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limited time available for recovery from a fault scenario, fixed-time extended state ob-
servers are used to simultaneously compensate for the negative effect of unknown time-
varying actuator faults, uncertainties, and external disturbances. In contrast to the existing
control schemes, which neglect the signal quantization transmission process and limited

ﬁ?g/:srgiic reentry vehicle communication capacity, the hysteresis quantization mechanism is considered. Based on
Fault-tolerant control this, a fixed-time fault-tolerant control scheme is developed to ensure the fixed time con-
Fixed-time convergence vergence of all the tracking errors even in cases involving actuator faults. The stability and
Signal quantization convergence are proven by performing a theoretical analysis. The simulation results vali-

date the superiority and robustness of the proposed control scheme.

© 2021 Elsevier Inc. All rights reserved.

1. Introduction

In recent years, hypersonic reentry vehicles (HRVs), which exhibit unique advantages of fast flight capability and strong
maneuverability, have attracted considerable attention in both civil and military fields [1]. However, to compensate for cer-
tain inherent limitations, i.e., substantial uncertainties, tight coupling, and unknown external disturbances, the control sys-
tem for HRVs must exhibit a fast response and anti-disturbance capability [2]. Hence, the design of the attitude controller
for HRVs is a key yet challenging issue. In this regard, active disturbance rejection control [3], back-stepping control [4],
and sliding mode control [5,6] have been employed to ensure the attitude control performance of HRVs. Moreover, with the
development of intelligent technologies, intelligence-based control methods, such as adaptive-based control [7], fuzzy-based
control [8,9], neural network-based control [10], and deep neural network-based control [11-13], have attracted significant
attention and been widely used to enhance the control performance.

Moreover, in the practical flight process of HRVs, actuator faults may be encountered due to the severe environment,
which may lead to unpredictable accidents [14,15]. Consequently, the research on the fault-tolerant control (FTC) for HRVs
has been prioritized to satisfy the increasingly stringent requirements regarding the safety and reliability of such safety-
critical systems [16].
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In recent decades, many advanced FTC strategies with different features have been employed to address the abovemen-
tioned control issue. An et al. [16] proposed an FTC scheme for hypersonic vehicles, in which a disturbance observer was
used to compensate for the effect of actuator faults. Hu et al. [17] combined the classic dynamic surface control with an
adaptive method and a bound estimation approach to ensure the control performance under time-varying actuator faults.
Furthermore, the fuzzy logic system and neural network were adopted as intelligent approaches to address the FTC prob-
lem [18,19]. Nevertheless, although these approaches could exhibit an excellent control performance under actuator faults,
only the asymptotic stability of the closed-loop system could be ensured. In other words, all the error variables converged
within an infinite time. Notably, for a safety-critical and fast time-varying system as the control system of the HRV, if the
compensation for the negative effect of the actuator faults exceeds the allowable time, the system is likely to collapse [20].
To enhance the fast convergence of control systems, a fixed-time observer-based finite-time FTC was established for hyper-
sonic gliding vehicles (HGVs) [21], and an integral terminal sliding-mode control integrated with adaptive techniques was
developed for the HGV, which could drive the convergence of all the error variables within a finite-time [22].

Furthermore, in the existing methods, the convergence time depended strictly on the values of the initial conditions. In
such a scenario, if the initial state is far from the origin, the convergence time likely tends to infinity. This defect severely
hinders the practical application of the finite-time method. Consequently, a fixed-time control method was proposed for
quadrotors, based on the fixed-time theory and bi-limit homogeneity property, and all the error variables were demonstrated
to be fixed-time convergent [23]. Moreover, a fixed-time accommodation strategy for actuator faults was presented for HGVs,
although the convergence time of the sliding phase could not be obtained directly [20]. Overall, designing a fixed-time FTC
scheme with a predefined bounded convergence time for HRVs is significant yet challenging.

Additionally, most of the existing control schemes assumed that the control signals could be transmitted to the actuator
modules in real time without deviations, and the communication capability was sufficient. However, in the existing digital
control systems, the practical signal quantization transmission process and limited communication capacity cannot be ig-
nored, especially in the case of resource constrained systems. Wang et al. [15] proposed an event-triggered attitude control
scheme for fractionated spacecraft with wireless communication to reduce the communication burden. A hysteresis quan-
tizer (HQ) was synthesized into the controller design to reduce the actuator bandwidth for the micro-electro-mechanical sys-
tem (MEMS) gyroscope [24]. Based on the event-triggered mechanism, intermittent-measurement-involved extended state
observers and controllers were developed for flexible HFVs involving limited resources [25]. Furthermore, an adaptive con-
trol with a logarithmic quantization mechanism was implemented to realize the tracking control of HFVs [26]; however, the
logarithmic quantizer could lead to chattering, which may deteriorate the control performance and system stability.

Furthermore, during HRV missions, which are characteristically long distance and long endurance, the energy of the HRVs
cannot be replenished. For such systems with limited resources, the problem of signal quantization transmission and limited
communication capacity must be considered when designing the controller, and this aspect requires additional research.

Considering these aspects, this paper proposes a fixed-time fault-tolerant attitude control strategy for HRVs, which takes
into account the quantization mechanism. The main contributions of this paper can be summarized as follows:

(1) Different from the existing asymptotic convergence and finite-time convergence fault compensation techniques [16,19],
fixed-time extended state observers (FESOs) are employed to simultaneously estimate the lumped disturbances includ-
ing unknown time-varying actuator faults, uncertainties, and external disturbances. Particularly, the adopted FESOs
can not only estimate the negative effect of the lumped disturbances within a predefined time but also enhance the
robustness of the closed-loop control system in fault scenarios.

(2) In contrast to the previous studies [21,16-20,22], the signal quantization transmission process and limited communi-
cation capacity are considered. A hysteresis quantization mechanism is implemented in the proposed control scheme
to effectively reduce the communication load and save communication resources in the controller-to-actuator channel
for limited resource systems.

(3) A non-singular terminal sliding mode surface-based fixed-time control strategy is proposed to ensure that all the error
variables can converge within a predetermined time. In contrast to the previous fixed-time control protocols [23,27],
in which the convergence time could not be obtained directly, the convergence time in the proposed control strategy
can be directly estimated by considering the controller parameters, independent of the different initial states.

The remainder of this paper is organized as follows. The modeling of the HRV and actuator and problem formulation are
described in Section 2. The design of the quantized fixed-time fault-tolerant scheme and stability analysis are presented in
Section 3. The simulation results and corresponding discussion are described in Section 4, and the concluding remarks are
presented in Section 5.

2. Problem formulation

2.1. Mathematical model of the hrv

The HRV model used in this paper is with reference to that reported in [28,29]. The HRV model adopts the winged-cone
geometry, and its configuration and structural parameters are shown in Fig. 1 and Table 1, respectively.

144



T. Wu, H. Wang, Y. Yu et al. Applied Mathematical Modelling 98 (2021) 143-160
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Fig. 1. Three views of the HRV model.

Table 1
Geometric characteristics of the HRV model.
Notation  Unit Parameters

Mass m kg 63,500
Reference area S m? 334.73
Span b m 18.29
Mean aerodynamic chord ¢ m 24.38
Roll moment of inertia Iy kg-m? 915,300
Pitch moment of inertia I, kg - m? 903,600
Yaw moment of inertia I, kg-m?> 903,600

Due to the limitation of the length of the paper, only the parameters that are used in the design of the control system
are listed in Table 1. The remaining structural parameters and fitting polynomials of the aerodynamic coefficients, which are
not listed herein, can be found in [28,29].

Based on the assumption of a uniform gravitational field and a rigid vehicle structure, the nonlinear motion equations of
the HRV can be described as

fe =Vsin®

i VcosOsinys
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where 1, is the radial distance from the Earth center to the vehicle, ¢, ¢ are the longitude and latitude, respectively, w.
denote the Earth rotating rate, V, ¥s,0 denote the velocity, heading angle, and flight path angle, respectively, «, B, ys
denote the angles of attack, sideslip, and bank, respectively, wx,wy,w, denote the roll angular rate, yaw angular rate, and
pitch angular rate, respectively, and g is the gravitational acceleration.

The aerodynamic forces L, D and Z can be defined as

L=0QSG
D = QSCp (5)
Z = QSG,
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where C;=Cy o +Cp 5, + Cp 5, C0=Cp.o +Cps, + C s, +Cs,r and G=C; g B + Cz 5, + (4 5, + Cz 5, are the lift, drag, and side force
coefficients, respectively, and 8.,84,8; denote the left elevon, right elevon, and rudder, respectively.
The aerodynamic moments My,My and M; can be defined as

M,=QSbm,
M,=QSbm, (6)
M,;=QScm; — Xg(—Dsina — Lcos o)

where my=mf B +md8e + m8q + mr 8y + mPx b 4 m Wb my=mf B+ mese + mie8y + mir S, + milx b L m P and

y y© 27

My=Mzq + m‘ZSezSe + mf“ 8a + mﬁ’ér + m?’z% are the roll, yaw, and pitch moment coefficients, respectively.
Furthermore, in ground wind tunnel experiments, it is difficult to simulate a high Mach flight environment, which may
result in uncertainties in the aerodynamics parameters. Considering the uncertainties, the aerodynamic force and moment

coefficients can be represented as:

Ci:Ci_(l + Af) )
mjzmj(l + AM)
where i =L, D, Z j=x1y z G and m; denote the nominal values of the aerodynamic force and moment coefficients,

respectively. The fitting polynomial expressions of the aerodynamic force and moment coefficients can be found in [28,29].
Af and Ay represent the perturbation ranges of the aerodynamic force and moment coefficients, respectively.

To facilitate the design of the attitude control system, the attitude angle state, angular rate state, and control input are
defined as € = [a, B, ys]', @ = [wx,wy,w;]" and u = [8.,84,8:]", respectively. And the aerodynamic force generated by
the deflection angles is negligible. The equations for the attitude kinematics and dynamics (3)-(4) can be rewritten in the
following affine nonlinear matrix form:

5?=fsz +8e® + Ag (8)
® = fo + 8ol + Ay

where Ag and A, represent the lumped disturbances in the attitude angle loop and angular rate loop, respectively, go and
g, can be described as

—cosatanf  sinatanf 1 QSbm® /I, QSbmd /I,  QSbm? /I,
8o = sina cos o 0.8 = | QSbmd /I, QSbmd /I, QSbm /I, 9)
cosa sec 8 —sinasecf 0 QScml /I,  QScmd/l,  QScmY /I,

fo =1fa. fp. fr.]" and fo=[fu,. fuy. fu,]" can be described as

fu = gcos 6 cos ys/(V cos B) — QSCpq/(mV cos B)
fp = gcosOsiny;/V — QSCE B cos B/ (mV)
fy. = —gcosf cos ystan B/V + (QSC_fﬂ tan & cos ys + QSC. 4 (tan 6 sin y; + tan ﬂ))/(mV)
B W w (10)
Fo = Uy = Lywywa b + QS (mf B + (mitewsb -+ m wyb) /2V) )
fu, = (I = L)wzwy/ly + QSb(mf,B + (m;"*wxb + m;Vywyb)/(ZV)) /1y
fw. = (I = L)Wyw, /I + QSc(mzq + my=w,c/(2V) /1,
Ag =[Aq, Ag, Ay]" and Ay=[Aw,, Aw,, Aw,]" can be described as
Ao = —QSAFC/(mV cos B) + dg
Aﬁ = 7QSAF§ZCOS,3/(mV)+dﬂ )
Ay, = (QSAFC;tan 6 cos ys + QSAfCi(tan @ sin y; + tan B)) /(mV) + dy, (1)
AWX = QSbAme/Ix + dwx
Aw, = QSbAymy /Iy + dy, _ _
Aw, = QScAyiiz/I; — Xeg(—QSAFCp sina — QSAFC, cos ) + dy,

where do, dg, dy,, dw,, dw,, and dy, denote the external disturbances.
2.2. Mathematical model of the actuator
This subsection describes the establishment of the mathematical model of the actuator faults and HQ.

The effectiveness loss fault and bias fault commonly occur in the HRV, and thus, the general actuator fault model of the
HRV can be expressed as [20]

u=Auc+g (12)
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Fig. 2. Mapping between q(6,;) and §, when §,,>0.

where u = [8,84,8;]7 is the actual actuator deflection, uc = [8ec,8ac,0rc]T represents the desired control signal,
A = diag{Ae,Aa, M (0 < X; < 1,1 = e, a, 1) denotes the effectiveness loss faults, and ¢ = diag{ce,5a,5r} denotes the bias
faults. In this work, A; and ¢; are represented by time-varying functions, which have a wider applicability.

The HQ in the controller-to-actuator channel is defined as follows [30]:

0,580 (8m). &%’m < 18m| < 8mirm < 0,01
Smi < |8m| < 22 m >0
Smi(1+ Tm)SEN(8m), Smi < |8m| < £, 8m < 0, 0r

s
Tm

q(8mn) = § P2 < || < i) 55 0 (13)

1-tn

0,0 < |6m| < ‘iﬁ-';lm“,ém <0, or

Sm.mi Q
% = |8m| = (Sm.mina(sm >0

Q((Sm(t_))’ ‘Sm =0

where 8, ; = ok '8 min With integer i = 1, 2, ---, m = e, q, r denotes the left elevon, right elevon, and rudder, respectively,
Smmin > 0 denotes the size of the dead zone of q(dm), 0 < pm < 1 is a measure of the quantization density and used to
define Ty = (1 — pm)/(1 + pm), dm(t™) denotes the actuator deflection at the last moment, and q(8,;) lies in the set {0,
+8mi £0mi(1 + Tm)}. Fig. 2 shows the mapping relationship between q(8;z) and 8, when 8m,>0.

Based on the quantization decomposition technique reported in [31], the output q(6,;) of the HQ can be decomposed
into the following form:

q(8m) = H(0m)8m + L(8m) (14)
where
_ ) a(m)/8m. q(6m) #0 _)0,q(6m) #0
HGm) = {Lq@.) —o | HOm= {—am,q(8m> =0

Lemma 1 [31]. In the decomposition specified in (14), the control coefficient H(6y;) and disturbance-like term L(8,,) satisfy the
following inequality:

1—Tm <H@m) < 1+ T, |L(m)| = Sm.min (15)
Considering the actuator faults and HQ and substituting (12) and (13) into (8) yields
® = fo+8o(AQW) +¢) + Aw
= fo +2.QW) + 8o ((A — E)Q(u) + 6) + A, (16)

where Q(u) = [q(8.),q(84),q(8;)]" denotes the quantized input and E represents the identity matrix.
Consequently, the control-oriented model can be represented as:

5?=fsz +8ow + Ag (17)
® = f, +8,Q(u) + Awf

where Ayf =80 (A —E)Q) +6) + Aw =[Ay, [, Ay AWZf]T denotes the lumped disturbances in the angular rate loop.
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Fig. 3. Structure of the proposed controller.

Assumption 1. [32]: The lumped disturbances A;(i = £, @f) and their first-order derivatives are bounded, such that ||A;]| <
M, | Al < L.

Control Objective: The control objective of this paper is to design a quantized fixed-time fault-tolerant scheme such
that the system states can track the desired instructions £, and w, within a fixed time in the presence of actuator faults,
uncertainties, and external disturbances and effectively reduce the communication load.

3. Design of the quantized fixed-time FTC scheme

This section describes the controller design process. The structure of the proposed controller is shown in Fig. 3. According
to the time-scale separation and singular perturbation theory, the attitude system of an HRV can be divided into an attitude
angle control subsystem and angular rate control subsystem [32]. The attitude angle control subsystem tracks the attitude
angle command and generates the virtual reference command for the angular rate control subsystem. The angular rate
control subsystem tracks the virtual angular rate command generated by the former subsystem and generates the actuators’
deflection signal. Note that the actuator input signal is quantized by the HQ, and the actuator faults are considered in this
paper. Fig. 3 shows that the two control subsystems have similar control structures. Nonlinear first-order filters (NFFs) are
employed to generate more realizable command signals and corresponding differential signals. Moreover, the "differential
explosion" problem can be avoided in this manner. FESOs are introduced to estimate the lumped disturbances within a
fixed time. Quantized fixed-time FTC laws (QFFCLs) are designed to ensure the closed-loop control performance.

Notation 1. In this paper, for all X = [x;,X5,---, xn]T € R® * 1, the symbol sig?(x) denotes [|x1|? - sgn(xq),-- -, |xn|? - sgn(xn)]7,
where sgn(-) represents the sign function.

3.1. Controller design for the attitude angle subsystem

3.1.1. Design of the NFF

Lemma 2 [33]. Consider the following nonlinear system:
0 = —k;sig? (o) — kysig® (o), 0 (0) = 0y (18)
where q; > 1, 0 < g3 < 1, k1,k; > 0. In this case, system (18) is fixed-time stable, and the settling time T(o) can be

bounded as follows:
1 1

+
ki(1—q1)  ka(g2—1)
To avoid the actuator saturation caused by drastic changes in the reference command @ = [&, B AR the NFF is employed
to generate a more realizable command signal ¢ = [ac,BcYsc]” and corresponding differential signal ¢, which are used
in the design of the QFFCL.
Tor Qo= — sig™” (R — @) — sigh" (R - @) (20)

where tqp is a small positive constant; aqr € (0, 1), and Bqr > 1. According to Lemma 2, the NFF can ensure overall
fixed-time convergence [33]. The error of the NFF in the attitude angle subsystem can be defined as =8¢ — ®.

T(0p) < Thmax = (19)
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3.1.2. Design of the FESO
This subsection describes the design of the FESO used to estimate the lumped disturbances in the attitude angle subsys-
tem within a fixed time. The FESO is formulated as follows [34]:

éo=0-9
= fo + 8o® — UaoSIg™™ (Bg) — ansig’™ (€o) + Ag (21)

Ag = —1ausig™ (€q) — [100sig’™ (Be) — Xaosign(8q)

ey

where € and AQ represent the estimates of the attitude angle € and lumped disturbances Ag, respectively, &g denotes
the estimation error, and gy € (0, 1), Baor > 1, dge2 = 201 — 1, Baoz = 2Bae1 — 1. Xqo > Lo, and g, > 0 = 1, 2,
3, 4) are the observer parameters to be designed.

Theorem 1. Suppose that the lumped disturbances Ag satisfy Assumption 1, and the FESO is designed as indicated in (21). The
lumped disturbances Ag can be estimated within a fixed time by the FESO, and the upper bound on the convergence time Tg,
can be estimated as follows:
)\max(EQI)(l_aml) + 1

Aq1(1 = aqoer) ra2(Bao — 1)wgPas—D

where A1 = Apin(Qe1)/Amax(Zq1)r2 = Aqin(Qe2)Amax(Zo2)Amin(202) = @e > 0, and Qq1, X1, Qo2 X2 are positive
definite matrices that satisfy
Ta1Par + Por" Zar = —Qa1. TazPaz + Px" Tz = —Qa2

Por = — M Qo1 1 Poy = —Uoe 1 (23)
—Uoi O —MUoos O

Too < (22)

Proof. First, we define the following error variables:

& = QA_ Q (24)
Ag=Ag —Ag

By obtaining the derivative of (21), the error dynamic system can be defined as follows:
€= Ag — 1aoisig™™ (8g) — iansig™™ (Eq) (25)
A = —onsig ™ (8e) — ILamsig’™ (Be) — Xaosign(@e) — Ag

According to the convergence analysis of the fixed-time non-recursive observer reported in [35], the error vector e =
[éq. Ag]T is expected to converge to the origin in the fixed time. That is, the lumped disturbances Ag can be estimated
within the fixed time Tq,. This completes the proof of Theorem 1.

3.1.3. Design of the QFFCL
This subsection describes the design of a novel QFFCL for the attitude angle subsystem to ensure the control performance.
First, based on the fixed-time theory, the non-singular fixed-time terminal sliding mode surface is intuitively designed
as follows:

Og =Kg+ / ko SIg™ (Kg) + kaesigh™ (g)dt (26)

where kg = & — Q¢ = [kq. k. ky,]T € R®*1 represents the tracking error vector in the attitude angle loop and kgc1.koo >
0, @qe1 € (0, 1), and Bgc > 1 are the controller parameters.
Remark 1. According to (26), when 6o= 0,

g = —kaaSig"™ (kg) — kaasig"™ (ke) (27)

According to Lemma 2, in the sliding phase, the tracking error kg can converge within a fixed time, and the upper bound
on the convergence time can be calculated as follows:

1 1

T < —+ 28
a chZ (IBch - 1) chl (] - an]) ( )
Combining (17), (21), and (26), the QFFCL for the attitude angle subsystem can be designed as follows:
fo+ Asz -
©=-8g'| , (kaasig"™ (kg) + kacsig"™ (ko) (29)
+kacssig e (0g) + kausig™ (ag)
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Remark 2. Focusing on the term g, in (8), it can be noted that det(gg) = —sec 8, and g, is irreversible when = + 90°.
However, B is restricted to a neighborhood of zero in the reentry phase of the hypersonic vehicle. In other words, gg, is
reversible, and the control signal @ is non-singular.

3.2. Controller design for the angular rate subsystem

3.2.1. Design of the NFF
In the angular rate subsystem, the NFF is used to avoid the differential explosion problem. Similar to (20), the NFF is
formulated as follows:

Tor@e= — SIg%F (W — @) — sigh”" (we — @) (30)

where @ denotes the virtual reference command generated by the attitude angle control subsystem, w, represents the new
virtual control input after filtering, @, denotes the corresponding differential signal of w¢; 7,F is a small positive constant,
dur € (0, 1), and B,r > 1. The error of the NFF in the angular rate subsystem can be defined as ey=w¢ — ®.

Remark 3. In this paper, the NFFs (20) and (30) are utilized to generate more realizable commands, generate the corre-
sponding differential signals, and solve the differential explosion problem. The tuning rules for the parameters in the NFF
are defined as follows: decreasing t;,«r;, and increasing S;(i = QF, wF) accelerates the convergence and enhances the accu-
racy of the NFF. However, an excessively small 7;,«; and large §; may render the NFF more sensitive to measurement noises
and high-frequency dynamics, thereby affecting the stability of the system. Hence, the balance between the sensitivity and
prompt responsiveness of the NFF should be considered in practical applications.

3.2.2. Design of the FESO
In the angular rate subsystem, the FESO is designed to estimate the lumped disturbances Ayr within a fixed time and is
formulated as follows:

€o=0—®

®= Jo +8,Q) — [Lpor Sigawm (éw) - ﬂwoZSigﬂml (éw) + Aa.)f (31)

Awf = *,ua)o35ig0tm2 (éw) - :l‘La)o45igﬁw'32 (éw) - XwoSign(éw)
where @ and Awf represent the estimates of the angular rate @ and lumped disturbances Awf respectively; e, denotes the
estimation error; and @01 € (0, 1), Buwor > 1, %wo2 = 2@wo1 — 1, Bwoz = 2Bwor — 1, Xwo > Lyp and peo > 0(i =1, -+, 4)
are parameters to be designed.

According to Theorem 1, the lumped disturbances A f can be estimated within a fixed time by using the FESO, and the
upper bound on the convergence time T, can be estimated as follows:

)Lmax(Ea)l)(l_awol) N 1
A1 (1 = 0tpo1) A2 (Bwor — 1) oo =)

where A, = )‘-min(Qa)l WAmax(Zp1)Aw2 = )‘min(QwZ)/)\max(za}Z)v)‘min(EwZ) > @y > 0, and Qu1, X1, Quz and X, are posi-
tive definite matrices that satisfy

Z1Pot + Pu1"Z01 = —Qui. Te2Pu2 + Pz Tz = —Qu
P, = —Mwo1 1 P —Hawo2 1 (33)
wl = w2

(32)

Two <

—Mw3 0] —Hou 0

Remark 4. The tuning rules for the FESO parameters defined in (21) and (31) can be described as follows: larger
WitsHins iz hissBin.Bip and smaller «;j,0(i = Qo, wo) accelerate the convergence. However, an excessively large
Mit iz iz MissBi1,Biz and smallajq,0;, may lead to a large overshoot. Hence, the balance between the overshoot and prompt
responsiveness of the FESO should be considered in practical applications.

3.2.3. Design of the QFFCL
Similar to the attitude angle subsystem, the sliding mode surface of the angular rate subsystem can be designed as
follows:

0w =Ko+ / Kaoc1SIE™ (Kw) + Kuc2SigP™ (Ko )dt (34)

where ko = ® — @c = [Kwy, kwy, Kw,]T € R31 represents the tracking error vector in the angular rate loop and kg1, koeo >
0, ®ye1 € (0, 1), Byer > 1 are the controller parameters.
According to Lemma 2 and Remark 1, when 6, =0,

o = —keoc1SIE (k) — kucoSig™™ (ko) (33)
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Algorithm 1
Implementation Framework of the Proposed Control Scheme.

Initialize NFFs ((20) and (30)), FESOs ((21) and (31)), QFFCLs ((29) and (37)), and HQ (13).

At each sampling time t;i =0, 1, ---

(1) Obtain the current desired command @ and HRV states 2, ®.

(2) Acquire the filtered command €. and differential signal . by using (20).

(3) Obtain the estimation of the lumped disturbances Ag by using (21).

(4) Calculate the tracking error kg and obtain the virtual angular rate command @ by using (29).

(5) Obtain the filtered command @, and differential signal @, by using (30).

(6) Get the estimate of the lumped disturbances A,,,f by using (31).

(7) Calculate the tracking error k, and obtain the desired control instruction u, by using (37).

(8) The HQ module determines whether the control inputs must be updated using (13) and returns to step (1).

aPeNSuRWONR

The tracking error k4, can converge within a fixed time, and the upper bound of the convergence time can be calculated
as follows:

1 1
=< +
D= Ko Boct — 1) Kot (1 — Auper)

Based on the quantization decomposition technique expressed in (14) and in combination with (17), (31), and (34), the
QFFCL for the angular rate subsystem can be designed as follows:

T, (36)

Jfo+ Awf — @
Ue=-To &) | |, (koarSig™ (o) + KocaSig"™ (ko) (37)
+hoe3SIE™? (04) + KucaSigh? (00)

where 1, =diag{1/(1-17.),1/(1 - 1), 1/(1 — 1)}

Remark 5. In this paper, the QFFCLs (29) and (37) are adopted to ensure that the system converges within a fixed time. The
exponential coefficients §;; and B,(i = Qc, wc) drive the system to converge rapidly when the state is far from the origin,
and the exponential coefficients «;; and a;,(i = ¢, wc) drive the system to converge rapidly when the state is close to the
origin. The tuning rules for the parameters in the QFFCL can be defined as follows: larger k;i;,k»,ki3,kis,Bi1.8;» and smaller
oj1,0, accelerate the convergence and reduce the steady system error. However, an excessively large k;q,k»,ki3.kis,Bi1,8i2 and
small «j;,0j may lead to a large control input, which may exceed the actual physical constraints of the HRV. Hence, the
tradeoff between the control effort and prompt responsiveness of the QFFCL must be considered in practical applications.
The abovementioned sections described the design process of the proposed controller. For convenient expression, the
detailed implementation procedure of the proposed control scheme is summarized as the pseudocode Algorithm 1.

3.3. Stability analysis

Lemma 3. [36]: Considering the universal nonlinear system x = f(x(t)), x(0) = xq, if there exists a continuous positive definite
and radially unbounded Lyapunov function V(x): R* * 1 — R and parameters my, my, p1, p2, and Ay satisfying m;,;m, > 0, p;
>1,0<py<1,0< Ay < oo, if V(x) < —mV(x)P1 — myV (x)P2 + Ay, then the system is considered to be practical fixed-time
stable, and the residual set of the trajectory ® and settling time T can be defined as

O={lim xiv (0 = min | (5375) " (i) * | a8)
T 1

1
= m10(p1—1) + m,0(1-pz)
where 0 < 6 < 1.

Lemma 4. [37]: Forx; e R,i=1,2,---,N, q; > 1, 0 < g, < 1, then

N q 1N
(S bal)™ = N1 5o 39)
(XL 1xl)” = T8 1xl®
Theorem 2. Suppose that Assumption 1 is valid. If the HRV attitude control system is described by (17), the HQ is described by

(13), the FESOs are described by (21) and (31), and the QFFCLs are described by (29) and (37), the closed-loop system is practical
fixed-time stable, and the sliding mode o; and tracking error k;(i = S, @) converge into the small regions in the fixed time.

Proof. The Lyapunov function is selected as follows:

1 1 1 1 ~
V=c20g'0g+-0,"0,+-6¢ €g+ =Eu €+ Aos (40)

2 2 2 2
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The time derivative of V is

V= 09"6q + 00780 + g éq + €0"80 + ApA + AL A (41)
[0)

First, recalling Theorem 1, when t > To=max (Tqg,Two)s &on, Awfzo. Then, based on the definitions of €, and &4, one
can obtain that
_sig"(eg) sig(e@) o, sig(e0) sigh(e0) o
ToF TQF e TwF TwF
In practical engineering scenarios, the command signal @ is given by the guidance algorithm in which the first-order

(42)

derivative of @ is bounded, such that ||@|| < ¢ with a positive constant ¢q. According to (29) and Remark 2, it turns out

that the first-order derivative of @ is also bounded, such that ||@| < ¢, with a positive constant ¢,. Hence, we can get

sig™ (eg) _ sig™™ (eq) sig™" () _ sigh" (ew)
- - - (0}

€g = + Vg, €p < — 43)
¢ TQF TQor & e TwF TwF (
where vg = [sa5asal”. Vo = [SwSwswl’
Then, recalling Lemma 1, substituting (29), (37), and (43) into (41) yields
V <ogl [—I<Qc3sig°‘m2 (0@) — kacasigho? (09)] +0,7 [—kwcgsig"‘“2 (00) — Kocasighee (aw)]
B . » N (44)
+ egT(_slg f;;r(eﬂ) sig S;;seg) n vg) teT (_ sig r:,F(sw) sig r;C(em) n Uw)
Using Young's inequality, the following expression can be derived:
T T T T
€q' e Vo'V €y € Vp' U
£e' Vg =~ + LR £y v, < —0 4 (45)

Setting o= qr = ¥, Br=Bar = Bwr aNd T=Tgr = T, invoking (45) in (44) and merging the right side of (44) yields

. e+l Boo+l e+l Bt
V< —kas(0e'0e) © —kou(0e'0e) © —kes(00'00) * —kuu(0w'0w) °

ap+1 Bp+1 ap+1 Bp+1 (46)
(2 lewTen) T~ (2 DfewTen) T - (2 Dfeen) (1) (o)

T
Vo Vg Vo Vo
+ 2 + 2

Setting ap=tt;p = a» and Br=PBi = Bo(i = 2, w) yields

Beo+1

. g+l g+l B+t
VE_A1|:(UQTGQ) : +(<T¢.>T(Tw) : i|—A2|:(09T09) : +(GwTaw) :

—A; (eﬂTeﬂ) + + (ewTew) o i| —#s |:(€SZT€SE) + + (s,,,Té‘,,,) ﬂczz“i| “47)

vg' vg Vo Ve
+ 2 + 2

where A; = min(kqe3,kye3), Ap = min (kgea.kpeq), and Az=1/t — 1.
Then, using Lemma 4, we can obtain

B+l
2

. g+l 1
V < —A (JQTGQ + awTaw) T, (aQTaﬂ + a&,Tow)
ke 1-B Bept1 T T
—As(eeTeq +€0T60) T —2 T As(eTeq + 60 Ey) T + 2y 4 e
ot fg1 (48)
< -Bi(0g0g + 0,70, + o' €+ 80"€0) * —By(00"0g + 0,0, + 80 e + €0 E0)

T T
Y Vo' U,
+%+M

Qg+l Beat1

§—C1V 2 —sz 2 +AV

1-8 1-8 1-8 1 By—1 By—1
where B; = min (A,A3), By = min(2 22 Ay, 2 2% A3)2 2%, G =2°% min(kaes, kues)y G = 2min(2-5 Ay, 275 As),

and Ay=(vgvg + v, vy)/2.

According to Lemma 3, we can obtain that the system is fixed-time stable. Furthermore, the
residual set of the trajectory ©, and settling time T, can be given by Og= {lim 1 x|V(x) <
min([Ay/(Cy (1= 0)]% @+ [Ay/(G(1 - 0N BatD)T, < 1/(mB((a — 1)/2))+ 1/(ma6((3 — Be2)[2)). Thus, the
proof of Theorem 2 is complete.

4. Simulation and discussion

In this section, comparative simulation and Monte Carlo simulation are performed to verify the effectiveness, superiority,
and robustness of the proposed control scheme. The geometrical configuration and parameters of the HRV are shown in
Fig. 2 and listed in Table 1, respectively.
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Table 2
Controller parameters.

Module Parameters

NFF Eqs. (20) and ((30)) 7; =01, a; =08, B; = 1.2(i = QF, wF)
o1 = 0.8, Bi1 = 1.2(1 = Q, w)
FESO Eqs. (21) and ((31))  paa = Hao = 10, ham = Lo = 50, xs = 50
Mwot = Hwo3 = 10, Lo = K = 20, X» = 100
HQ (Egs. (13)) Pm=0.95,8 min = 0.3(m =¢, a, 1)
A =08, B2=12
QFFCL Egs. (29) and (37)  kqer = 0.6, kg = 0.9, kges = 0.5, kges = 0.5
kuu:l = 2- kch = 41 kwc3 =05, ku)c4 =09
kis = 0.56, kps = 1.5, ki = 2.25, k,; = 3
l;=05,1,=015,3=0.1,p=1.5

HOSMO-ADRC [38]

Finite-time SMC [21] I4=16,15=0151g=1.2
ki =12,k =151 =04,1,=0.8
ESO [32] w,; = 256w = 5013

4.1. Comparative simulation

In this subsection, to reveal the effectiveness and superiority of the proposed controller, the high order sliding mode
observer-based active disturbance rejection control (HOSMO-ADRC) fault-tolerant scheme [38] and finite-time sliding mode
control (Finite-time SMC) fault-tolerant scheme [21] are considered to perform the comparative analysis. Moreover, the ESO
[32] and the HOSMO [38] are adopted to demonstrate the efficacy of the FESO.

The initial conditions of the HRV are as follows: H=52.1km, V =3608m/s, « = B8 = ys = 0.1° and
Wy = Wy = w, = 0.1°/s. The controller parameters are given in Table 2. The aerodynamic coefficients deviate from the
nominal value by +20%, that is, Af = Ay = 20%. The external disturbances are formulated as follows:

0.01 + 0.01sin(0.2t)cos(0.3t) — 0.01sin(0.2t) exp(—0.02t)
dg = | 0.01 —0.01sin(0.3t)cos(0.2t) + 0.01sin(0.2t) exp(—0.02¢)

0.01 + 0.01sin(0.2t)cos(0.3t) — 0.01sin(0.2t) exp(—0.02t) (49)
d, = 2dg
where dg=[dy. dg, dy, |7, dy=[dw,. du,  d, I".
The actuator faults are set as follows:
1t <10 .
he={1-0.1-(t—10)10 <t < 14, co= ‘])g =
0.6t > 14 =
1t <14 o
Aa=11-0.1-(t—14)14 <t < 18, co= _Olftf 2;4 (50)
0.6t > 18 -
1t <18 o
=11-01.(-18)18 <t <22, =1 =2
0.6t > 22 =

The comparison curves of the attitude angle tracking performance and tracking error are shown in Figs. 4 and 5. It is
not difficult to find from Fig. 4 that the attitude angle subsystem exhibits a higher convergence speed and tracking accuracy
when using the proposed controller, compared to those when using the HOSMO-ADRC and Finite-time SMC scheme. Espe-
cially, as can be seen from Fig. 5, when the bias faults ¢;(i = e, a, r) occur at t = 24s, significant tracking error appears in
the attitude angle subsystem. The proposed FTC scheme can accomplish attitude tracking more effectively and rapidly than
the two existing FTC schemes.

Figs. 6 and 7 show the comparison curves of the angular rate tracking performance and tracking error. It is also inter-
esting to observe from Figs. 6 and 7 that the proposed controller demonstrates a superior control performance even in the
presence of uncertainties, external disturbances, and actuator faults compared with the two FTC schemes.

The mean absolute error (Mean-AE) and max absolute error (Max-AE) indexes presented in Table 3 are considered to
evaluate the control performances of the three control methods more clearly and quantitatively. The Mean-AE and Max-AE
indexes of the proposed controller are smaller than those of the other two methods. Hence, the proposed controller exhibits
a higher steady-state control performance and transient control performance than the other two methods.

Figs. 8 and 9 show the comparison of the estimation performance of the ESO, HOSMO, and FESO in the attitude angle
subsystem and angular rate subsystem, respectively. It is evident that compared with the asymptotic-convergent ESO and
finite-time-convergent HOSMO, the proposed FESO exhibits a higher estimation performance under the application of the
fixed-time convergence theory. That is, the FESO can compensate for the negative effect of actuator faults, uncertainties, and
external disturbances within the allowable time for recovery from a fault scenario.
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Fig. 5. Comparison curves of attitude angle tracking error.
Table 3

Comparison of control performance indexes of three control methods.

Index Channel QFFCL HOSMO-ADRC Finite-time SMC
Mean- o 0.0324 0.1721 0.1672
AE B 0.0080  0.0342 0.1002
Vs 0.0149 0.2171 0.1073
Total 0.0553  0.4234 0.3747
Max- o 0.5002 2.1185 0.7424
AE B 0.2476  0.3519 0.2986
Vs 0.2603  0.4041 0.3161
Total 1.0081  2.8745 1.3571
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The curves of the response and number of communication events of the actuators are shown in Figs. 10-12. It can be
noted that the HQ reduces the communication load by changing the continuous control signals into discrete quantized
signals. Considering the §, — time curve in Fig. 12 as an example, when the time t ranges from 19.7 to 20.1 s, as shown
by the red dotted line, the control signal without the HQ needs to be transmitted to the actuator module in real time
within each control cycle. However, as shown by the blue dotted line, under the effect of the HQ, the continuous control
signal is divided into a segmented control signal. In other words, the control signal needs to be transmitted to the actuator
module only when the segmented control signal changes, thereby effectively reducing the number of communication events,
which makes the proposed approach more suitable for situations in which the communication bandwidth and resources are
limited. Similarly, the HQ significantly reduces the communication times and load, as indicated by the curves of the number
of communication events.
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The comparison of the Mean-AE index and communication time of the QFFCL with and without the HQ is presented in
Table 4. It can be quantitatively found that the number of communication events reduces by 35.93% under the effect of the
HQ; meanwhile, under the effect of the proposed QFFCL, the total Mean-AE index increases by not even 2.79%. Therefore,

the existence of the HQ in the proposed control scheme can effectively reduce the communication load with a finite loss in
tracking accuracy.

4.2. Monte Carlo simulation

As described in this subsection, Monte Carlo simulations involving 300 iterations are performed to illustrate the robust-
ness of the proposed QFFCL against aerodynamic coefficient perturbations, external disturbances, different initial conditions
for the attitude angle, and angular rate, and actuator faults.

The initial conditions for the height and velocity of the HRV are H = 52.1km, V = 3608m/s, respectively.
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Table 4

Comparison of Mean-AE and communication times of QFFCL with and without the HQ.

Index Channel QFFCL (with HQ) QFFCL (without HQ) Increment (%)
Mean-AE o 0.0324 0.0317 +2.21

B 0.0080 0.0077 +2.60

Vs 0.0149 0.0144 +3.47

Total 0.0553 0.0538 +2.79
Number of communication events Se 1049 1500 -30.07

Sa 1011 1500 -32.60

8¢ 823 1500 -45.13

Total 2883 4500 -35.93
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Fig. 13. Statistical charts of the Max-AE index for the Monte Carlo results.

The initial value ranges for the attitude angle £ and angular rate  are set as [0°, 0.3°] and [0°[s, 0.3°/s], respectively.
The range of aerodynamic coefficient perturbations Ar and Apare set as [ — 20%, +20%]. The external disturbances dg and
d,, are formulated as indicated in (41). The ranges of A; and ¢;(i = e, g, r) are set as [0.6, 1] and [ — 1°, 1°], respectively.
In the Monte Carlo simulation, the relevant state initial values, coefficient perturbations, and fault parameters are randomly
selected in the abovementioned ranges.

To more clearly illustrate the Monte Carlo results, the Mean-AE and Max-AE indexes of the attitude angle in 300 runs of
the Monte Carlo simulations are shown in Figs. 13 and 14. It can be found that the attitude angle can track the command
signal with a high tracking performance when driven by the proposed controller. In Table 5, by comparing the integer
average of the number of communication events in the controller-to-actuator channel of the results of 300 runs of Monte
Carlo simulations, it can be observed that the number of communication events is reduced by 31.62% under the effect of
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Fig. 14. Statistical charts of the Mean-AE index for the Monte Carlo results.

Table 5
Comparison of the Monte Carlo results of the number of communication events of the QFFCL with and without the HQ.
Index Channel QFFCL (with HQ) QFFCL (without HQ) Increment (%)
Number of communication events (Integer Se 1043 1500 -30.47
average of 300 Monte Carlo results)
8a 1055 1500 -29.67
8 979 1500 -34.73
Total 3077 4500 -31.62

the HQ, which demonstrates the effectiveness of the HQ. In summary, the Monte Carlo simulation results demonstrate the
robustness and effectiveness of the proposed control scheme.

5. Conclusion

To address the attitude tracking problem of hypersonic reentry vehicles (HRVs), a quantized fixed-time fault-tolerant at-
titude control scheme is proposed. First, the model of the HRV is established in the presence of time-varying actuator faults,
uncertainties, external disturbances, signal quantization, and limited communication capacity. Then, fixed-time extended
state observers are employed to estimate the lumped disturbances within a fixed time. Moreover, the quantized fixed-time
fault-tolerant control laws are designed to guarantee the control performance. The simulation results illustrate the superior-
ity and robustness of the proposed control strategy. More specifically, by comparing with the mean absolute error and max
absolute error indexes of the comparison methods [21,38], the performance of the proposed control scheme is improved
by more than 25.71%. Under the effect of the hysteresis quantization mechanism, the number of communication events is
reduced by about 31.62%, which effectively reduces the communication load and saves communication resources.

In addition, we intend to consider the following directions in the future:

(1) To consider the real health statuses of the actuators, a real-time fault-diagnosis-based fault-tolerant control scheme
for HRVs will be further studied.

(2) Some issues in the actual control process, such as sensor noise and transmission delay, will be further considered.

(3) A practical testing platform composed of a server, an industrial PC, and a high-value embedded controller will be
established in the future, and related flight tests will be carried out to validate the performance of the proposed
control strategy.
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