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Abstract: In this study, an active fault-tolerant control problem was addressed for a rigid
spacecraft in the presence of unknown actuator faults, uncertainties, and disturbances.
First, an adaptive sliding mode iterative learning-based observer (ASILO) is proposed for
diagnosing and reconstructing unknown faults. It achieves greater accuracy and rapidity
while consuming less computing resources by constructing adaptive gain based on an
auxiliary error. Specifically, it significantly improved the computational efficiency by 76%
compared with the Strong Tracking Kalman Filter while achieving a similar accuracy. It
also enhanced the accuracies relative to the traditional ILO and adaptive ILO by 67%
and 36%, respectively, and demonstrated 82% and 52% increases in rapidity. Then, fault-
tolerant control with resilient prescribed performance (RPP) that can adapt to changing
initial conditions and adaptively adjust performance constraints online by sensing faults
and error trends is proposed. It avoided the control singularity by constructing adaptive
resilient boundaries with almost no impact on the computational overhead. It significantly
improved the performance and conservatism. Finally, the robustness and effectiveness of
the proposed strategy were demonstrated by numerical simulations.

Keywords: spacecraft; attitude control; fault reconstruction; iterative learning; prescribed
performance; fault tolerant control

1. Introduction

With the expansion of space tasks, such as asteroid exploration, Earth environment
monitoring, and managing satellite internet constellations, the demand for the high per-
formance of spacecraft continues to increase [1]. The attitude control system (ACS) has
been extensively researched and studied regarding how to maintain stable operation and
maximize its remaining performance when faults occur [2]. Currently, widely used fault-
handling methods mainly rely on ground-tracking stations to diagnose faults by analyzing
telemetry data, and then reconfigure the spacecraft [3], which is essentially human-in-
the-loop fault-tolerant control. This approach is time-consuming and performs poorly,
making it unsuitable for future scenarios involving numerous on-orbit spacecraft and high
communication delays. The pursuit of high reliability has led to many methods proposed
to achieve fault-tolerant control (FTC), which can usually be classified into passive fault-
tolerant control (PFTC) and active fault-tolerant control (AFTC) [4,5]. PFTC makes the
system as insensitive as possible to potential known faults by designing a fixed controller,
which has low complexity and is easy to implement [6]. Due to its reliance on pre-designed
fault scenarios and redundancy mechanisms, PFIC is effective only for known, fixed,
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and predictable faults [7]. However, the space environment in which spacecraft oper-
ate is typically dynamic and unpredictable. Unforeseen time-varying disturbances and
faults, such as those caused by cosmic rays, gravity, and micrometeoroids [1,2], are in
direct contrast to the static environment that PFTC is designed to handle. In the dynamic
and unpredictable space environment, PFTC introduces excessive redundancy and con-
straints to ensure robustness and stability, which slows down the response and affects the
trajectory-tracking accuracy and mission efficiency. Furthermore, in the absence of faults,
this redundancy hinders system performance by underutilizing hardware capabilities.
Additionally, the static nature of PFTC reduces its adaptability, hindering timely adjust-
ments to rapidly changing external conditions and further degrading the overall system
performance. All these ultimately lead to its strong conservatism, which limits its perfor-
mance. By contrast, AFTC needs to design the fault diagnosis, isolation, and reconstruction
(or estimation) (FDIR) module and reconfigure the controller according to the real-time
diagnosis results, which can achieve optimal performance and higher flexibility, and thus,
is more suitable for spacecraft [8]. However, the accuracy and speed of FDIR directly affect
the control performance, and more efficient fault reconstruction of a nonlinear system
remains a challenge.

Model-driven FDIR was proposed by Beard [9,10] in the 1970s, which can take advan-
tage of analytical redundancy rather than complex and expensive hardware redundancy.
Given the pre-established mathematical model during the design phase, model-driven
FDIR has attracted significant attention and research, such as the robust residual generator
in [11] applied to the Mars Express spacecraft to detect faults. The adaptive observer
(AO) proposed in [12] and the sliding mode observer (SMO) in [13] can estimate sensor
faults relatively accurately, but is still limited to linear systems. The extended Kalman
filter (EKF) [14], unscented Kalman filter (UKF) [15], and cubature Kalman filter (CKF) [16]
are also used for more accurate actuator fault reconstruction. Furthermore, the improved
CKEF can achieve fast and accurate FDIR under complex disturbances [17], but the cost is
a greater computational cost. A linear ILO [18] and nonlinear time-invariant ILO [19-21]
were respectively designed to diagnose actuator faults. The use of constant gains leads
to issues such as slow convergence, chattering, and reduced accuracy. An adaptive ILO
(AILO) was designed in [22,23], but when applied to FDIR, the performance can still be
further improved. The AO structure is complex and difficult to design, while the SMO,
though robust, still could not meet the convergence speed requirements for FDIR in this
study. EKF, due to linearization, is unsuitable for highly nonlinear systems. On the other
hand, the UKF, CKF, and STCKEF introduce excessive computational complexity due to
sampling, integration, and matrix decomposition, making it incompatible with onboard
hardware. In contrast, the ILO offers simpler design and greater flexibility, making it
easier to balance complexity and performance. Therefore, this study drew upon AO and
SMO concepts, focusing on introducing adaptive gains and constructing auxiliary errors to
improve the ASILO approach.

In terms of FTC, compared with methods such as adaptive control [24,25], sliding
mode control (SMC) [26-28] has the advantages of rapid response, robustness to uncertainty,
and a simple design. However, it is still impossible to directly constrain the desired transient
and steady-state performance during the design. Prescribed performance control (PPC) [29]
and funnel control [30] enable the controller to meet the desired performance, such as
accuracy and overshoot. Meanwhile, PPC can be combined with other control methods
to complement each other [31-33]. PPC was applied to AFTC and good results were
achieved [34-36]. However, PPC has many shortcomings [37,38], such as the inability
to achieve finite time convergence and control singularities caused by faults. When the
error inevitably breaks through the static boundary due to faults or disturbances and
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causes instability, it is called a control singularity, which is a unique issue of PPC that
needs to be solved. Refs. [39-41] propose appointed-time PPC to enable a controller to
converge to the performance constraint range within a finite time. An auxiliary system was
implemented [42] to adjust the boundary to accommodate the possible increase in error,
but it did not fully exploit the error trend information and did not consider adaptation to
arbitrary initial states and convergence in the appointed time. Ref. [43] improves PPC so
that it can adaptively adjust the boundary to avoid control singularities, but its boundary
corrections generated using only errors may occasionally result in untimely adjustments or
premature narrowing, resulting in insufficient applicability. Ref. [30] achieved excellent
adaptive adjustment of the funnel boundary with low complexity to handle saturation
in the scheme of funnel control. However, funnel control seems to be lacking in the
characterization of complex performance constraints. This paper expands it to the PPC and
uses asymmetric boundaries to constrain the overshoot and convergence time. Ref. [44]
proposes an approximation-free adaptive PPC to cope with saturation and achieved good
results, but it is not convenient for appointed-time performance constraints due to the
differential equations design. Also, entry capture [32] is not adequately considered to
accommodate variable initial errors in the above results. However, the above results cannot
achieve multiple goals at the same time.

An analysis found that the control singularity is caused by fault-induced actuator
saturation, which is not a significant issue for other control methods but renders PPC
ineffective. Unlike approaches focused on mitigating input saturation, such as introducing
auxiliary systems [25,45] or using backstepping [46] to design virtual commands, this
paper emphasizes how to leverage the automatic adjustment of PPC boundaries during
saturation to prevent errors from exceeding these boundaries, thereby maintaining stability.
Building on these ideas, we propose an improved AFTC scheme that includes an improved
adaptive sliding mode iterative observer (ASILO) and fault-tolerant control based on
resilient prescribed performance (RPP). The key contributions of this paper are as follows:

e The proposed ASILO for reconstructing actuator faults includes the design of fast
auxiliary error and adaptive gain. Compared with existing methods [19-23], it en-
hances the reconstruction accuracy and speed without a substantial increase in the
computational demand, which is relatively more friendly to spacecraft engineering.

*  The proposed RPP enables user-driven adjustments of transient and steady perfor-
mances. Its resilient correction capability autonomously adjusts the performance
boundaries in response to detected faults and error changes rather than designing
anti-saturation control. The initialization mechanism adaptively sets initial bound-
aries before control, obviating manual intervention. Compared with [37-39], this
approach effectively resolves the control singularity and initial capture issues inherent
in static PPC.

¢ Fault-tolerant control with RPP is developed, whose performance including the conver-
gence time, overshoot, and steady-state error is guaranteed and designed. The control
singularity problem under initial constraint violation and actuator faults is addressed.
This improves the conservatism and robustness.

This paper is organized as follows. Section 2 provides the problem description and
preliminaries. The main results of this work are presented in Section 3, including the design
of the ASILO and FTC with RPP. Section 4 presents the comparative numerical simula-
tion results, demonstrating the effectiveness of the proposed method. Finally, Section 5
summarizes the conclusions and future investigation.
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2. Problem Statement and Preliminaries

Consider a class of ACS of a spacecraft with uncertainty, disturbance, and actuator
faults. The actuators are reaction wheels or control moment gyros. In addition, the in-
ertial attitude and angular velocity of the spacecraft are obtained through the inertial
measurement unit and star sensor. The ACS with AFTC is a closed-loop system, as shown
in Figure 1. An ASILO is responsible for giving an accurate estimate of the unknown
lumped fault f, which can assist the RPP in adaptive adjustment and the controller in
compensating for the fault. The red lightning symbol in the figure indicates potential faults
of the actuators.

Control
Reference

Lumped Fault f

Fault Tolerant
Control T,

Controller with Allocation >
RPP -
7, =Dyu,

RPP Constraints

@By>94 3 Torque

Adjusting . Spacecraft
B . Compensation .
oundaries | Dynamics
Lumped Fault - i
Reconstruction - Output Spacccrgft
Kinematics

w,q 4 \ .
| -4
‘\[ Gyro ) (Star Sensor)/

e -

Attitude Measurement and Determination

Figure 1. Spacecraft attitude control system with AFTC.

In order to accurately describe the attitude, it is necessary to define the inertial reference
frame Z, the body fixed frame 3, and the desired attitude frame D. To circumvent the
singularity issues and reduce the computational complexity caused by the Euler angle
description method, the attitude kinematics equation utilizing quaternions is presented as
follows [47]:

do =05 qpw

(1)
Go =05-(q; +qol3)w

where g = [q0,42]T € R**! is the unit quaternion obtained by the star sensor, which is
used to describe the direction of the spacecraft 3 relative to Z. g¢ and g, are the scalar part
and vector part, respectively, and satisfy ||g||, = 1. w € R¥*! is the angular velocity of B
relative to Z obtained by the IMU. I3 € R3*3 is the identity matrix. (-)* is a corresponding
skew-symmetric matrix expressed as

0 —-y3 1
y=lLyyl vy =y 0 -n ?)
Y2 0

We assumed that the number of actuators was n > 3, and the spacecraft’s dynamics
can be given by
Jaww = —w* Jaw + (Dg + AD) T, + 14 3)

in which J, € R3*3 is the actual moment of inertia matrix, including the nominal part
Jo and the uncertainty part AJ; Dy € R3*%" is the nominal actuator configuration matrix
and AD € R3*" is the error matrix; 7, € R3*! is the actual output torque of the actuators;
and 7; € R3>*! is the space environment disturbance torque suffered by the spacecraft,
which mainly includes the gravity gradient torque, light pressure, and aerodynamic torque.
Further considering the actuator faults and saturation, it can be expanded to

T = (In—1)-sat(7) + i (4)
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where 7; and 7, denote the actual control input and the control torque generated by the
controller, respectively; 1 = diag(y1,12,---1,) € R"*" denotes the health loss matrix
for actuators with 0 < #; < 1,i = 1,2,--- ,n, where 7; = 1 means that the i-th actu-
ator is completely damaged and 7; = 0 means that the actuator is completely healthy;
T = [T, T, Tfn]T € R™*1 is the actuator bias fault; sat(-) represents the saturation
constraint, which can be expressed as

Sgn(Tc) *Tmax, |Tci‘ 2 Tmax

sat(7.) =
Te, |Tci‘ < Tmax

/i:112r"'/n (5)

where sgn(t.) = [sign(t.1),sign(tz2), - - ,5ign(Ten)]T; and Tmax is the maximum output
capability of the actuators. Taking the above factors into account and substituting in (3),
we obtain

Jow = —w™ Jow + Dysat(t.) + ug+ d

d = JoJ[-w* Jaw + (D + AD)sat(t) + 7 + uf] — w*AJw + 74 + ADT, ©
where uf = —Donsat(7c) + Doy, J= o+ JoAT 1)1, and Dysat(t;) = u. denotes the
control torque.

We let f = uy + d represent the lumped equivalent fault, including faults and uncer-
tainties and disturbances other than the nominal model, to reduce the implementation com-
plexity of the FDIR. To study the attitude-tracking problem, we define the error quaternion
of B relative to D as q. = q;l ©® g; q4 is the desired attitude and ® represents the quaternion
multiplication operation; and w, = w — Cw, represents the angular velocity error of 3 rela-
tive to Z, where wy is the desired angular velocity. C = (4%, — 45,9e0) I + 29e0q5 — 290095,
represents the corresponding rotation matrix between B and D.

Control objectives: (1) Design a fault observer that can obtain the reconstruction of
unknown actuator faults with a higher accuracy and speed to meet the requirements of
FDIR. (2) Based on the obtained f, improve the FTC with traditional PPC so that the
ACS can prioritize stability when faults exist, addressing the control singularity issue.
And enable g, to always be strictly within the performance constraint.

Assumption 1. g and w can be obtained through star sensors and gyros. They are readily accessible
for use in the design of observers and controllers in practice [40].

Assumption 2. The uncertainties A] and AD, as well as the space environment disturbance t;
and the actuator bias fault Ty, are unknown but bounded [45,48,49]. This is due to the relatively
high accuracy of the nominal model and the small amplitude of disturbance in practice, whereas
actuator faults are unlikely to be unbounded due to physical energy constraints.

Remark 1. The method proposed in this paper is applicable under conditions where at least

f t)dt < f sgn(f(t)) - Tmaxdt and fot [wo + ftl £i9) dd]dt < 71, where t1 should be small
enough to ensure that there is always a suitable and acceptable ty. Control systems with limited
actuator capabilities can only handle bounded disturbances. This constraint states that the magnitude
and duration of f cannot be infinite so that the resulting attitude deviation does not exceed 180°,
and the resilient boundary is always less than 1. This is due to the property of q., which has no
physical meaning when it exceeds 1. It can also be understood as a flight envelope. If this assumption
does not hold, the method cannot guarantee its stability and may cause the system to diverge.
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3. Active Fault Tolerant Control Scheme Design

This section presents an improved AFTC scheme design method as shown in Figure 2,
which mainly includes the ASILO to achieve fault reconstruction, laying a better foundation
for FTC performance. Furthermore, FTC with RPP makes full use of fault information to
reduce fault tolerance conservatism.

Control Parameter Appointed Time Error
Reference Initialization PPF Transformation

[ Fault ] [
N Diagnosis

——y
[ Fault Tolerant |
Q Controller

ontrol
| Torque

/ L Spacecraft

Figure 2. Improved AFTC scheme of spacecraft ACS.

3.1. Design of ASILO for Fault Reconstruction

This section presents a novel iterative learning observer based on auxiliary error and
adaptive gain improvement to achieve an accurate reconstruction of the lumped equivalent
fault f modeled in Section 2.

Jod (t) = —@* Jod + Dosat(te(t)) + f(£) + ki@ (#) + ks (s(£))sgn[s (1))

. R @)
f(t) =ksf(t = T) + ka@(t) + k2 (s(t) )sgns(t)]

where t — T denotes the value of the variable in the previous learning cycle; T is the learning
time interval of the ASILO; & (t) and f(t) represent the estimates of the angular velocity and
lumped equivalent fault, respectively, where @(t) = w(t) — @(t) and f(t) = f(t) — f(t)
are defined as their respective reconstruction errors; k1, k3, and k4 are positive constant
gains to be designed; kg1 (s(t)) and ks (s(t)) are the adaptive gains to be designed; and s(t)
is the fast-tracking auxiliary error to be designed, which has the following expression:

s(t) =Jo (1) ~ Jo@(0) + / ) Jow(8) = @ (6)Jocd(6)
+ (ki +ka)@(0) —ks[f(6 = T) — f( T)lds

®)

Since f in (8) cannot be obtained directly, we replace f with the fast estimated value JA‘
With more accurate and directional error feedback from ?, the iteration cycle can be reduced

to a certain extent, thereby improving the convergence speed. ? can be obtained through
~ t ~
F(t)= [ =1+ [~ ()Iow(6) + 1e(6) + 7 (8))d8 +1 - Jow() ©

where [ is the constant gain [50]. f(t) is only a rough estimate, and its accuracy is less
important, but its rapidity can help the error generated to guide the feedback correction to
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roughly point to the true value, rather than relying solely on the angular velocity estimation
error iteration:

ok ok
bl =kall) = e PO =20 10)
. . .
hﬂ”Ihﬂ0=kM%MLMMH>af%f

in which k; are the lower bounds of the adaptive gains kg (f) and ks »(t); when |[|s(t)||=
o —akg /sy, ks (t) = ksa(t) = sg; and k, is a positive scalar and can be chosen appropriately
so that ks and k, remains continuous. a determines the changing rate of the adaptive
gain. sy represent the gain-switching threshold. This design ensures that kg (¢) and ks (t)
always remain continuous. Smaller & and sy help improve the accuracy but slows down the
speed. A smaller k; generally results in a higher accuracy. But k, &, and s still need to be
appropriately designed according to performance requirements and stability requirements.

Assumption 3 ([19,22]). In spacecraft engineering practice, as w is a slowly varying component, it is
reasonable to assume that cw is always existent and bounded, and ||w™ (t) Jow (t) — @ (t) Jow (1) || <
Yw||@|| holds for some known positive scalar 7y, .

Assumption 4 ([51]). f(t) is bounded and there exists f(t) —ksf(t — T) < ||f(t) —ksf(t = T)|| <
Omax, Where omax 1S a positive scalar.

Lemma 1 ([52]). Given the nonlinear system (7) with the sliding variable dynamics (8) controlled
by (10), there exists a finite time ts > 0 such that a real sliding mode is established, i.e., ||s(t)| < «,
for t > ts. And the gains ks (t) and ks (t) have an upper bound.

Proof. To simplify the notation, (t) is omitted and the expression (t — T) is replaced with
(+)t—7- First, the convergence of the sliding mode surface s(t) is proved. We design the
Lyapunov function as

Vi = 25T (0s(0) + 5 ket 5(0) — KM ks 0, 5(1)) K] (11)

where the lower bound of k; is k.
According to (6) and (7), we obtain

@& = Jy @ Jo@ — w* Jow — k1@ — ksysgn(@) + f — f] (12)
Substitute f into the above equation to further obtain

O=— ]51[k1d) + ky@ + kg15gn(@) + kspsgn(s) + (w™ Jow — @ Jow)

. (13)
—ksfi—r — (f —kafi—1)]
Take the derivative of (8):
§ = Joo + w* Jow — @ Jow + (ky +k4)(IJ—k3ﬁ_T (14)

Given (10), let ks; = ks = k; then, we can have kg = ks = ks and substitute (13) into
the above equation:

$ = —kgsgn(s) — kspsgn(s) + (f — ks fi—1) = —2kssgn(s) + (f —ksfi—1) (15)
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According to (10), it is not difficult to see that although the continuity of ks is guaran-
teed, it still needs to be classified and discussed according to ks.
Case 1: When ||s(t)|| >a—ak, /sy, that s, ks = ka||s(t)||:

Vl = ST[fszsgn(s) + (f - k3ft7T)] + (ks - ks)ks
< Omax][s]| — 2ks|s|| + (ks — ks )kal|s]] (16)
= —(2ks — omax)|[s[| — (2[[s]| — kd[s]]) (ks — k)
There always exists a k; > 0 such that k;, — ks < 0 for all t > 0. To ensure stability, we

need to make V; < 0, so it is necessary to select appropriate parameters to make k, > g
and 0 < k; < 2 hold. This yields

Vi < —(2ks — omax) [Is]| — (kalls|| = 2{[s]})[ks — ks (17)
Then, one obtains

\/EHSH _ (2 o kﬂ)HSH \/§|k5 _Lcs|

V2 V2 (18)
< —min{v/2(2k; — max), V2(2|s|| — kalls[|)} V{2

Vl < —(st - Umax)

Consider that when T is small enough, omax will also be a small positive scalar.
To ensure that V is negative-definite, it is necessary to choose appropriate values for k,
and k, such that k;, > 0.50max and 0 < k; < 2 hold. Therefore, according to Lemma 1,
finite-time convergence to a neighborhood of ||s(t)|| < « is guaranteed from any initial
condition within t < 2max{V;(0)}'/2/v/2min{(2k, — omax), (2||s]| — kalls]|)}-

Case 2: When ||s(t) || <a—ak,/sk. It is not difficult to obtain the following relationship
through an appropriate transformation:

Vi = sT(=2kssgn(s) + f —kafir) + (ks — ko)ks

20 A (ks) w A (ks)  Ja A (ks) (19)

< _ min — 0 sl — min . min Y k
= ( N — HS” max)” H (lX o HSH)Z o — ||S|| min( S)

where A (ks) represents the minimum eigenvalue of ks. In order to simplify the expression
min

& A (ks) @A (kS) .
process and increase the readability, we let a = ;nfi\lsl\ and b = (:E]SH)Z. Then, V; can be
rewritten as

' V3 sl , [
V1 < —(a—o; s||—b-|a— ks)| <—V2min{a—0max,b}(+—=+——+——
1= ( maX)H || nﬁ\n( S) = { max }( 5 \@ ) (20)

Nl—=

< —\ﬁmin{a — Omax, b}V

Since b >0 holds, consequently, it is necessary to reasonably select appropriate parameters
a A (ks)
k, so that ;‘i‘““su > A (ks) > Omax, and we can obtain a — omax > 0. Therefore, it is
min

guaranteed that the auxiliary variable s(¢) can converge to the domain zero neighborhood

within finite time t < 2max {V;(0)}!/2/v/2min{(a—0max), b}. Since k, directly determines
A (ks), selecting a larger k, can shorten the convergence time. However, a too large k, will

min

cause chattering in the estimation and reduce the accuracy. We should choose a small k, as

much as possible while ensuring stability.



Electronics 2025, 14, 181 9 of 26

Next, the stability of the ASILO reconstruction errors also needs to be proved. The Lya-
punov function is designed as Vo = @1 (t)Jo@ + ft 7 FL(6)f(6)dé. In the same way, by de-
riving V,, we obtain

Vo=@ (o (t) + fH(Of(t) = FT(t =T f(t = T) (21)

Since the convergence of s(t) is proved above, there is a certain moment when s(t)
approaches the neighborhood of 0, and substituting into (8) produces

o@(0)~o@(0) + [@ oo~ oo + (kr-+s) - @(8) ~ks[f(6-T) ~ {6~ T)}d6 =0 (22)
By deriving the above equation, we have
@=Jy  [~w” Jow+@™ Jod— (ky +ks)@—k3 fi1] (23)
Resubstitute into (21):
Vo= —(k1 + k)@ @ + fTf — 0T (—w™ Jow + @™ Jod) — @Tks' fror — flrfier  (24)
According to Young’s inequality, there is the following relationship:

ferftr—TksTksft—T+2ftr—Tk3T(f—k3ft 1)+ (f —ksfie1) ' (f —ksfi-1)

25
< (1+ M) fErhksTks fi T+(1+ )(f kafi—1)"(f = kafi-1) )

- = N B 1 <
~@ksfi-r < M@ ks ks@ + )Tzﬁr—Tft—T (26)

where A and A; are positive scalars from Young’s inequality.
At the same time, there should be ||w™ Jow—@&™* Jo@|| < Yw||@]|. Therefore, by substi-
tuting all the above inequalities back into (24) and applying Young’s inequality again gives

. 3 1
Vo <— ()\2||k3H2+||k1+k4\|2*7w)HWHZ*[P/T2 — (1+ A1) - ks P frerl P+

(27)
1 = 7112
(0) (1) (f ks fer) ' (f — kafir) + x(1+A1) flks ks for = ||
where « is a positive scalar in Young's inequality.
By further manipulating the inequality and applying appropriate transformations, it
is possible to derive

. - 1
Va < = (allks]® + ks +kal* = y)l@]1° = [L = 5 = (L) - (L M) ks ] - L fe -
(28)

AP+ L+ 0) 1+ 1)

Given Ay, A,k > 0, to ensure negative-definiteness, it is not difficult to show that
1— L = (14x)- (14 A1)]lks||* > 0 and Aglks||* + ||k + kal|* — 7 > 0 should be estab-
lished by selecting appropriate ki, k3, and k4. In order to ensure the existence of solutions
of k3 and pursue higher performance and robustness, A1, A2, and « should be selected to be
large enough while at least satisfying A, > 1. Considering that 7, is usually a very small
value, it is easy to find the solutions of k1, k3, and k4 when A, is large enough. Given that
V, satisfies stability when V5 < 0, it can be considered that the reconstruction error of the

< \/(1 +x)(1+ M) 02 ./ . Tt is not difficult to see

lumped fault f will be less than
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that the larger A1 and « are, the smaller || f || will be. On the other hand, the estimated error
of w will also satisfy

5 1
@] < \/(1 +x)(1+ /Tl)amax/(/\ZHk3”2 + [|kg + k4H2 — Yw)

After selecting the parameters that meet the above requirements, @ will obviously
converge to a smaller error range. On the basis of satisfying the stability conditions, it is clear
that selecting a larger ky, k3, and k4 can help improve the reconstruction accuracy. However,
the stability condition requires k3 to be as small as possible, which creates a conflict with
high performance. This necessitates a further trade-off with other parameters. [J

3.2. Design of Resilient Prescribed Performance

The prescribed performance function (PPF) is a critical tool in PPC. It is used to con-
strain errors within desired performance specifications, directly influencing the overall
control performance. The properties that the PPF p(t) should meet include the follow-
ing [40]:
1. p(t) is smooth, positive, and at least first-order differentiable for all t > 0;
2. 1 = po, li = Pco, 0 .

limp(#) = po, im p(t) = poo, and po > peo >0

The currently widely used PPF form is as follows [53]:

p(t) = (po — poo)e ™ + poo (29)

where pg and pe are the initial value and steady-state value of the PPF, respectively. k
determines the convergence time. It lacks the capability to intuitively appoint a convergence
time and does not ensure finite-time convergence. Notably, the adjustment of transient
performance hinges solely on the parameter k, complicating its design significantly.

To address the aforementioned shortcomings of the traditional PPF, a novel design
method for an appointed-time PPF is introduced here. Unlike the conventional approach
detailed in (29), this new method ensures convergence within an appointed time.
X1 +xz-sin(%) +x3 -cos(%) + Sinhz‘%, 0<t<t

p(t) = (30)

where x1, X2, x3, and x4 are the parameters to be designed so that o(t) satisfies the PPF
property, and ¢ represents the settable terminal time when p(f) reaches peo. The boundary
shape of the transient performance can be freely adjusted by adjusting k while keeping
other parameters, such as ¢ r unchanged, as shown in Figure 3. Users only need to specify
tr, 00, Poo, b, and k in advance, and x1, x2, x3, and x4 can be automatically obtained according
to (31). A larger pp, s, and t; mean stronger robustness but also a lower accuracy.

_ 00 — Poo __kn
Y4 = K2m3—2k>mn? _ kn_ + 11’ X3 = cm? Y4
c2m* cm? " sinh(b)  m (31)
2k2mn? — k*m?3 . 1
Xp= ————F—X =00 — X3 — ——~X
2 C2m4 4, 1 ©0 3 smh(b) 4

where m = sinh(ktf +b),n= cosh(ktf +b),and ¢ = 70/ 2tg; then, x1,x2, x3, and x4 can
be obtained.
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| |
- = =(30) t; = 205,k = 0.3
——(30) ty = 20s,k = 0.001
----------- (29) Traditional

1 L 1 1 1
20 25 30 35 40 45 50

Time (s)

Figure 3. Comparison of PPF in (30) and (29).

Proof. The process of determining x1, xp, x3, and x4 is demonstrated by leveraging the
fundamental properties of the PPF. We substitute (30) into the above properties to satisfy
them, and we can obtain the following equation:

0(0) = po,p(tf) = peo, lim p(t) = lim o(t) =0 (32)
t—>tf t—>tf

Further substituting the unknown parameters xj,x7,x3, and x4 into the above
requirements yields

1 1
X1+X3+X4Sinh(b) = po, X1 +XZ+X4E—pOO
(33)
kn 5 K2m® — 2k?>mn?
—x3¢—x4— =0, —xp-c — Xy =0
m m

Since m, 1, ¢, peo, Po, and k are known parameters, it is not difficult to simultaneously
solve the aforementioned four equations, where the parameters x1,x,x3, and x4 can
be derived using the calculation method in (31). The parameter relationships designed
through (31) ensure that the PPF possesses properties such as smoothness and differentia-
bility. Proof complete. [

For the next step, based on the given appointed-time PPF in (30), the performance
lower bound p; and upper bound p,, of RPPF can be further designed as

pa(t) = [sgn(eo) — alp(t) — peosgn(eo) — 1 (t)

(34)
pu(t) = [sgn(eo) + alpo(t) — peosgn(eo) + Pa(t)

where ¢ is the initial value of the error, and a denotes the performance boundary shape
parameter given by the user. Specifically, it should satisfy p;(t) < e(t) < pu(t).

And 1 (t) and 1, () in (34) are the resilient corrections of p,;(t) and py (t), respectively,
which are designed to handle error deviations caused by faults and avoid the control
singularity for system stability. Inspired by [43], the design method of ;1 (t) and ,(t) can
be described as

Pi(t) = (L—a) - o(t), $2(t) = a- ¢(t)

to_ 35
e(t) = tanh[/o [W(?)m + 0311(8) + 04¢(9)]do] %
in which 0 < a4 < 11is the correction coefficient, which determines the magnitude of resilient
corrections; ¢(t) is the auxiliary variable, with its integral initial value ¢(0) = 0; 01, 02, 03,
and oy are positive-definite gain parameters, where increasing o3 and o4 will extend the
duration of the correction, while increasing o7 and o, will shorten it; ¢ is the derivative of
the transformed error introduced later; I'1(§) is the virtual control saturation, which can be
given as follows:
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I1(6) = uc(d) — sgn(uc(d)) - Tmax (36)

where u.(-) is the control torque to be designed later; and Tmax denotes the maximum
output limit of the actuator. —oy % in (35) is an attenuation term, which is used to
restore the original constraint boundary after the fault is removed. 03-11(d) is the correction
term caused by the actuator fault. And o4-£(6) is the correction that is appropriately
increased or decreased according to the error change trend. Through this design, the output
saturation degree and the changing trend of the error caused by compensating for large-
scale faults can be comprehensively sensed so as to make resilient corrections to p; () and
pu(t) in a timely manner.

To enable the RPPF to handle arbitrary initial errors without the need for manual
parameter adjustment across different scenarios, an automatic calculation mechanism for

P0, Peo, and £ is presented below:

)

Po = 1 - 58N (Gevsi) - igl&g(\qw,i

f / Tmax

Oo} +8gN(Gev) * Poo
(37)

(Y 4-0;-J;

max "
i=123( 4| 180 L . Hl _ ’f/”c

Poo = max{1,

ty =

‘ [e9)

in which ¢; and c; are amplification coefficients used to enhance the robustness; a larger c;
and ¢ will result in better robustness but at the expense of the desired performance. 6; is
the Euler angle required for maneuvering along the i-th axis, and Jj; is the principal inertia
of the i-th axis. Meanwhile, this mechanism introduces the physical meaning of the attitude
control, making it more explainable in applications.

Remark 2. The RPPFs given in (34) to (36) can achieve adaptive correction of the prescribed
performance boundary based on fault diagnosis results, giving it a higher degree of application
flexibility. The initialization calculation mechanism in (37) is used to solve the entry capture problem
in traditional PPC, and will only act on the parameter initialization stage before the control starts,
rather than the real-time effect during the control process. Therefore, it only involves the automatic
initialization of parameters without affecting the stability.

The comparison between traditional static PPF and RPP is demonstrated in Figure 4.
The traditional static PPF in [53] does not have the ability to adjust online, causing the
error to break through the boundary due to faults or disturbances, thereby leading to
a control singularity. As is evident from Figure 5, the RPP can automatically initialize
tr, po, and peo according to different initial scenarios with the help of the initialization
mechanism before the control, which solves the entry capture problem and reduces the
need for manual intervention.

= T T T T
L \ —— -~ py,—Traditional — ——— pg—Traditional 7
0.3\ pu—RPP (t;=30s, k=0.01) ——— p;—RPP (t;=30s, £=0.01) ||
N Error

0.25 - ~ 4

02 > /Appointnd Time —
0.15 = =
0.1
0.05
OF
—0.05 =

01k~ -
0 10 20 30 40 50 60 70 80 90 100

Figure 4. Comparison of static PPF in [53] and RPP.
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(a) Initial e(0) = 0.016 (b) Initial e(0) = 0.17 (c) Initial e(0) = 0.33
0.025 0.25
0.5
. 3 —10 <
0.02 0.2 t;=10s i
0.015 ty=5s 0.15 03 ty=20s
0.01 0.1
0.2
0.005 0.05
0.1
0
0 . 5
~0.05
0 10 20 30 0 10 20 30 0 10 20 30
pa(t) pult) e(t) Time (S)

Figure 5. Initialization mechanism under different initial conditions.

3.3. Design of Fault-Tolerant Control with RPP

In order to make the attitude error quaternion remain in the predefined region, which
satisfies p(f) < gev(t) < pu(t), there must also be —#min < e < Nmax- It is necessary to
further convert the constrained error into an equivalent unconstrained error through the
error transformation T (+) [29].

Lemma 2 ([54]). If the unconstrained error € after the error transformation T(-) is bounded

and converges, then it is equivalent to the constrained error q., converging and satisfying

pd(t) < Geo(t) < pu(t). T(+) should satisfy the following:

1. T(-) is smooth and strictly monotonically increasing.

2. lim T (Gev) = Hmax and im T (Gev) = —1min, Where py(t) < Hmax and —Tmin < pa(t).
To deal with such an issue, a function T(-) that satisfies the above conditions can be

given as follows [36]:

where ¢(t) is the equivalent unconstrained error after transformation and é(t) can
be derived:

£= Pu — Pd )[qev+

Pabu — Papu + (0a — Pu)qev} (39)
(Pu = Gev) (Gev — pa

Pu — Pd

for the convenience of writing, (¢) is omitted hereafter. p,, and g, can be obtained as

, . k - cosh(kt +b)

= cxpcos(ct) —cxzsin(ct) —xg———mmm = —
Pd 2 ( ) 3 ( ) 4 [Slnh(kt+b)]2
k- cosh(kt + b)

[sinh(kt + b)]?

(40)
Pu = cxp cos(ct) — cxzsin(ct) — x4

Assumption 5. Under all specified initial conditions, a feasible control strategy and corresponding
parameters exist for the ACS [55] to achieve tracking control of a practical plant under input
saturation under Assumptions 2 and 3. Users can test the applicability of this assumption through
a reachability analysis [56].

Remark 3. Notably, an open-loop unstable system cannot be globally stabilized in the presence of
input saturation. However, many practical plants always operate in some specified regions where
they are controllable under the input saturation [571. This is because the fault only lasts for a short
time and the magnitude will not exceed the ACS’s corrective capability. Control references are
sent to the ACS only after strict pre-planning, and the spacecraft will not be operated outside the
flight envelope.
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Based on the RPP, a class of active fault-tolerant controller is designed, and relevant
theoretical proofs are given. Consider a nonsingular terminal sliding mode s; € R¥*! as
So = we + age + apsig(e)”, where aj, 2, > 0,0 < r < 1, and sig(e)” = diag(sgn(e;)|ei]").
The time derivative of s, using (6) and (39) yields

Joso = ]0(1)(1é + we + IerSgé) = —wX]()w -+ Uc —|—f + Joa1€ + JoaprSeé (41)

where S.=diag(|e; 1), i=1,2,3. It should be pointed out that the computational cost of
the improved RPP is almost equivalent to that of the traditional PPC. If the fault occurs
before the original ¢ is reached, the RPP will automatically adjust the boundary to cover
the original ¢; and constrain it according to the remaining performance after the fault.

Theorem 1. The proposed fault-tolerant control law with RPP and sliding mode control can be
designed as follows:

A

Ue=w” Jow — Joaré — JoaarSeé — azsy; — agsig(sy)” — f (42)

where w3 and ny are positive-definite gain matrices.
The control law in (42) can make e, converge to the predefined steady-state accuracy with
prescribed transient performance and ensure stability.

Proof. First, we demonstrate the stability of the sliding mode s;, the Lyapunov function is
selected as V3 = %sg Josa, and its derivative V3 is

V3 = 85 (—w” Jow + e + f + a1 Joé + w2 JorSeé) (43)
Substituting u, from (42) into (43) and using the proven boundedness of f gives

Vs = 53(f — 382 — ausig(s2)") < fullsall — asls2 ]| = [ls2 | "aalls2”

~ (44)
2 T -1
< —agllsal|” — (lls2ll"aallsall™" = fun) 52
Since 2/ (]o)||52|| <Vs< % (]0)“52” is established, it can be scaled to
‘ —2a3 T r—1 : %1
Vs < — Vs — (sall aallsall ™" = fun) - 1 (llsill?)
A (]0) i=1
max
o i (45)
—2a3 7 (lsal oallsall™ = fin) 75t
= (]O)V 251 V3
max m/;x(lo)

Since a3, s > 0, and /’\(]0) (]0) > 0, we need to make ||s||Tag||s||” " = fru=K >0

to ensure V3 < 0. Since fm can be suff1c1ently small, it is necessary to select an appropriate
and sufficiently large a4 to ensure that K > 0. And the larger the a3 and a4 are, the faster the
convergence speed will be. However, if a3 is too large, the actuator will be oversaturated
and the overshoot will increase, and if a4 is too large, it will cause chattering. It is necessary
to select appropriately according to the performance requirements. Then, the real sliding
mode can reach the neighborhood of 0 within a finite time, and the time satisfies

20&3V3(17r)/2 + 2(1+r)/2K
Aoy AT ()T
TS max ln max
az(1—r)  20+4n)/2K/ A (]0)(1+V)/2

max
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We further prove the stability of g, as s approaches 0. Consider the following new

Lyapunov function V; = Jele. Since there are no potential discontinuities, it is only

necessary to analyze according to the continuous system. Taking its derivative, we obtain

Ve — eTe — T Pu— Pd _— Pafu — PaPu + (Pa — Pu)qeo 46
! (Pu — qev) (Ge0 — pa) oo Pu = Pd ] )
When s — 0, there exists w, = —aqe — apsig(e)”, and substituting in (39), we obtain
Vi — el Pu — Pd — 010 — 0> Osi 8r+Pdpu_PdPtt+
! (Pu_qev)(qev_Pd)[ 18 2Qsig(e) Pu — Pd
o (47)
Pd —Pu € Pu "‘Pd]
Ppu—ps 1+ef
Let — Pl — M. Based on the design principles of p and ¢ and properties

(ou—4ev) (Gev—pa)
such as p, > pz >0, 5 < 0,0 < ¢,and ¢ < 1, where they are all bounded, it is not difficult

to deduce that the following relationships hold:

Pabu — Papu _ —2aPpe — (a =207 —1)(p9 — p§) — Poo§ _ —20ppeo

< f1Peo
pu — Pd 2ap+ ¢ 200 1P
Pd*Pu:*%P*(PS —2ap < (48)
Pu—ps  20p+¢ — 2ap+1
e“ou + pg _ _ Pu—pPa
Tte "7 1ge P

where §; and g, are known positive scalars; §; and g, can usually be made sufficiently
small by a high-precision p design. a — 24> — 1 < O because 0 < a < 1, pp — p¢ < 0, and
P > 0. And we can further derive

Vi < — €' MaqQe — €T MapQsig(e)” +8TM7P"IP” ~ Papu +€TM7(pd ~ Pu)pu
t= Q 2Qsig(e) ou— P4 ou— P4 (49)

< — e May Qe — e" May Qsig(e)” + prpece’ M + 2 ((1+ a)po + poo +a)el M

The positive-definiteness of Q can refer to the minor values, which are %qo, q% + q%,
and qp, so we need to further discuss the sign of go. Considering that in actual engineering,
in order to prevent the attitude unwinding phenomenon and maintain the uniqueness of
attitude instructions and the stability of numerical calculations on board, the parameter
go > 0should be selected in the dual quaternion for instruction planning so that the positive
definiteness of Q can always be satisfied. Since the unit quaternion g is defined to satisfy
7 +q>+95+q5 =1,0 < g; <1,wehave ||Q| < 1. Furthermore, according to Young’s
inequality, we can derive that

p2((1+a)po + poo + a)

72
50
et aptpeta

T2

/ 0 01000
Vi < = (a1~ o) IVl sl Ml 4 220

~ % ﬁlpoo
< — (a1 = mprp) MV — az M v, o+ P22

where 1 and 7, are positive scalars from Young’s inequality. In order to ensure the
negative-definiteness of V, appropriate aq,ay > 0 and 71,72 > 0 should be selected to
ensure the existence of the solution. First, a1 should be chosen to be large enough so
that a1 > 71010 is satisfied. According to the properties of p and g., | M|| < P exists.
It should be pointed out that a,p;, and p, are directly related to the resilient boundary.
Although it is difficult to directly give an explicit mathematical relationship between them,
their association is guaranteed by the effective and reasonable designs of (35) and (37).
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After the stability conditions are met, it is not difficult to analyze that V; will converge to
an error range within a finite time:

o 1r
In(1+ & ?;lzplpoo V,7 (0)) el < 201p00Y2 + 20271 (1 + a)po + poo + a)
(01 = 711P1000) (1 —71) "0~ (@1 — 71P1000) Y1720m

According to the above discussion, selecting a larger 71 andy, and smaller 4, p,
and po will help improve the convergence accuracy, and a larger a; will help improve
the convergence speed. This is also consistent with the design intuition of p,, and p,
mentioned earlier, as tighter performance boundaries and resilient corrections imply a
higher accuracy. By selecting a larger g, it can be ensured that g, is always between p,
and p; when a fault exists, thereby ensuring stability. However, if 4, oo, and pp are too
large, the resilient correction will not match the actual demand, resulting in excessive
conservatism. It should be noted that as 1 increases, a1 should also increase. However,
if & is too large, the overshoot will increase, and if a; is too large, it will cause chattering in
the control. So the parameters should be appropriate and balanced while ensuring stability.
According to Lemma 2, if the stability of ¢ is satisfied, it is equivalent to g., ensuring stability
while satisfying the constraints of the specified performance. The stability is ensured by
introducing a resilient trade-off between the fault and performance. The sufficient condition
for obtaining steady-state accurate tracking is

[Jowq + w™ Jow — f|
Do

P = {(t,wd(t)) 1t € Ry, < Tmax}
When the control torque reaches saturation, the influence of the fault deviation on the
system stability is corrected by the resilient boundary, so it can be concluded that

V3 =53 Jo(—w” Jow — Tmax + d + a1¢ + aprSeé)

At the same time, according to the above discussion, there is || —w* Jow|| < Jo||w]%,
l|a1é + aorSee|| < (a1 + a2rSe) (1000 + P20u)- To ensure stability, Tmax > Jol|wl|* + (a1 +
27Se) (01000 + P2pu) + ||d|| should also be established at the beginning of the spacecraft
design [58]. O

Remark 4. The initialization mechanism only involves the automatic adjustment of the initial
parameters, which is used to replace the manual assignment before the PPC starts. It does not
directly participate in the control and affect stability. On the other hand, when a fault that satisfies
Assumption 3 temporarily (briefly) exceeds the actuator’s compensation range, resilient correction
is deployed by broadening the performance boundary to temporarily accommodate the increased
error and avoid a control singularity. Stability during this phase is guaranteed by a well-designed
resilient boundary rather than the control law itself. As long as the resilient boundary can always
contain the error during the fault, a control singularity can be avoided. After the fault weakens or
disappears, it will return to normal PPC, and stability will be guaranteed by the control law again.
The results regarding the stability properties under saturation are expected to be local.

4. Simulation Results

In order to verify the effectiveness and performance of the AFTC method proposed
in this article, this section presents numerical simulation experiments and corresponding
comparisons for rigid spacecraft ACS. The simulation software uses MATLAB 2018a.
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Scenario 1 :
0.12,

ug = 4 0.35,
O/

Scenario 2 :
0.58,

up =403,
0,

In the numerical simulation, it was assumed that the nominal moment of inertia matrix
J of the spacecraft and its uncertainty AJ] were respectively set as

89 02 15
Jo=102 61 07 |kg-m?A]=002-] (51)
1.5 0.7 57

The spacecraft ACS adopted a common four-redundant configuration. The actuator
configuration matrix and its error matrix were set to Dy = { Lys [1/ V3,1/3,1/ \/§]T ]
and AD = 0.001 - Dy, respectively. The maximum output torque capacity of a single actuator
was 0.2 N - m. The fault scenarios of three RWs are specifically described in Figure 6, where
green means that the actuator has no fault, and the closer the color is to red, the more
serious the fault scale is.

Scenario 1 Scenario 2
0s 120s  Os 80 s

RW1

”f = *0.3sin(0,351)e"“‘3f u, = 0.7 005(0.361‘)670 021

RW2

RW3

Figure 6. Different actuator faults scenarios.

Corresponding to Figure 6, the following formulas give specific expressions of the
faults of different actuators:

35<t<45 —0.3sin(0.35t)e 003, 60 <t < 85 0.08, 50 <t < 60
45 <t <465, uf, = 4 —0.7cos(0.36t)e 00, 85 <t <90, ur, =033, 70<t<77
else 0, else 0, else
(52)

7<t<86

—035, 35<t<38
8.6 <t<126, up, =0, usg, =

0, else
else

The specific expressions of the faults given in (52) were divided into Scenarios 1 and 2.
They were composed of abrupt, time-varying, and intermittent faults. The corresponding
physical meaning mainly included unpredictable short circuits, damage, performance
degradation, parameter drifts, and poor contacts [59]. This design was to better test the
rapidity of the ASILO in estimating abrupt faults and the accuracy of time-varying faults. It
included a large number of faults that exceeded the output capacity of the actuator, which
verified the excellent fault tolerance performance of the RPP and could solve the fault
scenarios that the PPC could not handle.

To ensure the applicability of the proposed method, all faults in the scenario satisfied
Assumptions 2, 3, and 6. And the space environment disturbances were selected as

_ T ..
T4 = [Tarotts pitchs Tyaw)” + Va:
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Torque (N -m)

0.4
0.3
0.2
0.1

| | |
= = =
ICRI O

—0.4

Tiron = 0.005sin(0.15¢) cos(0.05¢) + 0.002 cos(0.65¢)
Tipiten = 0.01cos(0.33t) cos(0.22¢) + 0.001 cos(0.33¢) (53)
Tiyaw = 0.002sin(0.08¢) sin(0.35¢) + 0.003 cos(0.22t)

where v, is colored noise used to represent unmodeled factors, such as spacecraft micro-
vibration.

After the equivalent transformation of (3)-(6), the lumped equivalent fault f, in-
cluding the uncertainty, disturbance, and fault, is shown more intuitively and clearly
in Figure 7, which is used to verify the performance improvement of the ASILO in
the fault reconstruction. And the main design parameters of ASILO were selected as
ki = diag(420,420,420),k3 = diag(1,1,1), ks = diag(70,70,70), k, = 1.2, « = 0.1,
sk = 0.00104, and k, = 0.0001.

Scenario 1 Scenario 2
| P o0 E) 001 I
T | 0.5 "
—— - e e
—0.01 e MMM"
95 100 105 110 115 120 0.4}
—0.0015
0.3 57.5 58 585 59
————————————————————————————————— o T P
— ~ 1 0.1F

L ki |

—————————————————————————————————— LI et e B ittt
—0.3+ Roll
i ——— Pitch
| Maximum output capacity of the actuator T Maximum output capacity of the actuator Yaw
40 60 80 100 120 0 20 40 60 80
Time (s)

Figure 7. Lumped equivalent fault f scenarios.

First, the effectiveness of the fault reconstruction method based on the ASILO pro-
posed in this paper was verified. The comparison methods were the traditional ILO, AILO,
STCKE, and ASILO. As shown in Figures 8 and 9, the traditional ILO suffered from a slow
convergence and low accuracy. Its convergence speed failed to meet the fault diagnosis
requirements, and its accuracy was insufficient for the AFTC design. The AILO intro-
duced an adaptive gain adjustment mechanism, which improved both the convergence
speed and accuracy, though still with room for improvement. In contrast, combined with
strong tracking algorithms, the STCKEF significantly enhanced the estimation speed and
accuracy. As shown in Figure 8, the STCKF met the fault diagnosis performance require-
ments, but at the cost of higher computational demands, which strained the spacecraft
hardware resources. The fault reconstruction performance was evaluated through the
following indicators:

1.  Accuracy, using the root-mean-square error (RMSE) as the measurement index.
The smaller the RMSE, the higher the reconstruction accuracy.

2. Rapidity, defined by how quickly an estimation converged to within a 5% error
margin of the true value. The shorter the time, the greater the rapidity.

3. Complexity, as measured by the calculation time under the same experimental condi-
tions. The shorter the time, the less computational resources were consumed.
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Figure 8. Fault reconstruction f in Scenario 1 based on different methods.
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Figure 9. Fault reconstruction f in Scenario 2 based on different methods.

Furthermore, the fault reconstruction based on the ASILO can be found in Figures 8
and 9. It can be seen from this that by introducing an auxiliary error and adaptive gain, the
ASILO was better than the ILO and AILO in terms of the convergence speed and accuracy.
It could achieve better performance indicators for both the mutation faults and slowly
changing faults. Table 1 demonstrates the specific fault-reconstruction performance index
comparison of the four different methods given through quantitative expression. The
ASILO and STCKEF achieved similar accuracies, but the STCKF converged faster. It should
be pointed out that the STCKF’s excellent speed needs powerful computing resources.
On spacecraft platforms with scarce computing resources, the ASILO can use a small
amount of operation close to the traditional ILO to achieve a better speed while remaining
able to meet the rapidity of fault diagnosis requirements. In addition, in order to more
intuitively demonstrate how the design parameters in the ASILO affect its performance, we
briefly compared the accuracy and rapidity under different parameters. When k, increased
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to 0.005 and 0.01, the RMSE increased to 8.677 x 10~% and 2.652 x 1073, respectively.
Although the rapidity changed to 0.352 s and 0.348 s, the improvement was very limited.
Reducing kj reduced the accuracy. For example, when k; = 20, the RMSE increased to
0.0042. Similarly, reducing k4 reduced the rapidity. For example, when k4 = 30, the rapidity
increased to 0.73 s. However, any value of k4 led to repeated over-regulation, which was
detrimental to the performance. The influence of k3 was more complex and coupled, so, for
example, when k3 = 0.8, the RMSE increased sharply to 0.011. When k3 > 1, stability may
not be achieved.

Table 1. Comparison of fault reconstruction performances.

Method Accuracy Rapidity Complexity
ILO 0.0015 2.015s 0.8353 s
AILO 7.763 x 10~* 0.754 s 0.9127 s
STCKF 5218 x 1074 0.121s 44457 s
ASILO 4985 x 10~% 0.358 s 1.0421 s

In order to verify the adaptability of the initialization mechanism in the RPP to different
initial errors, different initial errors were given for Scenarios 1 and 2. The initial attitude of
Scenario 1 was [16°,3°,22°], and the maneuver command was [0°, —3 cos (0.05¢)°, —10°].
The initial attitude of Scenario 2 was [—0.004°, —3°, —0.003°], and the maneuver command
was [—5°, —10°, —6°]. The main parameters in the RPP were chosen as a = 0.9, ¢c; = 2.1,
¢ =16,001 =7, 00 =2, 03 =0.7,and 04 = 0.5. And the parameters in the control law
were selected as oy = 0.12, ap = 0.3, r = 1.4, a3 = 0.1, and a4 = 0.002.

In order to demonstrate the superiority of the AFTC scheme with the RPP proposed in
this paper, first, Figure 10 demonstrates the RPP with no fault. We can see that under fault-
free conditions, even after adding the disturbance, the performance shown in Figure 10 does
not change at all. The RPP could perform well under performance constraints regardless
of whether there was a disturbance. This was because the disturbances were usually very
small and it was difficult to produce saturation without the intervention of a resilient
correction. Since the actuator had no fault, the resilient correction was not effective at
this time, which can be regarded as the traditional appointed-time PPC. The quaternion
error 4., could converge to the desired accuracy within the specified time. There was no
control singularity problem. However, when the actuator fails, if the performance boundary
remains static, the error will inevitably exceed the boundary, causing a control singularity
and failure to ensure system stability.
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Figure 10. Time response of g, under RPP without faults.

The core idea of the RPP is to temporarily compromise performance constraints in
exchange for control stability when encountering large-scale faults, which can be called
“resilient prescribed performance”. As shown in Figure 11, the AFTC with the RPP had the
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ability to adaptively adjust according to actuator faults during the control process. The RPP
made corresponding boundary corrections for the fault sets in Scenarios 1 and 2. When
the actuator could not completely offset the trajectory deviation caused by the fault, it
actively relaxed the boundary to ensure that p; < g. < p, could always be satisfied, which
ensured the stability of the PPC and avoided a control singularity. When the fault weakened
or disappeared, the resilient correction gradually became smaller, which narrowed the
boundary again to promote its return to the expected performance. This greatly reduced
the conservatism of the PPC when used for the FTC. On the other hand, the different
initial conditions of Scenarios 1 and 2 also verified the effectiveness of the initialization
mechanism in the RPP. Due to the inherent nature of PPC, it is necessary to manually assign
parameters, such as pg, pe, and t¢, before each control to ensure that the initial error does
not fall outside the performance boundary. This tedious work restricts the universality
of PPC. However, the initialization mechanism combines the physical behavior of the
spacecraft ACS to provide an automated parameter initialization method to solve the entry
capture problem. While avoiding the initial error falling outside the performance boundary,
it also avoids manual intervention and improves the universality. On the other hand, the
RPP can also automatically cover the ¢, that was originally specified but cannot be realized
due to the fault, and thus, achieve the control target through resilient boundaries. This
avoids a control singularity caused by sticking to a user-specified f .
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Figure 11. Time response of g, under AFTC with RPP.

As a comparison, the experimental results based on existing methods are given in
Figure 12, including the FTC based on the traditional static PPC and the adaptive PPC
proposed in [43]. Figure 12a shows the AFTC based on a traditional static PPC design,
which does not include any performance boundary adjustment mechanism. The green
area in the figure represents the hypothetical prescribed performance constraints, which
is the same as the green area in Figure 11. It is not difficult to see that even if the actuator
fault was not large enough, the error fluctuation caused by it easily broke through the
inherent steady-state boundary, especially when pursuing a higher accuracy. However,
if the steady-state boundary was artificially relaxed, although it is possible to alleviate the
instability caused by control singularity, it also greatly increased the conservatism of the
controller when there was no fault.
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Figure 12. Time response of g, under AFTC based on PPC and adaptive PPC in [43].

Figure 12b demonstrates the adaptive PPC in [43], the main idea of which is to judge
when to relax the boundary based on the error change rate so that the error does not break
through. This is applicable in smaller fault scenarios, such as the performance boundary
correction at 45 s. This allowed the error to return to the expected steady-state performance
after the fault disappeared. However, it should be pointed out that especially for systems
with a large inertia, such as a spacecraft, it takes a long time for the effect of the fault
torque to be reflected in the error change rate, which may cause the boundary correction
to be untimely, and then cause the error to exceed the boundary, and thus, it cannot be
recovered. Due to the lack of the direct use of fault information, it still has the probability
of instability when dealing with faults. In order to measure the improvement of RPP
and its impact on the computational burden, we used the time it took for the simulation
program to complete all the operations in 120s as an indicator to compare. The comparison
environment involved applying the traditional PPC and the RPP proposed in this paper
to the same control environment (i.e., the controlled object, where the control instructions
were the same). The RPP was 1.936 s, which was a negligible increase compared with
the traditional PPC of 1.869 s, so the RPP almost did not require a trade-off between the
performance and computing overhead.

Furthermore, it is more intuitive to convert the real-time quaternion changes of the
ACS into the Euler angle form to describe the changes in the attitude of the spacecraft.
As another equivalent presentation of Figure 11, Figure 13 includes the three-axis attitude
target that changed with time and the actual Euler angle time response of the spacecraft. It
can be seen that corresponding to Figure 11, the ACS could maneuver to the attitude target
within a pre-defined time, and when the faults exceeded the actuator saturation constraint,
it temporarily shifted the target and waited until the fault was resolved to maneuver back
to the target attitude with the prescribed performance.

Figure 14 shows the time response of the control torque u.. The designed control
law generated appropriate torque at the right moment to drive the ACS to maneuver
toward the target attitude based on the real-time actuator faults and error changes. When
encountering faults, it could fully output to resist its impact and first ensure the stability
of the system. When the fault was alleviated, high-precision control became the main
goal again. The corresponding torque response was relatively smooth and was more in
line with engineering practice. And through reasonable parameter design, the chattering
phenomenon was avoided.
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Figure 13. Euler angles time response under AFTC with RPP constraints.
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Figure 14. u, response under AFTC with RPP constraints.

The AFTC with RPP proposed in this paper achieved a higher accuracy than the
traditional method through performance constraints while achieving the performance
constraints and avoiding the control singularity and inlet capture problems common in
PPC. It can more conveniently realize the prescribed performance design of the controller
according to needs, and has the advantages of both traditional methods and predetermined
performance. Moreover, the framework proposed in this paper is highly scalable. For ex-
ample, it can be further applied to the ACS with flexible components by considering liquid
sloshing. The ASILO can make a unified estimate of the disturbance caused by liquid
sloshing and flexible components and compensate for it by the controller. It should be
noted that when there are flexible components, special care should be taken in the design of
the control performance to avoid exciting low-frequency oscillations. But there are certain
limitations at present, especially when #; = 1, which means that the actuator has completely
lost its output capacity. If compensation is still performed according to f, the system will
require the actuator to compensate for the lost torque according to the maximum output
capacity. However, in a physical sense, the original framework is no longer applicable in
this scenario because the actuator has no response. At this time, it is necessary to handle it
through a more effective system hardware redundancy and a control allocation algorithm
that fully considers the complex constraints of the actuator.

5. Conclusions

This paper proposes a novel AFTC framework, in which the proposed ASILO im-
proved the accuracy and rapidity of fault reconstruction. It achieved good accuracy under
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unknown dynamic environmental interference, and the computational overhead was al-
most unchanged, which was more in line with the practical requirements of spacecraft. The
RPP ensures fault-tolerant control with resilient performance constraints under large-scale
actuator faults effectively alleviated the problems of control singularity and fault toler-
ance and provided higher performance and lower conservatism. It is especially suitable
for scenarios with high safety requirements of spacecraft. The simulation results veri-
fied the effectiveness of the proposed framework. Future work will focus on extending
the framework to more complex spacecraft with flexible components and multi-source
heterogeneous actuators.
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