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Dear editor,

In recent decades, the six-DOF (degree-of-freedom) space-

craft (i.e., motions of the attitude and the orbit) control

has received considerable attention owing to its broad ap-

plications in aerospace missions like space station construc-

tion [1, 2]. In practice, the actuator fault is ubiquitous in

space arising from component degradation and aging phe-

nomenon after long service duration which is likely to re-

sult in performance demotion or even stability deteriora-

tion [3, 4]. Although many fault-tolerant control strategies

have been reported [5–7], the undesirable transient perfor-

mance, such as sharp overshoot and long duration, may

be induced without the performance maintenance mecha-

nism [8].

This study focuses on the solution to the six-DOF space-

craft tracking issue with guaranteed transient performance,

where the inertia uncertainty, spatial disturbance, and ac-

tuator fault are simultaneously considered. To describe the

preassigned transient and convergence performance, a novel

performance function in possession of the specific setting

time is proposed, in contrast to [8]. Based on the back-

stepping framework, a passive fault-tolerant control strategy

with a norm-based adaptive mechanism is developed. Com-

pared with [5,6], this not only largely relieves the computa-

tion complexity, but also avoids the fault detection and di-

agnose algorithm of each thruster or momentum wheel. It is

shown that the six-DOF closed-loop error system is asymp-

totically stable with guaranteed transient performance.

Integrated six-DOF dynamics. According to [1, 2, 5], the

six-DOF tracking error dynamics of a rigid spacecraft can

be derived as

ẋ = Γz, (1)

Mż = ς +AΥp+ d, (2)

where x ∈ R6 and z ∈ R6 are the tracking errors,M ∈ R6×6

is the inertial parameter matrix, Γ ∈ R6×6 and ς ∈ R6 are

nonlinear terms, A ∈ R
6×(M+N) represents the distribution

of actuators, Υ ∈ R(M+N)×(M+N) is the fault coefficient,

p ∈ RM+N is the control command, and d ∈ R6 is the

lumped disturbance. See Appendix A for details.

Assumption 1. The desired angular velocity and trajec-

tory as well as their derivatives are bounded. The inertia

parameters are slowly-changing but bounded. Moreover, the

lumped disturbance is bounded.

Assumption 2. The distribution matrix Ai and fault co-

efficient matrix Υi satisfy rank(AiΥiA
T
i ) = 3. In addition,

owing to the semi-positive definiteness of Υi, there exists a

positive constant ηi such that [7]

0 < ηi 6 λi , inf{λmin(AiΥiA
T
i )}, i = r, t. (3)

Novel performance function. To accommodate the quick

and steady maneuver response in space, we put forward a

new performance function herein with the advantage of pos-

sessing flexibly adjustable settling time. In particular, a

switching function is first defined as follows:

~ts(t) =







1− cosn
(

π

2
sinn

(

π

2ts
t

))

, if t < ts,

1, if t > ts,

(4)

where n is a positive integer and ts > 0. By introducing such

a switching function, the proposed performance function is

in the following form:

k(t) = (1− ~ts(t))k0e
−bt + k∞, (5)

where k0, k∞ and b are positive constants. It is trivial to

show that k(t) ≡ k∞ for t > ts. Therefore, ts explicitly

determines the settling time. This provides flexibility in

modulating the performance constraint. To maintain the

transient performance of the tracking error, we assign

−kj(t) < xj(t) < k̄j(t), ∀t > 0, j = 1, 2, . . . , 6, (6)

where kj(t) = γj ιjkj(t) + (1 − γj)kj(t), k̄j(t) = (1 −

γj)ιjkj(t) + γjkj(t),

γj =

{

1, xj(0) > 0,

0, xj(0) < 0,
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Figure 1 (Color online) Control block diagram.

ιj ∈ [0, 1] is a performance scalar constant, and kj(t) is de-

fined according to (5) with appropriate parameters. Note

from (6) that the upper and lower performance constraints

associated with each tracking error can be asymmetric.

Control law development. To maintain the tracking er-

rors within the prescribed performance constraint, moti-

vated by [9], we first introduce a transformation variable

as

ξj = ξj(xj) ,
xj

(kj + xj)(k̄j − xj)
, j = 1, 2, . . . , 6. (7)

Given xj(0) ∈ (−kj , k̄j), ξj(xj) ∈ L∞ is sufficient for

xj(t) ∈ (−kj , k̄j), ∀t > 0. Also, it is trivial to show that

ξj(xj) = 0 implies xj = 0. Let s = [sTr , s
T
t ]

T = z −α with

α = [αT
r ,α

T
t ]T being a virtual control given by

α = −Γ−1Λ(K1 +Π)x, (8)

where K1 = diag(κ1I3, κ2I3) with κ1 > 0 and κ2 > 0,

Λ = diag(λ1, λ2, . . . , λ6) with λj = (kj + xj)(k̄j − xj)

/(kj k̄j + x2
j ), Π = diag(̺1, ̺2, . . . , ̺6), and ̺j = − ˙̄kj

/(kj + xj)− k̇j/(k̄j − xj).

Let ξr = [ξ1, ξ2, ξ3]T, ξt = [ξ4, ξ5, ξ6]T, Θr = diag(θ1,

θ2, θ3)T, and Θt = diag(θ4, θ5, θ6)T, where θj = (kj k̄j
+x2

j )/((kj + xj)(k̄j − xj))
2, j = 1, 2, . . . , 6. Let ψr =

[‖ω̃‖2, ‖ω̃‖, ‖Θr‖‖ξr‖, ‖αr‖, ‖α̇r‖, 1]T and ψt = [‖nt‖,

‖ṽ‖, ‖Θt‖‖ξt‖, ‖αt‖, ‖α̇t‖, 1]T. The proposed control law is

p = −K2A
Ts, (9)

where K2 = diag((κr + χr)ϑ̂rIN , (κt + χt)ϑ̂tIM ) with

κr > 0 and κt > 0, χi = ζ̂i‖ψi‖2/
√

‖ψi‖2‖si‖2 + εi(t)2,

i = r, t, εi(t) > 0 is an integrable function satisfying
∫ t

0
εi(τ)dτ 6 ε̄i < ∞,∀t > 0, ζ̂i and ϑ̂i are the estimates of

ζi and ϑi = η−1
i . Moreover, the adaptation laws for ζ̂i and

ϑ̂i are designed as

˙̂
ζi = βi1

(

‖ψi‖2‖si‖2
√

‖ψi‖2‖si‖2 + εi(t)2
− ϕi1(t)(ζ̂i − ζi0)

)

,

˙̂
ϑi = βi2((κi + χi)‖si‖

2 − ϕi2(t)(ϑ̂i − ϑi0)),

(10)

where βi1 and βi2 are positive constants, ϕi1(t) > 0 and

ϕi2(t) > 0 are integrable functions satisfying
∫ t

0
ϕi1(τ)dτ 6

ϕ̄i1 < ∞ and
∫ t

0
ϕi2(τ)dτ 6 ϕ̄i2 < ∞,∀t > 0, ζi0 > 0

and ϑi0 > 0 are the initial values of ζ̂i and ϑ̂i, respectively.

A control block diagram is drawn in Figure 1 to show a

better understanding of the proposed strategy. In terms of

the above argument, the following theorem establishes the

stability result of the six-DOF closed-loop system.

Theorem 1. Suppose that the six-DOF error dynamics

(1) and (2) satisfy Assumptions 1 and 2. If the initial con-

dition −kj(0) < xj(0) < k̄j(0) for j = 1, 2, . . . , 6 holds, then

the asymptotical tracking with preassigned transient and

steady state performance can be achieved by the proposed

control law (9) with adaptation laws (10).

Conclusion. A performance-guaranteed adaptive fault-

tolerant control strategy is proposed for the six-DOF space-

craft tracking. The main contributions include the novel

performance function with the explicit settling time, the

nonlinear variable transformation, and the norm-based ro-

bust adaptive algorithm. In the future work, cooperative

formation control of multiple six-DOF spacecraft with guar-

anteed transient performance would be an interesting topic.
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