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of the art, the crucial characteristics of our design lie in obviating the explosion of complexity of the
conventional recursive design, and in realizing satisfactory preselected tracking qualities for flight states
in the sense of guaranteeing asymmetric envelope constraints. More precisely, by exploiting the fixed-
time command filters to produce certain command signals and their derivatives, a modified command-

Keywords: filtered control algorithm is formulated to circumvent heavy computation burden caused by repetitive
Hypersonic flight vehicle derivative of intermediate control laws. A two-step control methodology is devised based on an auxiliary
Fixed-time command filter compensating dynamics, which is capable of compensating for the actuator faults completely without
Actuator fault the need for prior knowledge about the lumped disturbances and the actuator faults. Time-varying
Asymmetric envelope constraint asymmetric barrier Lyapunov functions are introduced to confine the flight state tracking errors within

the corresponding time-varying compact sets all the time provided their initial values remain therein.
The effectiveness of the proposed method is validated by comparative simulation results.
© 2021 Elsevier Masson SAS. All rights reserved.

1. Introduction

Hypersonic flight vehicles (HFVs) emerge as the times require for their capability of hypersonic cruise without carrying any oxidizer,
viewed as the essential step towards achieving routine space access and remote power projection [1-8]. To improve the control per-
formances of HFVs in terms of complicated flight conditions and time-varying aerodynamic coefficients, it is crucial to implement the
state-of-the-art control approaches, e.g., sliding mode control [9-11], fault-tolerant control [12,13], dynamic inversion control [14], adap-
tive backstepping control [15-17], and so on. Among them, adaptive backstepping control has aroused enormous attention and interest
owing to its broad application scope [18-21]. However, implementation of adaptive backstepping controllers inevitably suffers from the
explosion of complexity associated with the repeated differentiation of virtual control signal. It is well-recognized that analytic calculation
of these derivatives becomes overly cumbersome in applications as the order of a nonlinear system increases [22].

To obviate the requirement of analytic differentiation, the paradigm of command-filtered backstepping was originally proposed in [23],
where some command filters are resorted to estimate the differential coefficient of the virtual controllers [24]. Nonetheless, preliminary
versions of the command-filtered backstepping are almost asymptotically stable methodologies [25], which indicates that the closed-loop
convergence is achieved as time goes to infinity. In view of high speed and agile maneuvering of HFVs, fast convergence and strong
robustness are essential for control design in the hypersonic regime. Taking advantage of faster response, higher tracking precision and
better disturbance-rejection ability, the so-called finite-time [26-29] or fixed-time tracking concepts [30] have been widely investigated
with the preassigned beforehand convergence rate. To be specific, fixed-time control has a prominent superiority that its convergence time
is upper bounded by a positive constant irrelevant to the initial conditions [30,31]. However, the extant accomplishments of fixed-time
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control schemes possess the potential singularity issue, which is inherent in the non-differentiable virtual control signal as the tracking
error approaches zero.

Stemming from the viewpoint of engineering, the tightly integrated airframe-engine design leads to the strong aero-propulsion cou-
pling, consequently limiting the angle of attack (AOA) and flight path angle (FPA) within the narrow permissible ranges. It must be
emphasized that the transgression of these envelope constraints probably results in a disastrous phenomenon, known as inlet unstart. Al-
though the envelope constraints have been extensively explored relying on the multiple-type barrier Lyapunov function (BLF), e.g., log-type
BLF [32-35], integral-type BLF [36], and tan-type BLF [37], these barriers do not take into account possibly asymmetry in the operating
regions of HFVs. More precisely, the AOA and FPA cannot operate in symmetric regions owing to the physics of a plane when climbing or
descending. To summarize, we aim to propose a fixed-time command-filtered trajectory tracking control methodology for HFVs subject to
diverse actuator faults and asymmetric envelope constraints. The main contributions of this article are four-fold:

e A novel adaptive command-filtered control methodology is presented by employing a fixed-time command filter, which is capable of
estimating the differential coefficient of the virtual controller within fixed time.

e With the aid of a piecewise but differentiable switching control law that guarantees the continuity and differentiability everywhere
via an appropriate design, the singularity issue that exists in [30,31] is effectively evaded in our work.

e Time-varying asymmetric barrier Lyapunov functions are appropriately embedded into the control design which are shown to confine
the flight state variables within some asymmetric and time-varying sets all the time, provided that the initial conditions are inside of
corresponding sets.

e Thanks to the introduction of an auxiliary compensating dynamics counteracting the adverse effects caused by actuator faults, the
proposed two-step fault-tolerant control methodology not only ensures the boundedness of closed-loop signals but can also preserve
the validity of fixed-time command filters.

The remainder of this work is organized as follows. The vehicle model and problem formulation are described in Section 2. The fixed-
time command-filtered control methodology is developed in Section 3. In Section 4, we provide the stability analysis for the whole HFVs
dynamics. Section 5 presents the comparative simulation tests of the proposed control in contrast to the extant results. Finally, Section 6
concludes the paper.

2. The vehicle model and problem formulation

2.1. Hypersonic flight vehicle dynamics

The longitudinal motion of flexible HFVs is given by a set of differential equations for rigid-body states [V,h, V., Q]T and flexible
states § = [171, 91, ..., N, ], n € INT as [7]

. Tcosa—D . : .
V:T—gsmy, h=Vsiny,
. L+Tsina gcosy . .

= - ,a=Q -y,

mV % Q-y
. M . 2 .
Qzl—, fii = =25wini — w; N + Ni, i€ Ny, (1
yy

where i € N1, denotes i =1, 2, ..., n, rigid-body states V, h, y, «, and Q denote velocity, altitude, FPA, AOA, and pitch rate, flexible state
n; represents amplitude of the i-th bending mode, which is obtained by modeling the fuselage as a single flexible structure with mass-
normalized mode shape. m, Iy, g, ¢, and w; are vehicle mass, moment of inertia, gravitational acceleration, damping ratio, and flexible
mode frequency. L, D, T, M, and N; represent lift, drag, thrust, pitching moment, and generalized elastic force. The approximations of
these forces and moment are given as

L~qSCp (o, 8¢,8c,M), M=~zrT +qScCy (o, 8¢, ¢, 1),
D ~gSCp (@, 8¢,8c,m), T~qS[Cr,0 (@) @+ Cr () +Cly],
Ni ~GS[N® & + N + N 5o + N5+ N? + N'], i € Ny, 2)

where q, S, zr, and ¢ are dynamic press, reference area, thrust moment arm, and reference length. ®, §., and §. represent fuel equivalence
ratio, deflection of elevator, and deflection of canard, which are the control inputs of the HFVs dynamics. The curve-fitted approximation
coefficients are expressed as

Cp=C&a? + C%ar + CF 62+ Cles, + 52 1+ Cs. + €O+ Chap,
Cy = C% &+ Char+ Cese+ Coio.+ CO+ Cly,
CL=Cla+ s+ Clo +C+Cy,
Cro= C¥?¢°‘3 + C%,ZQO‘2 +CT o0t + C%fb’
Cr=C8a®+ % a?+ o+,
cj=[c]'.0,....c]",0], je(T,M,L,D},
N} =[N",0,...,N",0], i € Ny 3)
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Fig. 1. The responses of V and Q along with the varying of ® and §,. (For interpretation of the colors in the figures, the reader is referred to the web version of this article.)

Herein, to cancel the lift-elevator coupling, §; is set to be ganged with &, i.e., 8c = ke ¢S with ke = —Cfe/Cf‘. As such, the control
inputs of HFVs become & and §.. According to the strict requirements in terms of working conditions of HFVs, the states in (1) must
operate in constrained regions that are not symmetric. To make an example, a typical operating region characterizing hypersonic flight
and operability of scramjet engines can be the hypercube [4]

Qo = {85000 < h <135000[ft], 7500 < V < 11500][ft/s],
~5 <y =7[deg], -5 <o < 10[deg], 10 <Q < 10[deg/s]|.

Hereafter, we will deal with such an asymmetric region via the time-varying asymmetric thresholds —kx (t) (lower threshold) and
ky. 1 (t) (upper threshold) for the corresponding state tracking error sy(t), x € Qy 2 {h, v, , Q, V} [32-37]. For safety and reliability rea-
sons, the reference trajectories V, and h; are restricted to a subset Q, C Q¢. The control objective of this study is to design the fixed-time
command-filtered trajectory tracking control methodology such that: 1) the tracking errors of velocity and altitude converge into the
user-defined residual sets within fixed time; 2) all flight state variables of the resulting closed-loop system remain bounded; and 3) the
asymmetric envelope constraints are never violated.

2.2. Model decomposition

As shown in Fig. 1, ® and 8, appear to vary linearly and have a more significant effect on V and Q respectively, inspiring us to
decompose the longitudinal HFVs model (1) into the following velocity and altitude dynamics [12,13]. Considering that aerodynamic
coefficients and atmospheric parameters constantly change from earth to near space, the uncertain velocity dynamics is formulated from
(1)-(3) as [15,16]

V=¢y(fy +8y®) +dy, (4)

where

_ g .
fV=q[01X4,a3cosoz,azcosa,acosa,cosa,—az,—a,—(Sg,—(Se,—1,—:51ny]T
q
_E[CW3 CO(Z CO[ CO CC(3 C0l2 C(Y CO CDlz CO( (C‘sez_"_kz Cscz)
Cv—m 7,0 7,0 (1,00 C10, C7 - C7 G, G, Cp G, (Cp K (L),

m -
(CaDE +ke,CC8DC)7 CO s E]T’ 8y :qcosa[a3’a2’a, 1,01><10]T’

and the lumped disturbances dy, brought by external disturbances such as gust, turbulence, and atmospheric disturbances, as well as

structural flexibility from the aerothermoelastic effects, can be expressed as dy = %C;’-r) cosa — %an + Ay, with Ay representing the

external disturbances.

From the viewpoint of engineering, FPA y is quite small during the cruise phase, thus we take siny ~ y for simplicity [33]. In addition,
AOA « is small enough such that the term T sin« is far smaller than lift L, thus T sin«a can be neglected in (1) [30]. Therefore, the altitude
dynamics can be transformed as [15,16]

h= Vy +dp,

V=0, +8y0) +d,.
o= ;;xr(fa +g(xQ) +dg,
Q=¢(fq +8q%) +dq.

where
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£, =|o. %, —%cos v]' fa= %[0, —a, —1, gcos v]'. fo =q[0"%, & D, 0%,

S S S S
3 .2 T 0 T 0 T
ad, 0, o ,Ol,l] ’CV:[E v, ECL,l] sga:[l,a e achl] )
Lo = 2 [6C% ThecCh, 21 C& 278 27 CE 0. 27C0 5. 27 CE (27 CE
Q_Iyy M> CRe,cbprs 2107 05 2T 0, 2T T 000 ZT0 T @5 270 T, (2707

+TCY), (2rCY +TC), (zrCo+C]T, g, = [%, 02T,
g, = [1’01x3]T, go = [C—I’C—LOMS]T,

and the lumped disturbances d, = Ay, dy, = %CZ’?] +Ay,dy = —n‘z—f,Cz'r] + Ag, and dg = %C?n + %C,"V,n + Aq, with Ap, Ay, Ay,
and Aq representing the external disturbances.

2.3. Actuator fault modeling

Typically, there are two pieces of elevators installed on a HFV, i.e., the right one and left one [13]. Without loss of generality, the
overall elevator deflection 8, is modeled as a linear combination 8. = Ge,18e,1 + Ge,28¢,2, Where ¢, ; and 8. ; (i € INy.2) are elevator gain
and deflection, respectively.

In aerospace engineering, the leakage of hydraulic fluid may lead to the degradation of the actuator effectiveness. Moreover, the sensor
fault and elevator hysteresis shall cause the bias. By considering loss of effectiveness and bias simultaneously, the elevator fault model can
be described as

ei(t) = Ui,pai,cmd(t) + Vi p, ielNip, te [tip,bv tip,e)v (6)

where §; (mq represents the desired control command for the i-th elevator, o , € [0, 1] is the actuator effectiveness factor, p € IN* denotes
the p-th fault model, v; , is the bounded bias, tj, , and tj, o denote the time instants when the p-th fault takes place and ends on the
i-th elevator.

Remark 1. Notice that (6) implies the following three cases:

e 0ip =1 and v; , = 0. This indicates the fault-free case.

e 0<g;,<0ip=<0ip<l and v; p =0, with Tip and ¢, being unknown positive constants. This case corresponds to the partial
loss of effectiveness (PLOE).

e 0;p =0 and v; , # 0. This fact is known as the total loss of effectiveness (TLOE) that &, ; is stuck at an unknown value vj . For the
controllability, only up to one elevator is allowed to undergo TLOE at the same time.

Similar to (6), we consider the actual fuel equivalence ratio subject to loss of effectiveness and bias described by [13]

() =0y pPcmd(t) + Uy p, tE [th,b» th,e)» (7)

where oy p € [0,1] is the actuator effectiveness factor, p € IN*t denotes the p-th fault model, Vy,p is the bounded bias, ty,, and typ e
denote the time instants when the p-th fault takes place and ends.

2.4. Technical key lemmas

The following technical lemmas will be employed to derive the main results of this paper.

Lemma 1. For a generic dynamical system x(t) = f(t, X), f(t,0) = 0, x(0) = xo, where x € Qx C R", f : R x Qx — R", and origin is an equilibrium
point, if Qx = R" and there exists a Lyapunov function L£(x) defined on R" satisfying

L&) < —(alP®) +BLIX)",
where «, B, p, q, and k are some positive constants, pk > 1 and gk < 1, then the origin of the system is fixed-time stable, and the settling time
satisfies T (xg) < oz’((pll(fl) + ﬁ"(ll—qk) for a given initial condition xo € R" [31].
To be specific, if k = 1 and there exists a Lyapunov function L(x) defined on Q0 C 2x C R" satisfying

L(x) < —alP(x) — BLI(X),
where o, B, p > 1, and q < 1 are some positive constants, then the origin of the system is locally fixed-time stable, and the settling time satisfies
T(x0) < m + ﬁ for a given initial condition xo € Qx.0.

Lemma 2. For any given positive constants co, c1, and ca, the following inequality holds [38-40]

_%
I£1%0]¢ 161 < 02 jgpoter S e ot
Tc4o c14cy 2

where & and ¢ are any real variables.
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3. Fixed-time command-filtered control design

To start the design, let us introduce the tracking errors zy =V —Vy, zy =h—hy, 2, =y — V4, Za =@ — 0y, and zq = Q — Qq, where yy,
og, Qg and their derivatives yy, ¢¢q, Qg are generated by filtering the virtual control laws Yemd, ®emd, Qemd Via the following fixed-time
command filter [41]:

(8)

AL o~ o~ o~
X1 =% — 11 |X1 — % 1P — 11 [X1 — %191,
A o~ o~

X2 =—To|X1 — X172 — 12 (X1 — %1%,

where x; is the input signal, [-]' denotes |- |'sgn(-), positive design parameters p; € (1, 1 +ép)qre€(1—¢q, 1), p2=2p1—1,q2=2q1 -1,
with ¢, and &g being sufficiently small positive constants. Furthermore, the filter gains 7; and ¢; (i € IN1.2) are assigned such that the
matrices

= 1 l-u 1
1‘1—|:_1,2 0}, Tz—[_tz O]’
are Hurwitz, then the following lemma holds.

Lemma 3. For the fixed-time command filter (8), the filter state X1 can converge to the input signal x, in a fixed time:
2—
Amax (P2) Amax(P1)
(1=qD)Amin(Q2) ~ (P1—=DEPT Amin(Qy)’

where Amin(A) and Amax (A) are the minimum and maximum eigenvalues of the matrix A, § < Amin(P1) is a positive constant, Py, P,, Q;, and Q, are
the symmetric positive-definite matrices satisfying

A
Ti <Timax =

P+ 1Py =—-Q;, P+ L»P,=-Q,,

where the matrices I'l and I, are defined after (8).
Proof. The detailed proof for Lemma 3 can be found in Theorem 3 of [41], thus is omitted here for space limitations. O

Subsequently, along the command-filtered backstepping design [23-27], let us define the compensated error sy = zy, sp =2z — Xy,
Sy =Zy — Xa» Sa =Za — XQ. and sq =2Zq, and the compensated signals x,, X, and xq as
XV =—=Cy1Xy — CV,ZX)% —Lysgn(xy) + V(Y4 — Yemd + Xa)»
Koo =—Ca.1Xe — Ca.2Xa — LaSEN(Xa) + £ 8y (X — Aemd + XQ)» (9)
Xo =-cq.1xQ —€cQ.2Xq —Lasen(xq) + £ 48 (Qd — Qema)-

where ¢, 1, ¢z2, and £, are positive design parameters for z € 2, L(y.a,Q}.
Before moving on, utilizing the error coordinate sy (x € L), a time-varying asymmetric BLF is devised as

1 kx Hkx 1Sx
£ :EZX’ = (kx,H _Sx)(kx,L"'rsx). (10)
Calculating the time derivative of £z, along (10) yields
ﬁ.ZX = Zx (%I‘{X,H + ;k_iku + E;i( éx) = Zx(pxéx + sz‘x, (11)
where
o= kx,Hkx,LS;% _ kx,L’.(x,HS,z( ,
(kx, 1 —Sx) (kx,L +5x)2 (kx.H _Sx)z(kx,L +5x)
B kx,Hkx,L(S;%‘i‘kx,Hkx,L)
T (kx,H _Sx)z(kx,L +5x)2
To further facilitate the control design and stability analysis, let us define the following variables:
2 2 1
®s, :iggz |§ggQ Ge,iVi,p|, Ws, = tiIZl(f)ZSe,iO"i,p, &, = E’
=" i=1 i=1 € (12)
$o =§1>lg{|<;3gvvv,p } we =tigg{0v,p}, fo = w%b

and 9y =dy, + do, In=dj + £y, ﬁy:d’;, + Lo, Va=d} + L, z?Q:d’a + ¢s,, where constant d; satisfies dj > |dy]|.

5
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Table 1
The control laws and adaptation laws.
Control laws
Vemd = — Vesg(Znycle) ’ g = — acsg(ZTyaC\e)
onV ¥y, 8y
Qung = — Q8 Qele) _%eacsg@g%esas)
Palala 9qt) 2o
Gy — §¢<I>csg<2¥’§¢d>c|s) (13)
ovey8y
with
Yo =kn1 Z} +kn 2V (Zn) + ¢y 100 Xy + Cy 200 X5 — @uhy
+ Onpnse(Znnle) + Gh,
dc=ky 12 + iy 2 (Zy) + Ca 10y Xa + Ca20y Xa — Oy Va
+0,0,58(Zy 0y 1) + 9y 6 Fy + ZhonV By + 6y
Qe =ka1 28+ Ko 2¥(Za)+cQ 100 Xo + €0 200 X§ — Palld
+ Do 9S8 ZaPule) + Palgfut Zy @yt 8y Pat Sa-
8¢ =KQ,1ZS +Kq2¥(Zq) +<.0Q§£fQ —90Q4+5q
+90pas8(Za9ale) + Zapuatagaba.
S =kv 1 Z) +rv 2 (Zv)+ vy fu —ovVi+ gy
+Ovovss(Zvovle).
Adaptation laws
?sg = 5, 208 — 5,05,85,. Eo = o2y Pc — poooke,
Oh = on ZhonSE(Znenle) — Prondh.
gy =Py Zypysg(Zypyle) — PVUV5V~
Vo = Pa ZaPase(Zatale) — Pubada.
o = po Zq¢ese(Zqpqle) — paoqda.
By = pv Zvvse(Zvevle) — pyoydy. (14)

At this stage, let us devise the control laws and adaptation laws as summarized in Table 1 (13)-(14), where k1, kKx.2, Ox, Ou, Px = 26y

2cx—1’
Pu = —23“651, and ¢ are positive design parameters with ¢y > % Cy > % and u e Q, 2{d, 8}, p=p1/p2 > 1, ¢=q1/q2 < 1 with positive
odd integers p1, p2, q1, and g3, sg(x|e) = 7 2’; =, Px= (kx'H;SX;ikxiLJrS*), and switching function
Xc+e X, X,
V(20 =ST (Z)Y(Z). (15)
with

[1, 0], if |2l = vy,

S(Zy) =
(2 [0, 1]7, otherwise,

and Y(Z,) =[Z]. 2,221_1 liZ};v;’_i]T for positive constants vy and I; (i=1,3,...,2n—1, n e IN*t) determined by

k1 1 1 o 1 l1

k3 1 3 - 2n—1 I3

ks [_|03x2 - @n—-1@n-2) || Is
kan—1 0 0 ... [I'Hen—i lbia

where k1 =1, k3 =q, ks =q(q—1), ..., and kyp_1 = ]_[?:_11 (@ —i+1). Up to now, the fixed-time command-filtered control design has been
completed, whose architecture is sketched in Fig. 2.
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Velocity '— " — "— < ¢~ ~~— ~— ~— ~—(/)— — - ~—*"~—/—/"—/—">"" 1§ "~ ~— ~—-"~— "~/ "~/ "/~ —/-° | Altitude

Control Loop | Control Loop
Fixed-Time Command-Filtered Control Law
Equation (13)
'):(D ’ 191/

Fixed-Time Command-Filtered Control Law

gge , ‘9Q Equation (13) Qd

| Adaptation Laws Adaptation Laws '9x Virtual Control Laws | _Qi _| Fixed-Time Command Filter | »
Velocity ' v Equation (14) Equation (14) Equation (13) Equation (8) | Altitude
Reference | T R i Reference
'
K Zy Time-Varying Asymmetric Barrier Function 4 h Time-Varying Asymmetric Barrier Function Esh Compensated Error Dynamics |, Zy _
Equation (10) Equation (10) Equation (9) | R +

HFV Altitude

Fig. 2. The overall control architecture of the proposed method.

Table 2
Proof sketch for Theorem 1.

Proof sketch

Step 1. Calculate £ =z, for velocity dynamics.

Step2.  Calculate ,Czh, ,Czy, L'za, and ,CZQ for altitude dynamics.

Step3.  Calculate £, and L'g, and accumulate the results of Steps 1-2, verify that all the signals in the closed-loop system are bounded.
Step4.  Analyze the convergence rate and region of x,, X, Xq. Zn, and zy.

Remark 2. The switching function ¥ (Zy) in (15) is devised to fulfill the requirement for numerical differentiation in input signal of
command filter. In the controller design procedure of existing relevant literature (see [26-31] and the references therein), the feedback
term ¥ (2,) = 2! guarantees the desired finite-time convergence, where 0 < q < 1 for V2, € R. However, this choice might result in a
singularity issue (non-differentiability), i.e., v (Zy) = q2§_1 — 00 as Zy — 0. As a result, the command-filtered backstepping approach
cannot be applied directly. To overcome this singularity, the switching function vy (Zx) in (15) is skillfully designed to be continuous and
differentiable, which further ensures the absence of the singularity issue in our work.

4. Stability analysis

In this section, the stability analysis for the whole HFVs dynamics will be presented. Initially, let us construct the following overall
Lyapunov function:

L=Lz+ Ly + Le, (16)
where Ly =3 o L2, Le= Zjeﬂu szjij]?, and Lz =3 ;.o Lz with Lz being the time-varying asymmetric BLF specified in (10).

2p; i
Then, the main results of our work are now given as follows.

Theorem 1. Consider the velocity dynamics (4) and altitude dynamics (5) in the presence of diverse actuator faults and asymmetric envelope con-
straints. Under the fixed-time control laws (13) and adaptation laws (14) for any initial condition —k 1 (0) < sx(0) < kx 1 (0), x € Q, the following
goals can be achieved: 1) V and h are driven to track the reference trajectories V, and h;, in fixed time; 2) all the signals in velocity dynamics (4) and
altitude dynamics (5) are bounded; 3) the asymmetric envelope constraints are never violated.

Proof. See Appendix for the proof where a proof sketch is given in Table 2 to make the proof procedure more clear. The proof will be
divided into four steps. We begin the proof with the investigation of the time derivative of £z, in Steps 1-2. In the sequel, the main
results in Theorem 1 will be obtained in Steps 3-4 by fusing the analysis in Steps 1-2. O

Remark 3. It is well documented that the convergence rate of command filter is vital to the performance of whole control system,
especially for the safety-critical HFVs working in the harsh flight environment. In contrast to extant command filters whose estimation
errors are convergent asymptotically [23-25] or within a finite time [26,27], the resorted fixed-time command filter (8) is capable of
estimating the unavailable state in fixed time irrelevant to the initial conditions, facilitating the control design and stability analysis.

5. Simulation results

This section presents the simulation tests of the proposed fixed-time asymmetric-constrained control (PFCC) in contrast to the extant
results, i.e., the conventional infinite-time symmetric-constrained control (CICC) [32] and infinite-time unconstrained control (CIUC) [15].
The vehicle is assumed to climb a maneuver where the reference commands are set as an increment of 1000 ft/s step signal in velocity
dynamics and an increment of 3000 ft step signal in altitude dynamics. To make the given commands more realizable, the trajectories of
Vr, hy and their derivatives are generated by filtering the reference commands via tracking differentiators [15]. According to the practical
engineering characteristics, the limitations of actuators are set as ® € [0.05, 1.2] and J. € [—20 deg, 20 deg]. The external disturbances are
described by the following second-order Markov process
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Fig. 3. Disturbances and actuator faults in the simulations.

A,’ =— A,’ — A;j 4+ 0.01@,

. . (17)
Aj:—Aj—Aj-i—@'j,

where i € {h,V}, je{y,a,Q}, @w; and @; are two independent Gauss white noises with the variance of 1. The uncertain aerodynamic
coefficients in (3) are modeled as C; = C{(1 + o;), where C; represents the nominal coefficient and o; represents the uncertain factor
ranging from —30% to 30%. To further verify the robustness of the proposed control methodology, the perturbations 3 sin(f—ot) and sin(f—ot)
are added to the velocity dynamics and altitude dynamics respectively when t > 200s. On the basis of (6) and (7), the fault models
01,1 =0.6, v1,1 =—2, oy,1 =0.8, and vy 1 =0.1 are introduced when t > 100s. To sum up, the actuator faults and external disturbances
imposed on velocity dynamics and altitude dynamics are summarized in Fig. 3.

The parameters of control laws and adaptation laws are chosen as: kp 1 =5.5, kp2 =25, k1 =2.5, ky 2 =1, kg1 = 1.2, kg2 =0.75,
kg1=10,k02=12,ky1=5kv2=10,p=5/3,q=3/511=6/513=—-1/56=0.1, vy =0.05, c;,1 =0.75, c;2 =1, £, =0.5, cx =
¢y =0.6, px=pu =6, and oy =0y, = 0.5, for x € Qy, z € Q,, and u € Q. The parameters of command filters are set as 11y =11 =1, 1o =
12 =025, p1=1.1, p2=1.2, q1 =0.9, and g2 = 0.8. The time-varying asymmetric thresholds are selected as ky (t) = 1.5e70-08t 4 o5,
ky u(t) =0.4e7008 0.1, kp 1 (t) = 1.5 70980 +-0.5, ky 1y (t) = 0.2 7908 1-0.1, ky, 1 (t) = ko, () = kg 1 (t) = 0.05e~008 +-0.05, and k,, 4 (t) =
ko1 (1) = kg 1 (t) =0.1e7%98 1 0.1. The initial values of [V, h,y,a, Q] are chosen as [7699 ft/s, 84999 ft, 0 deg, 1.6325 deg, 0 deg/s]",
and the initial values of [y, 71,72, 2] are selected as [0.9700,0, 0.7967,0]".

Simulation results are shown in Figs. 4-5. Fig. 4 (a)-(b) reveal that, in comparison with CICC and CIUC, the proposed control formulation
leads to a quicker convergence speed with smoother transients and is robust enough not to violate the imposed asymmetric envelope
constraints. It can be observed that if the level of uncertainty lies in the interval [—30%, 30%], the velocity and altitude curves obtained
utilizing PFCC are smoother and maintained within imposed asymmetric constraints. The lower constraint on the velocity results in above
Mach 5 curve, which confirms that the HFV was in the hypersonic regime throughout the flight. The altitude trajectory shows that only
a small climbing maneuver is maintained by the controller, which indicates that the HFV was in cruise during the flight. It is clear from
Fig. 4 (c) that, the designed compensated signals are featured with fixed-time convergence when considering aerodynamic coefficient
uncertainties and external disturbances simultaneously. Fig. 4 (d)-(f) reveal that the control inputs and flight states obtained by PFCC
are smoother than those of CICC and CIUC, and there is no high frequency oscillation. It can also be noted that PFCC is effective in
fast suppressing the sudden high-frequency transients in 200s due to the introduction of adaptation laws. In addition, to illustrate the
tracking performance and evaluate the control energy quantitatively, integral absolute error (IAE), root mean square error (RMSE), and
mean absolute control actions (MACA) are introduced as [16]

t
Jz(IAE)=/IZ(T)|dT, Jz(RMSE) =

to

t t
Ju(MACA) = %/ [u(t)ldt,  Ji(MACA) = %/ [u()ldr,
to to

where z € {zy, zv} and u € {®, é.}. The calculation results are summarized in Tables 3-4 and Fig. 5. Table 3 and Fig. 5 show that 7, (IAE)
obtained by PFCC is respectively less than CICC and CIUC by 50.66% and 57.76%, and 7, (IAE) obtained by PFCC is respectively less than
CICC and CIUC by 7.34% and 19.86%. This indicates that PFCC exhibits less error energy in contrast to CICC and CIUC. Table 4 and Fig. 5
show that Jo (MACA) obtained by PFCC is respectively less than CICC and CIUC by 50.66% and 57.76%, and 75, (MACA) obtained by PFCC
is respectively less than CICC and CIUC by 7.34% and 19.86%, implying that the control effort of PFCC is smaller than the one of CICC and
CIUC.

6. Conclusion

This work presents a novel fixed-time trajectory tracking control formulation for HFVs in the presence of asymmetric envelope con-
straints and diverse actuator faults. By introducing fixed-time command filters to produce certain command signals and their derivatives,

8
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Fig. 4. Tracking performances, control inputs and flight states.

a modification is addressed to obviate the explosion of complexity in the backstepping-based design framework. With the aid of a time-
varying asymmetric barrier Lyapunov function, satisfactory preselected tracking qualities are guaranteed for flight states via asymmetric
envelope constraints. An auxiliary compensating dynamics is integrated into the two-step fault-tolerant control methodology to compen-
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Table 3

Performance indices of velocity and altitude channels

under three methods.

Altitude channel

Schemes  Velocity channel

IAE RMSE IAE RMSE
cicc 0.8765 0.0089  20.5314  0.2366
CIuc 1.0239 0.0120 23.7392 0.3468
PFCC 04325 0.0045 19.0240  0.1980

sate for the diverse actuator faults (e.g., loss of control effectiveness, bias, and stuck fault). In accordance with the fixed-time stability
criterion, it is rigorously proved that both the tracking performance and closed-loop stability can be ensured in fixed time. Comparative
simulations have been conducted to highlight the superiorities of the developed method. Future research will be concentrated on visual

10
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Table 4

MACA of control inputs under three methods.
Schemes @ e o e
cicc 0.4341 114876  0.0554  1.4783
CIuc 04139 105788  0.0423 13442
PFCC 0.3837  9.3749 0.0357 12762

simulation and hardware in the loop simulation of the proposed control scheme, as well as the consensus tracking problem for HFV swarm
systems [42].
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Appendix A. Proof of Theorem 1
Step 1. Initially, by combining (4), (7), with (11), the time derivative of Lz, is upper bounded by

Lz, <Zvoveyfy + 2veve ) 8vov.pPemd

. (18)
+12vipvdv — ZvevVr+ Zvgy.
o . . . . ¢ .
Substituting (13) into (18), and employing the inequality 0 < |q| T <wv for Vg € R and Yv > 0, we arrive at
Lz, < —KV,12€+1 —Kv,zng + ZvEpwo e + 0o e (19)

— Vv Zvevsg(Zvevlie) + | 2vipvdv,
for |Zy| > vy. When |Zy| < vy, in view of (15), there will be an extra term Kv.zzﬁ,“ +Kv.2 21.22]_1 l,-Z{,“ v?,_i in (19). Notice that if
|Zv| < vy, this extra term must be bounded by a small constant zy. As a result, (19) can be rewritten as

. 1 1 ~
Lz, S—KV,1Z€+ —KV,223+ + Zvéowo P + wopé

— v Zvusg(Zvevle) + | Zv oy dy + Dy,

Step 2. Similarly and iteratively, substituting (5), (6), and (13) into (11) along the similar lines as (18)-(20), the time derivative of Lz,,
L Z, Lz, and L Zo satisfy the inequalities similar to (20), which are omitted here for space limitations.

Step 3. Hereafter, the stabilization of whole system will be investigated. Considering the overall Lyapunov function (16) and invoking (20),
the time derivative of £ can be written as

L= ka2l =3 ka2 T4 Y S viet Y

(20)

ieQy ieQy i€eQy i€Qy
+Zm§ﬁ§i+z ijjgjgj-i-z wje + 3e. (21)
i€eQx JjeQu JjEQu

On account of Young's inequality [26], 9;9; and &;&; in (21) satisfy 9;0; < Jci9? — %5,.2 and £&; < %cjéf - pi]%z On this basis, (21)
can be rewritten as
: +1 +1 1 ~ 1 =
T O ITCLE S SR A R o
ieQy ieQy ica, Pl jeay P

where Co = Y icq, (3Ci0107 + Die + @) + 3 jcq, (@je + 3¢j0jwjED) + 3¢,

oy L - — 2\ o ~. —1=q
From Lemma 2, there exist inequalities (;_/[)1) ? < 2%1_19,-2 + 12 (ﬁ) " and (%) ? < z%jwjéjz + 1 (ﬁ) ? . Incorporating
these inequalities into (22) yields
; 9i %2 OjWj~ pi1 a1
L<-— — U — —E&7 —Cp L7 —CgL 2
= Z 2p; Z 2p; EJ p q
ieQy Jje
~o DL oy pl (23)
ﬁiz 2 a)]&']Z 2
+> ai(=L) +Y o =2L) +a.
ieQ 2pi j 2'0j
X JEQu

11
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1+g
+1 41 —1—q
with szmin{szlcm,Gi,cfj}v Cq=min{2qTKi,270'i,Uj}v and C1 =Co + 7(] = (172Lq) o
Before moving on, let us first assume that there exist two unknown p051t1ve constants Oy, and O; satisfying |9 < ®y, and |§j| <
~y B -

Og;. Hereafter, the following two cases need to be considered: 1) If ©y, < +/2p; and O; < p’ , one has 0,(219;)1_) - %z?iz <0 and
o B2\ 2\ SN 2\ B w07 \ B
0‘(#) —%§2<0 2) Otherwise, one has GI<2;)i> Zplﬁz <2_,Z;> + 2L 00 and 0]<2Jpj’) —02]—;)] f_oj( ijf) +

Ufwj ®2 Summarizing above two cases yields
£<—Cp£ —Cq£ —i—Cz, (24)
2 P;rl ©iO2 pzj

02 J9%;
where C; =C1 + Y jcq, Ui(zZ; ) +Yica, 7; 0 01919, + 2 jeq "J( T ) + 2 jeqy %pjaja’j@é--
According to (24), it is easily verified that £ is bounded since L §—Cq£% <0 for vaj > g—i The boundedness of £ implies the

boundedness of Z;, 5,-, and Ej, which, combined with the boundedness of {)2 and /5\] (i € Qy, j € Qy), ensures that the fixed-time control
laws (13) and adaptation laws (14) are bounded. Thence, it is concluded that all the signals in velocity dynamics (4) and altitude dynamics

. . . . . . . +1 .
(5) are bounded, and the asymmetric envelope constraints will not be violated during operation. In addition, when £t > Mgép with

0 <o <1, one has C; < ;Lo(,'pllpzj, which gives rise to
. 1 1
f<—(—po)CpLT —Cur't . (25)

Cy
10Cp

2
In the light of Lemma 1 and (25), £ will converge to the set Q, = {ﬂ < < )”+1 } in fixed time with the guaranteed convergence

time estimated as follows

2 2
To < To,ma = + . (26)
U —p(P -1 (-9
Step 4. In what follows, we will show that x,, x«, and xq are bounded in a fixed time. Let us start with constructing the Lyapunov
function £, = % X;% + % X2+ % xé for the compensated systems. According to Lemma 3, the rest of the proof will be divided into two
steps.

1) Initially, based on the properties of fixed-time command filter (8), it will be shown that the system states do not escape to infinity
during Vt € [O, Tl]. Recalling the stability analysis in [41], the estimation errors Y4 — Yemd, ®d — @emd, and Qg — Q¢mg are bounded, i.e.,
there exist some positive constants 0y, 0y, and 0q satisfying 0, > |Y4 — Yemdl, 0 > |0tg — Qemdl, and 0q > [Qg — Qcmal for Vt € [O, Tl].
Thence, differentiating £, with respect to time obtains

Ly < 8yLy + Eo, (27)

where Eo = 3Vo2 + 311¢, IlIigy 103 + 311¢,I11Igall0}, Ex = max(Ey, B, B} with 8y =2V, 8¢ = 2I1¢,IllIg, |l + V, and Eq =
NEa I8!l + 11E, 1118y 1. Solving inequality (27) obtains Ly (t) < (CX ) + EO/EX) exp(E, Ty) for Vt e [0, ”ﬁ], where L, (0) represents
the initial value of £y. As such, it can be derived that all the closed-loop system states will not escape to infinity for Vt € [0, 7’1].

2) Then, the fixed-time convergence of the closed-loop system states will be proven in this step. Invoking (9) and setting ¢y 1, Cq,1,
and cq 1 such that ¢, .1 > 3V, co1 = %Ilé‘yll lgy Il + IV,and cq 1 = %IIC},II |lgy ||, the following inequality holds:

Ly < —w1L§( — /Ly, (28)
with @ =min {4cy 2, 4cq 2,4cq 2} and @y =min {v/2¢,,v/2€y,v/20q }. In view of (28) and Lemma 1, xy, Xa, and xq will converge to
zero within a fixed time satisfying

R 1 2

t>h=T1+Tomax=T1+—+—. (29)

w1 [)

To sum up, recalling (25), Lemma 1, and the construction of £ in (16), it is straightforward to deduce that

(30)

C
Mon

L
for Vt > max {76, 75} This further indicates that Z, and Zy converge into a disc region with radius 2( ) "' in fixed time. O
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