular velocity states to a small region around the
origin in finite time. This can be expressed as

lim (ge (t), we(t)) € Q. (15)

t—T

where T is a finite time and €2, denotes an open set around the origin.

3. FINITE-TIME SECOND ORDER SLIDING MODE ATTITUDE CONTROL

In this section, a robust finite-time attitude controller is developed to achieve rapid ma-
neuver and high-precise attitude control performance for a flexible spacecraft in presence
of external disturbances and inertia uncertainties. A new nonsingular sliding surface
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is constructed and then the proposed attitude controller is designed based on a new
SOSMC algorithm. This controller guarantees that attitude and angular velocity errors
convergence to a small neighborhood of zero in finite time. Define a sliding variable s as

t
s=0+ / (C'1A1(U7 a)o + CaAs (o, v)sign(a))dT, (16)

0
where o = a1 as a3]? with a; > 0, (i = 1,2,3), C; = diag(c11,c12,c13) and
Cy = diag(co1, ca2, co3) are diagonal matrices with ¢4, co; (¢ = 1,2,3) being positive

constants. The function Aj(o, @) is defined as
A (o,a) = diag(eallgll,eo‘2|02|,ea3“’3|),

where e is the Euler number and «; (i = 1,2, 3) are positive constants. In , for any
vector a = [a; ay a3]T and 0 < v < 1, we define the following functions:

sign(az)
Az(a, ) = diag(la1|”, |az|”, [as|”) and sign(a) = | sign(az)
sign(as)
During the sliding mode, the conditions s = 0 and § = 0 are satisfied. Thus, the
sliding mode dynamics can be obtained in the scalar form as

ai\o'i\

di = —C(C15€ g; — 62i|0i|7sign(ai), Z = 1, 2, 3 (17)

Theorem 3.1. The states o; = 0 (¢ = 1,2,3) of the sliding mode dynamics

converge to zero in finite time and the settling time is estimated by

1 £1Vi 7 (04(0) + ko
T, < =) In ( py ) , (18)

a+1 1
where K1 = 2c¢14, ko = 272 co; and w = %

Proof. The Lyapunov function candidate is chosen as

Vi= %af. (19)
Its first time derivative is
Vi = o
= ai( — cyioietiloil) ch|oi|7sign(ai))
= —Clie(ailail)af _ 02i|0i|“/+1
= —cpeliloily, — 02,»‘/1%“. (20)

For o; > 0, one has e(®il7il) > ¢0 =1 and it follows that

. y+1 41
Vi < =2¢3Vi =272 ¢V; 2
y41
S Iil‘/l - 52‘/1 2 ) (21)
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where k1 = 2¢1; and ko = 2%1011—. By Lemma 2.2 one can conclude that s; =0 (i =
1,2,3) converge to zero in finite time 7" which is determined by . This completes
the proof. 0

Now, the proposed attitude controller is designed using the equivalent control concept.
Taking the time derivative of s yields

$ = 0+ CiA(0,a)0 + CaMs(o,v)sign(o). (22)

Setting $ = 0 and substituting into , the equivalent control u., is obtained as

Ueqg = —B~" (F + C1A1 (0, )0 + CaAs(o, *y)sign(o)). (23)
Thus, the proposed second order sliding mode attitude controller is designed as
U= Ueq + Us, (24)
where
us = —B~H (—pAa(s, B)sign(s) — pas + ¢)
¢ = —psha(s, 20 — 1)sign(s) — pas — pssign(s), (25)

where 3 € (0.5,1) and p; = diag(p11, p12, f13), po = diag(par, poe, f23),
ps = diag(psy, a2, t3s), pa = diag(par, pao, pas), ps = diag(psy, ps2, ps3)
with 14, fai, pai, tai, and ps; (i = 1,2, 3) being positive constants.

Next, the finite-time stability of the closed-loop system under the proposed SOSMC
algorithm is analyzed. This control law can guarantee that the system trajectories
converges to the sliding surface s = 0 in finite time.

Theorem 3.2. Consider the system and let the Assumptions 2.3 and 2.4 hold.
Under the control law with the sliding surface , the sliding variable s and its
first time derivative $ converge to a residual set of zero in finite time.

Proof. Substituting the control law into , one obtains the closed-loop system
as

§ = —pAao(s, B)sign(s) — pos + ¢ +d (26)

Letting z1 = s and 2o = ¢ + J, the auxiliary variable dynamics can be obtained as can
be established in the scalar form (i = 1,2, 3) as

21, = —pailzlPsign(zn) — poiz + 2
Zo; = —pazilz] PP Ysign(zy) — paizii — psisign(21) + Xi, (27)
where y; = Ji.
Consider the following candidate strict Lyapunov function
M3 1
Vo(z) = ?Z|Z1i|26 + paizy; + 5231 + 25| 214

) 2
+5 (220 — pasl 216l Psign(21s) — proizai) (28)

1
2
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which can be written as

Va(z) = v, (29)
where v = [|z1i|ﬁsign(z1i) ‘Zulé 214 Zzi]T and
% +u5 0 Pifi2i —[
I — 1 0 dpis; 0 0
1=5 2
2| prip2: 0 (Quas + p3;)  —pe
—Hi 0 —2; 2
It satisfies
Umin(H1)||V||2 <V2 < UmaX(H1)||V||27 (30)

where [[V||? = |21:]%? + |z1i] + 22, + 22, and omin(I11) and oyax(I1;) are the minimum
and maximum singular values of II;. Taking time derivative to , one obtains

y _ 2 28—1; . 2 .

Va(z) = (2usi + ﬂﬂli) | 214 sign(z1q)21s + (204 + 113;) 210414

+229i%9; + paipai(B + 1)|214Psign(214) 215 — poiz1itai
—paizaiz1i — pai| 21l P 2ries — Bpail 2P 22t
+2,u5isign(zli)731i. (31)

Substituting into , one has

Va(z) = (2M3i + ﬁlﬁi) \Zli|m_1Sign(2u)< — izl sign(z1i) — p2izui
+Z2i) + (2p4i + M%i)zli( — pail 21l Psign(z1i) — p2izai + ZQi)
+22’2i( — psi|z1 PP sign(21s) — paiz1s — psisign(z1;) + Xi)
+piripai (B + 1)| 21| Psign(z1;) ( — pail 21| Psign(z1:) — paizi + 221‘)
—MziZu( — psilz1i 7 sign(210) — paizas — psisign(z1i) + Xi)
*u2122i< - M1i|21¢\ﬁ81gn(zli) — p2iz1i + ZZi) - M1i|21i|’37121z‘
X ( - M3i|21i‘2ﬁilsign(zli) — paiz1i — psisign(zi) + Xi)
—ﬂuulzu\ﬁ_lzm( — il 21| Psign(z1i) — paizes + 222')

+2p15,5ign(21;) ( — pailz1iPsign(z14) — poizis + Zzi)~ (32)
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Multiplying out brackets, one obtains
Va(z) = —p (2/~L3i + ﬁﬂ%i) 22| 77V 20417 — pras (2M3i

+5M%i) |20*” + <2M3i + /BM%) |214) ®7 7 Vsign(215) 22
— i (2pai + 1135)| 215 Psign(z1s) 210 — p2i(24i + 113,) 75
+(2pai 4 p3:) 210720 — 23] 214| 2P Vsign(z14) zas
2045215 72i — 2siSigN(214) 22; — piptei (8 + 1)] 214
— i (B4 V)2 |P T+ paspani| 216 Psign(z1:) 224 (B + 1)
+/$41'M2izi- + /~L2iM3i|Zli|2B + foifsil 214 + Mliﬂ2i\21i|ﬁSign(zu)22i
—u%izlim - uzizi» - \Z1i|5_1 ( - Mli,u4izi‘ - M%i|21i|25

—u1ilt5i|21i|) - 5|21i|671 ( - M%i‘zliWSign(zli)Z% — H1iM2i215224

-HmZ%i) — 2usisign(z14) za; 4+ 2pripsilz1i|® + 2p2ipsi| 21l

+2Xi22i — f2iz1iXs — Xabail2ai] Psign(z1). (33)
After lengthy algebraic manipulation, the derivative of V5 can be written as
Vy = —|zuP Ty — T Qov — XTIy, (34)
where )
H3i + leﬂ 0 0 7”115
LT 0 0 pai+p3,(3+2) —pa(B+1)]
—p1if8 0 —p2i (B +1) B
pai +p3;(26+1) 0 0 0
0 5 0 0
Qo = pa;
2= H2 0 0 fuai +p3;  —p
O O — 24 1
and

y=[p 0 po —2].
It should be note that to ensure that €2y is positive definite, the condition
H3i
B

is required. Also, with positive values of w1, po;, f3:, pa; and ps;, it is sufficient to
ensure that 25 is positive definite.
Therefore, we have

3ifhaq > ( +(B+ 1)2M%z‘)ﬂ§z‘ (35)

Vo < —|21il" " omin () [V — Tmin(Q2) [V + Da[Tu [l (36)

Using |21;/°7! > ||z/||%7 one obtains

. B=1
Vo < —0min ()7 7 IV = owmin(Q2)[[V]1* + Da[IT1 ||| (37)
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We can change into the following forms

, 26-1
Vo < _(O'min(Ql)HVH B —D2||F1||)||V|| —O'min(QQ)”VHZ (38)
’ 38-1
< —(omn( @)l = Dallal) 7] = (1) ] 5 (39)
For (38), if we choose the gains such that amn(Ql)||uH2BT71 > Ds||T'1||, then (38) can be
written as
’ m 0.5 Umin(QQ)
V» £ - Vo — v 40
’ N O'max(Hl) ? Jmax(Hl) 2 ( )

28—1
where 71 = omin(Q1)||v]|" 7 — Dq||T'1|| is a positive scalar. Thus, the trajectories of
closed-loop system are bounded ultimately as

B
. DTy )7
1 ——en 20
Jim 9 € (”’9“ > (Ummml)

which is a small neighborhoods of the origin of the closed-loop system. This implies that
||lv|| will converge to the region

Wl < (D”F)) (41)

Umin(Ql

in finite time. Similarly, if we choose the gains such that owyin(Q2)||v| > D2||T'1||, then
(39) can be rewritten as

"y, (42)

. 36-1
Ve < _ minQ TV0.5_
G e R

where 12 = omin (Q2)||v]| — D2||T'1|| is a positive scalar. Similar to the previous case, one
can conclude that the error system will converge to the region

Dy||T |

|| < ———
[v]l < (1)

(43)
in finite time.

Meanwhile, the gains guarantee that the system trajectory will finite-time converge
to the region

v < A=min{A, As},

DTy |
A = —= " and A, =
! Umin(Q2)an 2

Certainly, the design parameters p1;, fo;, M3i, pta; and ps; determine the band of
the bounded region. If these parameters are appropriately chosen, then Omin (1) 1s
adequately large such that V5 < 0 when V5 is out of the bounded region which contains

Dy||T || )7
)> . (44)

Umin(Ql
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an equilibrium point. This implies that the sliding manifold s = z; and its time derivative
s = zo will converge to zero in finite time. These parameters can be selected large enough
to ensure the motion very close to the sliding manifold. Therefore, the control law
ensures that the sliding motion is achieved in finite-time and sustained thereafter. This
completes the proof. O

Remark 3.3. The first time derivative of the Lyapunov function (28) is calculated by
ignoring the equilibrium point (z1,, 22;) = (0,0). In practice, the initial states of z1; and
zo; are chosen far from the equilibrium point. Then, Vs < 0 ensures that the energy of
the system decreases and the states z1; and zo; converge to the equilibrium point. At
the equilibrium point, the Lyapunov function is V5 = 0. This implies that z;; = 0 and
z9; = 0 are already achieved, so V2 is not required. Thus, the case z;; = 0 and z9; = 0
is not considered in the stability analysis.

Remark 3.4. Note that the system is different from several non-homogeneous
super-twisting algorithms presented in Moreno [2I] due to the presence of the term
—ugi\zu|25_1sign(zli). Moreover, the control parameters p1;, po;, t3i, pa; and ps; are
chosen independently from each other. This term makes the system more complicated
and the proof of finite-time stability for the system is rather complicated. However, in
this paper a strict Lyapunov function in the form of state variables with an unknown
factional power is suggested and it can be used to prove the finite-time stability of .

4. ESO-BASED SOSMC

In this section, a new finite-time sliding mode disturbance observer is established to
estimate the disturbance for the attitude tracking of flexible spacecraft. Based on the
ESO technique [3], an extended state variable is defined as Xo = d. We obtain

X, = F+Bu+X,
XQ = go(t), (45)

where ¢ is the first time derivative of the total disturbance vector cZ(t) Now let Z; and
Z5 be the outputs of the observer. We define y; = Z; — X; and y3 = Z> — X5 as the
observer errors.

4.1. ESO design

A novel ESO is designed based on the second order sliding mode concept. The proposed
disturbance observer is given by

Zy = Zy+F + Bu— As(y1, B)sign(y1;)
Zy = —paBa(y1,26 — Dsign(yui) — psyr — palyr, B)sign(yas)
—pssign(y1), (“6)

where py = diag(p11, p12,p13), p2 = diag(pa1, p22, p23), p3 = diag(ps1, ps2, p33), pa =
diag(pai, paz, pag) and ps = diag(psi, ps2, ps3), With pii, p2i, psis pai, psi (1 = 1,2,3)
being positive constants.
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Differentiating y; and y, with respect to time, the observer error dynamics can be
established in the scalar form (i = 1,2,3) as

Y1i —prilyri|Psign(y1i) + yas
Yoi = _P2i|y1i|25_1Sign(yli) — P3iY1i — p4i|y1i|ﬁSign(yli)
—psisign(y1;) + @i (47)

Remark 4.1. The system is different from several non-homogeneous super-twisting
algorithms presented in Moreno [2I] due to the presence of the terms ps;y1; and

—pai|y1i|Psign(yy;). Again, a new strict Lyapunov function in the form of state variables
with an unknown factional power can be used to prove the finite-time stability of .

Theorem 4.2. Let Assumptions 2.3 and 2.4 hold. Consider the system plant in
the presence of the total disturbance vector d with ESO . If there exist suitable
observer gains p1;, p2;, P3i, p4i and ps; such that the condition

4po; 9
4paipzi > (1 + ) 04 48
p%lﬂ 4 ( )

is satisfied, then the system trajectory will converge to the neighborhood of the origin
as

8
Dy||a| )2["1
Jmin(QS)

Wl <T= ( , (49)

where ¥ = [|y1;|?sign(y1;) |y1i|% y1i v2i]T and YT > 0 is a function of the chosen gains
P1iy P2i, U3i, and pg;. The matrices Q3 and I's will be defined later and omin(€23) is the

minimum singular value of (3.

Proof. Consider the following candidate Lyapunov function

i 1 1 . 2
Va(y) = %|y1z’|2ﬁ + p3iyi; + 5?4%1 + 2p5ily1i| + 5 (prilyri®sign(y1s) — y2i)~ ,(50)
which can be written as
Va(y) = 9" Tad), (51)
where
% +pi 0 0  —pu
H2 _ 1 0 4/)51‘ 0 0
—P1i 0 0 2
Then
(-)'rnin(l_IZ)Hﬁ”2 S ‘/3 S O'max(H2)||19||27 (52)

where [|[9)|2 = |y1:|?® + |y + v3; + v3;, and omin(Il2) and opax(Ilo) are the minimum
and maximum singular values of Ils.



Second-order sliding mode output feedback attitude control 665

Taking the time derivative of , one obtains
Vs(y) = (2P2i + ﬁpi‘) ly2i 7~ sign(y1i)ins + 2psivaitng + 2y2ida
—p1ilyril” " yrivei + 2psisign(y1a) i — Bovilyl® T y2id- (53)
Substituting into , one has
VB(?J) = (2P21' =+ 5;%) |y1i|(2ﬂ_1)sign(y1i)( - P1i|y1i|BSign(y1i) + yZi)
+203iy1i( — puilyuil’sign(y1;) + yzz‘) + 2y2i( — paily1i|*sign(y1i)
—p3iy1i — pailyrilsign(yii) — psisign(yis) + %‘) — prilyril® My
X ( — paily1i*~tsign(y1s) — paiyis — pailyri|*sign(yri) — psisign(yis) + 901')
—ﬂpli|yli|ﬁflsign(yli)y2i( — palyril"sign(y1:) + y2i>
+P5iSigH(y1i)( — puilyii *sign(y1;)
+y2i) + p5isign(y1i)< — pilyiil Psign(y1;) + y2i)~ (54)
Multiplying out brackets, one has
Vily) = —pu (2/721' + 5P%i) ly1s| Dyl + (2p2i + ﬂP%i) ly1i| 7 Vsign(y1)yas
—2p1ip3ily1il T + 20551520 — 2p23ly1s| PP Vsign(y1i)yai — 2psiyrivei

—2pa|y1i|Psign(yii)yai — 2psisign(ys)y2i — |y1i‘ﬁ71( — pripsivii — prip2ilyiil*’

_Plip4i|y1i|ﬁ+1) - 5\y1i|ﬁ_1 ( - p%i‘ylilﬁ X Sign(?Jli)?/Zi — P1iP2iY1iY2i + puyi»)
+20,y2i — iprilyni|Psign(yii) — 2p1ipsilyiil + 2psisign(yii)yai. (55)

After some algebraic manipulation, we can obtain

Vs = |1 P97 Q30 — Lo, (56)
where )
p2i +p3 8 0 —% —p1:3

0 P5i 0 0

Qs=p1; | _P4 0 py P

2 P1i

—p1:03 0o P B
P1i

and

Lo=[p 0 0 —2].

It should be noted that the condition is required to guarantee that 23 is positive
definite.
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From , we obtain

Vs < =1l omin () [19]* + D2 Ta[[|9]. (57)
Using |y1]°~! > ||19||%, one obtains
Vs < —0min(Q3) [0 7 [9]12 + D2 T2l 9] (58)
We can now change into the following form
Vs <~ (min () W57 = D) 191 (59)
From (52) we know that ||J]* > O-ma:(/:z 2 Next, if we choose the gains such that

Umin(QS)H’ﬂH% > Ds||T'2]|, then can be written as

: m 1/2
Vs < ——===V5"", 60
’= Gmax(H2) s ( )
where 171 = Omin (23)||9]| o Dy||T'2]| is a positive scalar. The decrease of V3 finally

B8
D2||F2”) wil. Thus, the
Umin(Q3) ’

forces the trajectories of the closed-loop system into ||| > (

trajectories of closed-loop system are bounded ultimately as

B
: Dy|[Tofl
e (101 (205)" ) o

which is a small set containing the origin of the closed-loop system. This implies that
||¥]| will approach to the region

8

D, ||| )2"1
gl <1 = (P22l .
il < (Umin(93)

is reached in finite time. O

(62)

Remark 4.3. If the gains p1;, p2i, p3i, p4; and ps; are selected such that the condition
(48)) is satisfied, then by Lemma 2.1 the finite-time convergence property can be obtained.
These gains will also guarantee that the system trajectory will converge to the region

in finite time. In fact, we can choose pi1;, p2;, p3; and py; such that % < 1.

With g € (0.5,1), zﬁ% is sufficiently large, so T can be greatly reduced. This means
that the proposed control has strict robustness and disturbance rejection ability.
Remark 4.4. For the system (47), when § = %, p2i = p3i = pa; = 0, the structure (47)
becomes the form of the observer by Davila et al. [15]. Thus, the proposed observer
is the generalized version of the observer by Davila et al. [15]. The proposed method
gives an additional appealing feature that it offers more choices to tune this observer
to achieve an improved performance. Since the observer (46) has a complicated form,
the stability analysis of observer error dynamics is rather difficult and has not been
proposed. In this paper, this observer is used to estimate unknown disturbances, while
the observer by Davila et al. [15] is applied estimate unknown system states.



Second-order sliding mode output feedback attitude control 667

4.2. Controller design

The anti-disturbance feedback attitude tracking controller can be designed using the
observer outputs Z; and Zs in instead of the actual error derivatives X; and Xo.
Also, the proposed extended state observer-based second order sliding mode control
(ESO-based SOSMC) law is defined as

u = ueq+uS—B_1Z2. (63)

Remark 4.5. By combining the sliding mode disturbance observer to estimate the total
disturbance d, the developed controller achieves disturbance rejection. It can be
seen from the above that the realization of this controller does not require accurate
dynamic model because the the proposed ESO does not need explicit knowledge of the
function o(t).

Remark 4.6. Similar to our proposed control method, the traditional PID controller
can force the states of the closed-loop system to converge to a small region of the origin
in finite time. However, it cannot ensure the robustness against the uncertainties and
disturbances. Moreover, based on the concepts of SOSMC, our proposed control method
usually yields higher accuracy than the traditional PID controller. Although, the sliding
surface is designed by adapting the terminal sliding mode concepts, the controller is not
directly developed by fast terminal sliding mode reaching law [30]. The generalized super
twisting control algorithm is employed to developed the controller. This controller can
achieve the better performance than the terminal sliding mode controller and super
twisting algorithm. Unlike the quasi-continuous controller, the proposed controller does
not require the first time derivative of the sliding variable. This makes it easier to
implement. Moreover, the disturbance observer is also developed to compensate for
disturbances. This helps the proposed method can effectively achieve high accuracy and
fast convergence rate.

5. SIMULATIONS

Numerical simulations on the flexible spacecraft have been conducted to verify the per-
formance of the proposed ESO-based SOSMC (63) and the robust finite-time control
(RFTC) method in [30]. The same model parameters used in [6] are applied in this
study. The inertia matrix and the flexible coupling matrix are as follows

350 3 4
J=|3 210 10| kg -m?
4 10 190

and

6.45637 1.27814  2.15629
_|-1.25619 0.91756 —1.67264 Vz e
0=1 111678 248001 —0.83674| X&'  ~m/5%

1.23637 —2.6581 —1.12503
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respectively. The natural frequencies and damping are provided by

wp1 = 0.7681, wpo = 1.1038, w3 = 1.8733, wnq = 2.5496 rad/sec
& = 0.0056, & =0.0086, & =0.013, & = 0.025. (64)

In this numerical simulation, we assume that the desired angular velocity is given by

sin( %)
wa(t) = 0.05 | sin(£L%) rad/s. (65)

Sln(ﬁ)

”‘5‘:\
io 10 <+

o=
(=)

For the initial conditions of the unit quaternion and the target unit quaternion, we set
Q(0) = [0.3320 — 0.4618 0.1915 0.7999]7 and Q4(0) = [0 0 0 1]7, respectively.
The initial value of the angular velocity is assumed to be w(0) = [0 0 0] rad/s.
We bounded the magnitude of the control torque as |u;| < 4.0 N-m, ¢ = 1,2,3. The
external disturbance torque that includes constant disturbance and periodic disturbance
of two different frequencies is described as follows:

3cos(t) — 10 + sin(0.3¢)
d = |3cos(0.5t) + 15 — 1.5sin(0.2¢) | x 1073 Nm.
3sin(t) 4+ 10 + 8sin(0.4t)

For the RFTC method in [30], simulations are performed with the parameters given
asa=3,b=>5 A=0.2, 8=0.2and k = 3.5I3, where I3 is the 3 x 3 identity matrix.
For the sliding surface , the chosen parameters are given as C; = I3, Cy = I3, v = %7
a; =15 (i=1,2,3).

The control parameters for the controller are selected to be § = %, w1 = 2.513,
pe = I3, us = 5I3, pg = 7I3 and pus = 0.5I5. For the proposed observer , the
parameters are given as p; = 4.513, po = 2.513, ps = 1.513, py = I3 and ps = 0.315.

Quaternion errors

T T T T T T T T T T T
0 10 20 30 40 50 60 70 80 90 100 110 120
Time (s)

Fig. 1. Responses of quaternion errors under ESO-based SOSMC.
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Fig. 2. Responses of angular velocity errors under ESO-based
SOSMC.

0.3

0.25

0.2 4

0.15

0.14

Slding surface

0.05 4

-0.1
.1 T T T T T T T T T T

T
0 10 20 30 40 50 60 70 80 90 100 110 120
Time (s)

Fig. 3. Responses of sliding variables under ESO-based SOSMC.

As can be seen from Figures 1 and 7, responses of the unit quaternion produced
by the controller faster converge to zero than the RFTC method in [30]. As
shown in Figures 2 and 8, trajectories of angular velocities generated by the controller
are smoother and faster stabilized to zero. Figures 3 and 9 shows responses of
sliding variables generated by the controller and RFTC, respectively. The proposed
controller exhibits a much quicker convergence of the sliding variables than the
RFTC method in [30]. As shown in Figures 4 and 10, control torques produced by
the controller are much smoother and faster converge to the steady state level.
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Torque inputs (N-m)
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0 10 20 30 40 50 60 70 80 90 100 110 120
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Fig. 4. Profile of control torques under ESO-based SOSMC.
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First and second components of modal displacements
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0 10 20 30 40 50 60 70 80 90 100 110 120
Time (s)

Fig. 5. Responses of flexible modes under ESO-based SOSMC.

Figures 5, 6, 11 and 12 show that for the controller , modal coordinates take less
time to reach the small neighbourhood of stable. For the RFTC method in [30], tracking
accuracies can be listed as follows. During the steady phase, the boundary layer ||s|| <
1x10~% is achieved. The bounds on the final steady state errors are ||g.|| < 5.6x 107> and
|we|| < 1.02x10~* with sampling time & = 0.005. On the other hand, the controller
provides higher tracking accuracy. The boundary layer ||s| < 3.57 x 107° is achieved.
The bounds on the final steady state errors are ||g|| < 1.65x107° and [|w,| < 3.16x1075
with sampling time A = 0.005. As shown in Figures 13 to 15, the components of the
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total disturbance vector are estimated and the observer errors converge to zero within

20 seconds.

Comparing the simulation results obtained from the controller with the RFTC
method in [30], we have found the following. The controller offers faster conver-
gence of quaternion and angular velocity tracking errors. Moreover, higher accuracies
of tracking results are obtained. Since the sliding surface s(t) = 0 is faster achieved,
the system more rapidly becomes robust against external disturbances with improved

performance.
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Fig. 8. Responses of angular velocity errors under RFTC method.
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Fig. 9. Responses of sliding variables under RFTC method.

6. CONCLUSION

In this paper, the attitude tracking control problem of a flexible spacecraft is inves-
tigated. In the presence of environmental disturbances and inertia uncertainties, the
developed attitude control strategy achieves the control objective. Using Lyapunov sta-
bility theory, it is proved that the error dynamics converge to a neighborhood of the
origin in finite time. The Lyapunov stability theory has been used to ensure the finite
time convergence of estimation errors to the desired region containing the origin. By
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Fig. 10. Profile of control torques under RFTC method
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Fig. 11. Responses of flexible modes under RFTC method.

using the proposed ESO, the total disturbance consisting of environmental disturbances,
the system uncertainties and flexible vibrations is estimated. Then, with the estimated
results, we have derived a new ESO-based SOSMC attitude controller. Numerical sim-
ulations on attitude control of a spacecraft model are also provided to demonstrate the

performance of the proposed controller.
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Fig. 13. Estimated angular velocity errors under novel ESO.
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