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A new fixed-time fuzzy adaptive fault-tolerant control methodology is proposed for the longitudinal dynamics of hypersonic flight
vehicles (HFVs) in the presence of actuator faults, uncertain dynamics, and external disturbances. In contrast with the
conventional fixed-time control schemes that typically contain the fractional powers of errors in their designs, this work
develops a low-complexity control structure in the sense of removing the dependence on the need of abovementioned
fractional power terms by means of prescribed performance control (PPC) method. Different from the most existing PPC
approaches where the initial conditions of tracking errors are required to be known, the newly proposed prescribed
performance function (PPF) can relax such restrictions through choosing properly small initial values of PPF. Fuzzy logic
systems (FLSs) are employed to handle unknown dynamics, and minimal learning parameter (MLP) technique is incorporated
into the design for the purpose of alleviating computation burden. Closed-loop stability is rigorously proved via Lyapunov
stability theory, and simulation results are eventually given to validate the effectiveness of the proposed control strategy.

1. Introduction

Hypersonic flight vehicles have already attracted consider-
able attention due to their advantages of high flight speed,
remarkable penetration ability, and cost-effectiveness [1-4].
Nevertheless, the controller design for HFVs remains an
intractable issue due to their peculiar features. For example,
the engine-airframe structure results in strong couplings
between propulsive and aerodynamic forces, and there exist
intricate flexible deformation due to the slender geometry of
vehicle structure, which influences the aerodynamic charac-
teristics prominently [5]. In addition, the fast time-varying
flight environment and the unknown external disturbances
lead to frequent parameter variations and model uncer-
tainties, dramatically increasing the difficulty of controller
design. To address these problems, many effective methods
have been presented, including robust control [5-7], neu-
ral/fuzzy control [8-10], prescribed performance control

[11, 12], and disturbance observer-based control [13].
Although these efforts solve the above-mentioned issues to
some extent, these results rarely focus on the rate of
convergence.

To be specific, only the exponential convergence of
tracking error is guaranteed in the aforementioned work,
which reveals the convergence time tends to be infinite.
From a practical perspective, the rate of convergence is of
great significance to the transient tracking performance
[14]. Recently, the finite-time tracking control for HFVs is
investigated in [14-17], which can make the tracking error
converge into the predefined compact set within a finite
time. Nevertheless, the convergence time, which is com-
monly achieved in [14-17], depends on the initial states of
the system. It inevitably brings up a problem, that is, the
convergence time cannot be accurately settled when the ini-
tial states of the system are unknown. To solve such prob-
lem, the fixed-time control [18-21] is proposed skillfully,
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by which the tracking error can converge into a predefined
impact set within a fixed time and the connection between
the convergence time and initial states is eliminated.

However, there still exist some shortcomings with the con-
ventional fixed-time tracking control scheme [18-21], where
the inequation V(x) <-7V?(x) —¢V4(x) + x holds. On the
one hand, the derivative of virtual and actual control laws will
tend to infinite when the tracking error approaches to zero,
giving rise to singularity issues in the control design [21]. On
the other hand, when the system encounters the unknown
external disturbances [22-26], the dynamic uncertainties
[27-32], the system faults [33-36], or input nonlinearities
[37], it is complicated to both ensure the fixed-time stability
of the system and predetermine the convergence accuracy by
selecting the design parameters. As is known to us, the actua-
tor faults not only affect handling performance for HVFs, but
even cause closed-loop instability [33-36]. The fault-tolerant
control is an inevitable issue for HFVs, due to complex and
variable flight environment that may lead to actuator faults,
such as control effectiveness decline and drifting. Further-
more, it is well known that the transient and steady-state per-
formances are important to the controller design for HFVs
[38]. Nonetheless, the existing PPC for HFVs commonly fails
to explicitly contain a convergence time T in the performance
function. Thus, it is urgent to develop a new low-complexity
fixed-time fault-tolerant control (FTFTC) strategy for HFVs
with the prescribed performance.

Motivated by these observations, we present a fixed-time
adaptive fuzzy fault-tolerant control scheme for HFVs by
utilizing a new prescribed performance function. The contri-
butions mainly contain the follows:

(1) This paper presents a structurally inexpensive
FTFTC framework for HFVs in the sense that no
fractional powers are involved in the design. There
is no fractional power of tracking error in the con-
troller, and thus the singularity problem caused by
the derivative of fraction term is removed

(2) By constructing the intermediate control laws and
adaptive laws, the adverse impact of actuator faults
of HFVs (e.g., loss of effectiveness and drift) is com-
pensated effectively

The remainder of the work is organized as follows. The
HFV dynamics and preliminaries are introduced in Section
2. In Section 3, the FLSs-approximator-based FTFTC is
designed and the closed-loop stability is verified in Section
4. Section 5 provides simulations to demonstrate the effec-
tiveness of the proposed methods and the work is concluded
in Section 6.

A preprint has previously been published by Zehong
Dong et al. [39].

2. Problem Formulation and Preliminaries

2.1. Hypersonic Flight Vehicle Dynamics. The longitudinal
control-oriental model is originally developed by Parker
et al. [40, 41], which can be formulated as
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where T, D, L, M, N, and N, are expressed as

L=3SC,(a, 8,7m), D=gSCp(at, 8,7),
M =z;T +gScCy(a, 6, 1),
_ 6
T = 3S[Cr g (@)v(®) + Cr (@) + Cln], (6)

N, =4S [Nf‘zocz + N+ N?6+ N° + N?n] i=1,2,

where a=0-y. g, S, zp, and ¢ denote dynamic press, refer-
ence area, thrust moment arm, and reference length. 7=
My 711> 1155 7,] " denotes the flexible modes. &= [v(3,),8.]",
where the deflection of canard &, is set to be ganged with v
(6,) and &, =k,v(d,); keC:—C%/Ci‘. This approach was
originally proposed in [41] as a way to remove some non-
minimum phase characteristics of the dynamics. Consider-
ing the actuator fault, the actual output signals of the fuel
equivalence ratio and the elevator angular deflection are
denoted as v(®) and v(3,), respectively. The aerodynamic
model is obtained by curve fitting and can be expressed as

Cp() = CEa + Cha+ CEv2(8,) + Cv(d,) + 8, )
+ C‘z;&f +C% +Chn,

Cy () = Cya? + Clya+ Coiv(8,) + Cob, + C, + Clym, (8)

Cy(-) = Cla+ Cov(8,) + C8, + C° + Cln, (9)

Cro()= C‘{qjoc3 + C"}z,q,oc2 +Cpa+Clg,  (10)
Cr()=CEa® + C¥a? + Ca+ CY, (11)
Cl= [Cj‘,O,C?Z,O},j:T,M,L,D, (12)

N/ =[N{",0,N[,0],i=1,2, (13)

and more detailed definitions can be found in [40-41].
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2.2. The Actuator-Fault Model. The actuator-fault model is
developed by the following formula [34]:

{ V(D) = wg, D + g, (14

V((Se) = wsg(se + 850,

where v(®) and v(§,) denote the actual output signals of the
fuel equivalence ratio and the elevator angular deflection,
respectively. w, and €, represent the actual control effective-
ness and drift distance, respectively.

Assumption 1. There exists an unknown positive constant &,
such that |e,| <&,, 0<w, < 1.

Remark 2. Assumption 1 is commonly applied in FTC
research to ensure the controllability of system when the
actuator faults occur [34]. During flight, actuator fault inev-
itably occurs due to multiple factors such as aging and dam-
age of components or screw shedding, which deteriorates the
flight performance and even causes the serious flight acci-
dent in severe circumstance. Therefore, it is of great signifi-
cance to consider the possible actuator faults when
designing the control strategy. With different values of w,
and ¢,, (14) can be divided into the following four cases:

(1) w, =1 and ¢, =0, representing the fault-free case

2) 0<w, <w, <w, <1 and ¢, =0, where w, and @, are
unknown positive constants, denoting partial loss of
effectiveness

(3) w, =1 and g, # 0, indicating the bias fault

(4) 0<w, <w, <0, <1 and ¢, # 0, where w, and w, are
unknown positive constants, signifying that partial
loss of effectiveness and bias fault occur at the same
time

2.3. Model Transformation and Decomposition. According to
(1) and (7), V and h are mainly regulated by @ and 4,
respectively. To facilitate the controller design, the HFVs
dynamics are decomposed into velocity subsystem and alti-
tude subsystem.

Considering the actuator-fault model (14) and inspired
by [42, 43], the velocity subsystem is written as

szv"'gvv((b)*'dv’ (15)

-5 o’ 2 o 5 o2 d, C6c 5
where f, = -gS/m(C§ a* + CHa + Cj; 8, + Cp8, + C56.+Cpy
8+ CY +Chy) — g siny + (S/m) cos a(CE o + C% a?+C%
a+Ch+Chy), gy =(S/m) cos a(CE pa + Chya? + Ch pat
+C}.). fy and g, stand for unknown functions due to the
time-varying aerodynamic parameters, and d,, represents the
external disturbance on velocity.

Considering the actuator-fault model (14) and taking the
assumption sin (y) =y, cos (y) = 1, then the altitude subsys-
tem can be considered as

3
y=f,+g9,0+d,
. r Iy Y (16)
GZQ’

Q =fQ + ng(6e) +d,

Similar to velocity subsystem, the functions f,, g,, fq,
and g, are unknown functions; d,, d,, and d,, are the exter-
nal disturbances of altitude subsystem. Along the standard
ideas as [10-11], we assume there exist unknown positive
functions gy, g,,,» and g,,, such that 0 <gy,, <gy, 0<

Gym < Gy and 0< g,,, < gq-

Remark 3. In practice, it is rather difficult to know the values
of functions f,, g,, €{V, y, Q} accurately. There are mainly
the following reasons: On the one hand, the aerodynamic
parameters are constantly changing with the flight environ-
ment (i.e., velocity, altitude, and attack of angle), where there
inevitably exist measuring errors in the sensors of flight con-
trol system [2]. On the other hand, it is impossible to take all
flight environment of HFV's into account in a wind tunnel so
that we have to rely on curve fitting technology to build the
aerodynamic model [7]. Consequently, an exact model for
HFVs is difficult to be obtained and in order to facilitate
the design of flight control system; we regard f,, {V,y,Q
} as unknown function and regard g, as unknown positive
function.

Assumption 4. See [44]. The reference trajectory y,.(t),
together with its i-order derivative yizf(t), is continuous
and bounded (i=1,2--- n).

2.4. A New Fixed-Time Performance Function

Definition 5. See [44]. A smooth function p(t) is called fixed-
time performance function (FTPF), if the following condi-
tions are satisfied:

(1) p(t) >0, ie., p(t) is ensured to be a positive function
(2) p<0, that is, p(t) is monotonically decreasing
(3) tlimTp(t) =p(T) and p(t)=p(T) for any t>T,

where p(T) and T denote an arbitrarily small posi-
tive constant and settling time, respectively

According to Definition 5, we construct an FTPF in the
form of

t
coth ([9—— +7r | -1+p(T),0<t<T
p(t) = ( Tt ) P (17)

p(T),t>T.



Proof. In view of (17), it can be derived that

p(T7) = lim [coth <9Ttt + r) -1+ p(T)}

t— T~ _
. es(t/(T—t))-H‘ + e_S(t/(T—t))—r (18)
= tln'jl; (T=0)+r _ g=9(e/(T—1))-r -1+ p(T)
=p(T)=p(T"),

that is, p(¢) is a continuous function. Furthermore, we can
deduce that

(19)

9/ TN 2 2
T or\T=% S(T-1))+r _ p=9(t(T-t))-r | >

when ¢ < T, and p(t) = 0 when t > T. For the sake of simpli-
fication, we denote x=1¢/T —t and the fact lin}ix =400
t—

holds. Then, we can obtain

lim p(t)= lim

t—T" X—+00 T

49 1+x z
T edxtr _ o=9x-r | ° (20)

With the help of L'Hospital’s rule, we get that

t—T"

o : 4 1 '
lmpmiﬂk'ﬁcﬁt;ﬁa=ﬂr)@U
Next, dp*(¢)/dt? can be derived as

dp?(t) _ 89 (1 +x)* (™ + %) 89(1 +x)

dtz - T(eSerr _ 679)57;')3 T(€9x+r B e*SX*t‘)z
ze—Sx—r 4 /—S/T

=£MQO+

m) VPO e e

(22)

Then, we have lin}i(dpz(t)/dtz) = (dp?(T*)/dt?) =0.
t—
Similarly, it leads to that tlirr%f (dpi(t)/dt’) = (dp'(T*)/dt)

=0,i=3,---,n. That is to say, p(f) is a smooth function.
Furthermore, we can also see that p(f) <0 and the function
p(t) is continuous at T. Thus, we can conclude that the func-
tion p(t) is a FTPF. This completes the proof. +. O

Remark 6. We can easily obtain sufficiently large p(0) by
selecting a sufficiently small r, that is to say, the initial error
need not to be known accurately. Consequently, the FTPF
without initial error constraint is achieved. Furthermore,
we can also conclude that the convergence rate of the error
depends on 9, which can be seen in Figure 1(a). By setting
the steady-state error boundary as p(T) =1 and choosing
different values of 9, we can obtain that a larger 9 means a
faster convergence rate of the error.
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Consider the following transformation:
qt) =~ (23)

where e(t) represents an error function; the error transfor-
mation function is chosen as

q

= 1_—‘12; (24)

z(q)

and we abbreviate g = q(t) there-in-after.

Remark 7. From (24), it can be observed that the inequation
—-1<g<1holds if z(gq) is bounded. In view of (23), we con-
clude that |e(f)| < |p(t)| holds as long as |e(0)| < |p(0)].
Choosing 9=0.5, r=0.1, T=6, and p(T) =1, the conver-
gence performance of the proposed FTPF is shown in
Figure 1(b). In contrast to traditional PPC [11], where the
prescribed performance function is in the form of p(t) =
coth (9t +r) -1+ p_, the proposed control scheme explic-
itly contains a convergence time T in the FTPF. By this
means, we can easily preset the convergence time as needed.

2.5. Fuzzy Logic System. In the process of designing the flight
controller, the fuzzy logic system is used to estimate the
dynamics uncertainties of HFVs. Define a set of fuzzy IF-
THEN rules, where the Ith IF-THEN rule is written as fol-
lows [22, 23, 45, 46]:

R Ifx,is F\,and --- and x,, is F', then y is B'. (25)

where x =[x, -+, x,]" € R", and y € R are the input and
output of the FLSs, respectively, and Fll, ey F; and B are
fuzzy sets in R. Let F(x) be a continuous function defined
on a compact set Q. Then, for a given desired level of accu-
racy € > 0, there exists a FLS W'§(x) such that sup|F(x) -

x€Q,
WTS(x)| < e, where W=[w,, -, wP]T is the adaptive fuzzy
parameter vector in a compact set Qyy, p is the number of
the fuzzy rules, and S(x) =[S, (x), ---,Sp(x)]T is the fuzzy
basis function vector with Sl(x):Hj"llptF§ (xj>/zll7:1(l_[_?ll
b (x;)) where b (x;) is a fuzzy membership function of
the variable x; in IF-THEN rule. Let W* be the optimal

parameter vector, which is defined as

* . _ T
W* =arg Jnin {:;gi‘F(x) WS(x)| } (26)
Then, we can further obtain

F(x) = W*TS(x) + ¢, (27)

where ¢ is the minimum fuzzy approximation error.
In order to reduce the computational burden, the func-

tions &y = (| Wyl*/gy,). &= (IW4I*/V,). €, = (IW, |/
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FIGURE 1: The convergence performance of the proposed FTPF.

Gym)r by = (||Wy||2/gym), o=l WQ||2/ng) rather than the
ideal weight vectors’ elements are estimated in the controller
design and stability analysis.

Lemma 8. See [47]. The hyperbolic tangent function tanh (e)
is continuous and differentiable; for V¢ € R and Vu > 0, it has

0<[¢| - ¢ tanh <5> <0.2785. (28)
U

Lemma 9. See [48]. For any positive constants w and §, the
following inequation holds

2

w
—— <.
Vw? + 8

0< |w| - (29)

The control objective of this article is to design an fuzzy
adaptive tracking controller such that

(1) The velocity and altitude tracking errors are guaran-
teed to obey the prescribed performance boundaries
at all times and finally converge into the predefined
residual sets within preassigned time T even in the
presentence of actuator faults

(2) All signals of the closed-loop system remain bounded

3. The FTFTC Design

Corresponding to the decomposition in Section 2.3, the con-
trol design is also decomposed into a velocity control design
and an altitude control design.

3.1. Velocity Controller Design. We first define the velocity
tracking error as

ey = V- Vref’ (30)

where V., is the velocity reference trajectory. In view of
(15), (23), and (24), the time derivative of ey, is

. ) . 0
by =y + 9y V(@) +dy =V, = p(0)a+ 2yp(t) 51 (31)

Then, 2y, can be rewritten as

5 =fV+gVV((D)+dV_Vref_P(t)q
v p(0)(04732)
=Yy +Ev(fv +gyv(P) +dy - Vref)’

with Y, = —p(t)gEy, Ey = (1/p(t)(0q/0z)).

It can be deduced from (24) that 3g/dz = (((1-¢%)*)/(
1+4¢*)) <1 when -1<g<1, and noticing the fact g, >
Gy, > 0 leads to

9v Gvm
Eygy=—V > IVm 5 (33)
V9= 0)(3q102) = p(0)
Choose the following quadratic function:
1 1 . =
Ly =52y + 5—Gyuly, (34)

2 2uy,

where 3., = (gy,,/p(0)), &y, =8, — 2, €, denotes the esti-
mation of adaptive parameter £, and u, is the positive
user-defined parameter.

Utilizing (14) and (31), the time derivative of Ly, is

Ly= ZV<YV +Eyfy + Evgywe® + Eygyeg + Eydy - EVVref)
1 -~
- Egmevev-
(35)



Define the nonlinear function

1
Fy=Yy+Eyfy+Eydy —EyV, + 32V (36)

where f|, and dy are unknown due to the existence of
unknown external disturbances and fast time-varying flight
environment. An FLSs-approximator is constructed to esti-
mate Fy, as

Fy = W\T/SV(XV) + ¢y (37)

where xy = [V, V V,ef]T. Substituting (36) and (37) into
(35), we have

. 1 . - ~ 1
Ly= ZV(WF\FISV + ¢y + Eygywe® + Evgve(p) - ‘M_ngEVEV - EZ%P
v

(38)
According to Young’s inequation, we can further have

Z%/”WVHZS%;SV ‘T

T
zy Wy Sy < =
v

Vo

(39)

1 1
Zydy < iz%’ + E‘P%ﬁ

where T, is a positive constant; then, we can rewrite (38) as

2 2T

: zy|[Wyl|"Sy Sy

Ly <zy(Eygywe® + Eygyeg) + ey ar L
v

+ l</>2 - ig 0,2y
2 \4 HV Vm

(40)

According to Assumption 1, wg and &g are unknown.
Therefore, we define the upper and lower bounds of fault
parameters to achieve robustness, which are expressed as

. 1
Q®:1nf (EVng(D)’SV: @’ (41)

§v =sup (Eygyee)-
Consider the Lyapunov function candidate

1 =2 1 22
Ly=Ly+ —wgdy, + —&, 42
v=_Lly ZZVQ«:D 14 2rV£V (42)

where [, >0 and ry, >0 are the parameters to be designed

and 9, =9, - @V and &, =&, — &, represent estimation
errors with 9, and &, being the estimations of 9, as &,
respectively.

The time derivative of Ly gives

~ 1= ~

. . 1 ~
Ly=Ly - EQG)SVSV_ Efvgw (43)
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Define €, =||Wy||*/g,,, and choose the intermediate
control law as

_ ?,8Ts, -
D=kyz,+ SV L E ann (Z_V> (44)
4ty ay

It can be induced that

. 20,9,,.878 1 =~
Ly <zyEygywe® + VEVIVmOVIV gy —¢% - 205,39,
41, 2 Iy
2D kuZ? — 278y gy,SySy
v LA = —
+&, <|zV| - zy tanh (Z—V>> - gﬂév?v
ay Hy
1= z >
— tanh (=X ) - &, ).
+ . &y (rvzv an <av> Ev)
(45)
Choose the adaptive laws as follows:
2 T
EV _ HyzySySy FV/EV’ (46)
4Ty,
EV =ryzy tanh <Z—V> - bvgv, (47)
ay
9y =lyzy@—c, 9y, (48)

where ay, >0, b, >0, and ¢y >0 are the parameters to be
designed.
Substituting (46)-(48) into (45) yields

. 1 I'yg., ~ ~
Ly <2vEygywo®+ 7y + 5 ¢ + “vivmy T,
v
9254 LoV g 7 2
- wedyzy @+ ; Iy Vv + 2y, D - kyzy, (49)
v
Zy byz 2
+&y (| |zy| —zy tanh | — | | + —&, &y
ay A%
Now, we design the actual control law as
~2 -
zv\9v<1)2

D=- (50)

bl
~2 _
2 2 2
V29,9 + ot

where oy, >0 is a predefined constant, which is designed to
avoid the singularity issue. According to Young’s inequation,
one has

12 1

6Ly = ((’,V —Ev)fiv <5t + 58, (51)
o~ ~ N\~ 12 1,
9v9v=(9v—9v)9v£—59v+59v, (52)
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EVEVZ (&/‘gv)gvﬁ—%gé"' %5%/ (53)

Substituting (50)-(53) into (49) and applying Lemma 8
and Lemma 9, we can rewrite (49) as

. 1 ~2 1 ~2 1 ~2
Lo<-kyzb - — TG, 0o — —wucydy, — —b
v v2y 24, v9vmtv zlv_qn vVy 2ry véy
1 1 1 1
¥ — TG+ —wycy S + — b + Ty + — ¢
2, v9vmty ZIV_‘D vVy 2ry vev + Ty 2¢v
+wg0oy +0.2785a,¢,,.

(54)

3.2. Altitude Controller Design. In the process of altitude
controller design, the backstepping methodology is adopted
to deal with complex dynamics. The virtual controllers will
be designed at first, and then the intermediate control law
the actual control law will be constructed to counteract the
impact of actuator fault. To initiate the design process, we
first define the following tracking errors:

{eh:h_href’ A (55)
ZQZO_XB’ ZQ:Q_XQ’

with y,, Xy, and y, representing the virtual control laws.

Step 10. Similarly to velocity controller design, one reaches

. . . 0
e, =Vy+dy—h=p(t)q+2,p(t) a—z : (56)

Then, we have

. Vy+dh_href_p(t)q

=Y, +E,(Vy+d,—h.),
Zp p(1)(0q/92) ht h( yta, ref)
(57)
with
Y, = —p(t)qE; By = ————— (58)
h— p()q h> h_p(t)(aq/az)

Noting that (9g/0z) = (((1-¢*)*)/(1+¢*)) <1 when —
1<g<1 and the fact that V>V, >0 where V, is mini-
mum permissible flight velocity yields

\%4 \%4
EV=— — __>_m
" p(0)(0q/92) T p(0)

Consider the following Lyapunov function candidate:

=V, >0. (59)

1, 1 ~ =

with €, = ¢, — €,, in which ¢, denotes the estimation of
adaptive parameter £, and y, is the positive design parameter.

The time derivative of L, gives

: 1o - 1
L, =2,(W,S, + ¢, +E,Vy) - o Vi 5% (61)
h

with F, =Y, + E,d, — E;h,.; + (1/2)z;, being approximated

by FLS WS, (x;,) + ¢, where x,, = [h, Pre> h,ef]T.

Applying Young’s inequation, it gives

T
zZy Wh Sh < 4‘[h

h>

(62)

1 1
Zpy, < Ezi + E‘Pi’

where 7, is a positive constant; noting that y = z, + x, we
can further rewrite (61) as

2p Y/ T
: z;8,V,8;,S 1 1~ -~
L, <E, Vzz, +z,E,Vy, + 2 m"h7h 0 4“2 -~V 0,8,
h=EpVZpzy tzpbp VX, iz, Th Z‘Ph w mthth
(63)

with the definition of €, = (||W,,||*/V,,). Choose the virtual
control law and updating law as follows:

_ Zhﬁhszsh
X, = —knzy, - “ar, (64)
—~ 26Tg ~
ghzw_fheh. (65)

41,

Substituting (64)-(65) into (63) yields

: | R 1
L, < -kyz + ;rhvmehah +E,Vz,z, + 5¢§ +1,.  (66)
h

Step 11. Take the Lyapunov function candidate as

1, 1 ~2
Y
Similar to step 10, by defining ¢, = (HWth/gym), the
time derivative of Ly can be formulated as

o ; 1 1
L=0,+z, (Wysy v+ gye) - ;ygymeyey -EyVae, - 59

(68)
with F,=f, +E,Vz,+d,-j,+(1/2)z, being e?pproxi—
mated by FLS W;Sy(xy) +¢,, where y, = (0x,/0h)h + (0,

~ o~ . . ~ T
10€,) 8, + (00, /0y g )y and x, = [, p, By, By B2 0]



Design the virtual control law and adaptive law as

2,0 8TS
Xo=—kz, - % (69)

28T
Ez//tnyySy r?

= . (70)

Based on (66)-(70), we obtain

2 2, o551 = =
<—kyzy, —k,z, + —hFthEh(ih + M—Fygymﬁy y T 9,%%
¥

1 1
+ §¢}21+ §¢)2/+Th +7,.
(71)
Step 12. Consider the following Lyapunov function candi-

date:

B 1
Le—Ly+f

1
2
+ —4,. 72
229 2#99 (72)

Defining €, = |[W,||%, the time derivative of Ly gives
Ly= Ly +2p (w;,fse +¢g+Q) - i%% - 9,229 lzé,
Ho 2
(73)
with Fg=g,2, - Xo + (1/2)zy being approximated by FLS
WTSe(xe) + ¢g, Where = Z;::h,y(a)(e/ax)k + Zx:h,y(aXQ/a

)E + Zz 0(axe/ahref)hr:z;1 and Xg = [h’ Y 0’ href’ ]:lref’

2) 103 7
ot P €hs B ] .
Construct the virtual control law and adaptive law
K 298855y (74)
Xq = ~Ko%9 ~ >
Q 4T9
~ 26Ts ~
g, = H0%0%% % (75)

41y

From (72)-(75), one has

V. -~ T.g,,~~
"e,L, + 19y £,8, + 292,
h Y

2 2 2
—khzh - kYZY - k9Z6 +

I'g-~ 1, 1, 1,
+ —lg+ b+ =+ —Pg+ T, + T, + Ty
o oto 2¢h 2¢y 2‘/59 ]

(76)
Step 13. Choose the following Lyapunov function candidate:

1, 1
Lo=Lg+ 3%t %ngeQ. (77)

Constructing £, = (|| WQ||2/ 9qom) and taking the deriva-
tive of L, yield

Lo=Lg+z, (wng + o + 9o0s,0. + 9ots,)
1 1 (78)

— Jomtolo 2620 — =26
#QngQQ 0%Q~ 7%qQ
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with Fo=fo+zg+dg—xg+
by FLS W(S,(xq) + ¢, where Xq = Laenyo(0X/0x)X +

Zx hy@(aXQ/ae( ))E :’)Zz(o)(aXQ/ahref)hrle}l and XQ [h Y
2) (3
9) Q) hygf) ref’ href’ href’ href’ eh: e)/’ ee] .
The upper and lower bounds of fault parameters are
defined as

(1/2)z, being approximated

. 1
s, =inf (9ows,)» 9= —
@s, (79)
§o=sup (9ofs,)-
Construct the Lyapunov function:
1 =2 1 2
LQ:LQ+ %wa Q EQ’ (80)

where [, >0 and r, > 0 are designed parameters and ~|9Q =
SQ SQ and EQ & E q represent estimation errors with

SQ and & q being the estimations of 9, and &, respectively.
Choose the intermediate control law and adaptive laws as
follows:

T
5 _ 2qe8qSe 81
8, =kqzq + 7 + E tanh aQ (81)

TQ
~ MQZQSQSQ ~
R L (82)
Q
~ Z ~
§q=rqzq tanh <i) - boéo (83)
@Q = leQSg - CQ§Q, (84)

where ko, Tq, ag, bg, and ¢, are designed positive
parameters.
Finally, we choose the actual control law as

9
) =—ZQA2#, (85)

where 0, >0 is a predefined constant. Following similar
analysis to velocity subsystem, we can further deduce that
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— transformation 9  control law  —#
(7) and (8) 2y 29)

Actual control ]
law (35)

Actuator-fault

HFVs longitudinal dynamics (4) and (5)

A\

model (3) > /
v(s) hy,6,Q

It R E >
.
Adaptive law (31)-(33) |
The FTFTC design
‘ Adaptive law (69)-(71) |
Adaptlve law (51) | > Adapnve law (56) Adapuve law (61) ‘ i
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(7) and (8) 2w aw (55) aw( ) eQ (68) law (72)
h Q +

FiGure 2: Overall fixed-time tolerant-control scheme for HFVs.

TaBLE 1: The initial states.

States Value Units

\4 7700 ft/s

h 85000 ft

y 0 deg

0 1.6325 deg

Q 0 deg/s

U 0.97 ft slugs 5/t
M 0 ft/s slugs > /ft
1, 0.7967 ft slugs °/ft
B 0 ft/s slugs *°/ft

Fth =2

Lo < —kyz — k22 - R L
Q YTy .“h “, Y

2 2
kozg — kqzg -

Tp2 I'oGom=2 WsCqx2 r,v,
__6{)'9_ QIQ P'Q_ ;QSQ_ EQ P’i
U 2[4Q 2 Q 2rQ Wy
N LyGym e+ ) Lo, L'o9om 2 4 .5 %+ bg £
U, He 2uq 2lq 2rq

1
2 2
§¢9+ §¢Q+Th+Ty+T9+TQ+a)SEO'Q

1 2 1 2
+ i+ ¢+
5t 5 ¢y
+0.2785a& .
(86)

The whole FTFTC design for HFVs is shown in Figure 2.
4. Closed-Loop Stability Analysis

Theorem 14. Despite the occurrence of unknown actuator
fault (14), consider the closed-loop system composed by (15)
and (16); the virtual control laws (64), (69), and (74); the
intermediate control laws (44) and (81); the actual control
laws (50) and (85); and the parameter adaptation laws
(46)-(48), (65), (70), (75), and (82)-(84). Let Assumptions
1-4 hold. By designing the parameters properly, it therefore
holds the following.

The tracking errors e\, and e, can converge into a prede-
fined residual set within an user-defined time T.

(1) The overshoot and convergence rate are guaranteed
by FTPF, and all signals of the closed-loop system
are SGPFS

Proof. Take the Lyapunov function candidate as
L= L\7 + LQ (87)

Applying (54) and (86), the derivative of L gives

L<—kyzt —kyzh - k},z; — kozg —kozg - ;ng 4
Hy
_FthEi_Fygyméz_&E;_FQéQméz wnp‘:vs
w, My ’ #e 2# ¢
—5 €Q 2 m ygym 2
9 E E e ¢
ZZQ Q- 21’V v ZrQ Q* yh nt w, 7
{’,2 I'yGy, 2+ Lodagm 2 4 Loty 9+ Ws,CQ 92

,49 2;4‘, 2u, TS 21,
1 1 1
by . Q 2 2 2 2 2 2
&+ =&+ = B
TR ALl S0 S 56
Ty + T+ T, +Tg+ To + WOy + W5 0 +0.2785a,,&y,
+0.2785a08 .
(88)

Recalling the definitions of Ly, and Ly, the following ine-
quation holds

L<-kL+C, (89)

where  k=min {2k, 2k, 2k,, 2kg, 2k, 'y, I, T, Ig, T
by, by, ey, ol C= (T Vol )8 + (Fygym/ﬂy)ef; +(Lolug)
Eé + (FVng/ZMV)e%/ + (FQng/zﬂQ){)«zQ + (QdﬁcV/ZIV)S%/ +(
w5 col2lg) 9 + (by/2ry )&y + (bol2ro)Eg + (112)¢%, + (1/2)
i, + (112)97 + (112) 5 + (112) ¢, + Ty + T + T, + Tg + T +
WeOy + W5 0g +0.2785ayy, +0.2785a48 ;.

Y
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Integrating both sides of (89) yields In accordance with (34) and (60), we have
L<L(0)+ S 90 ¢
<L(0)+ £ (90) 2y < \/2L(0) + 52y < \[2L(0) + (91)
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FiGure 5: The flexible states and control inputs under different initial states.

In view of (42), (60), (67), (72), (77), (80), (87), and (90),
the estimation errors of the adaptive parameters will con-
verge to the following compact sets:

(92)

Therefore, the transformational errors z, and z, are
bounded. By reviewing (17)-(24), we can conclude that
the velocity and altitude tracking errors converge to a
residual set within a fixed time T and the prescribed per-
formances are guaranteed. Besides, all signals of closed-
loop system are SGPFS. According to the design of veloc-
ity controller (44), altitude controller (64), and the FTPF

(17), the overshoots of velocity and altitude do not exceed
their preset threshold. This completes the proof. + O

Remark 15. The existing fixed-time control strategies for
HFVs [18-20] fail to take system transient and steady-
state performances into account, and it is fairly compli-
cated to make tracking error convergence into a preas-
signed compact set within the fixed time by selecting
design parameters. It is worth noting that the fixed-time
tracking control is achieved as long as the bounded condi-
tion is satisfied in the proposed design. Consequently, the
complexity of the control structure is reduced and the ini-
tial states need not to be known accurately via the pro-
posed control approach.

Remark 16. It is worth mentioning that the control perfor-
mance is depended closely on the designed parameters of pre-
scribed function. In (17), large initial errors are allowed by
choosing a small enough r; larger 9 and smaller T will increase
the convergence rate. However, too large 9 or too small T will
give rise to actuator input saturations. In (44), (64), (69), (74),
and (81), designed parameters ky, Ty, ay, ky, Ty, k,» 7, kg, Tgs
ko> 7o, and a, determine the convergence rate and conver-
gence accuracy. In (46)-(48), (65), (70), (75), and (82)-(84),
designed parameters ., I'y, 1y, by, Iy, ¢y, ty T [ I’y, Ho
, Tos b Lo 1o bQ, lQ, and cq effect convergence rate of the
adaptive parameters. In the controller design, we need to
design the parameters properly to improve the tracking per-
formance and avoid the saturation phenomenon.

Remark 17. When the actuator failure occurs, the upper
and lower bounds of fault parameters are estimated by
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the adaptive laws (47), (48), (83), and (84), then the inter-
mediate control laws (44) and (81) and the actual control
laws (50) and (85) are executed. By this way, the flight
control system is robust to actuator failure. Compared
with the state-of-the-art FTC methods [30-33], the fixed-
time stability is guaranteed, and the prescribed perfor-
mance is ensured.

5. Simulations

In this section, simulation results are used to demonstrate
the effectiveness and superiority of the proposed method-
ology. The model parameters of HFVs can be consulted
from [40]. HFVs are expected to climb a maneuver from
the initial trim conditions, depicted in Table 1, to the final
values V =8700ft/s and h=88000ft. The external distur-
bances in velocity subsystem and altitude subsystem are
set as dy =sin (0.17t)ft/s, d, =0.001 sin (0.017¢) deg, d,,
=0.01 sin (0.0171¢) deg/s. The reference trajectories of
velocity and altitude are generated via the following filters
[11]:

Viep(s) 0.03?
V(s)  $2+2%0.95x0.03xs+0.03>

(93)
href<s) 0032

ho(s)  $2+2x0.95x0.03xs+0.03%

where V,(s) and h,(s) represent the inputs of filters

and V(s) and h.(s) represent the outputs of filters, respec-
tively. It is assumed that HFVs actuators failed at 100s
and the details of failure are formulated in the form of

V(D) =0.80 - 0.1,

(94)
v(8,) = 0.83, +0.0349.
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The FTPFs are selected as

t
coth ( + 0.4) -0.9, 0<t<50
py(t) 50—t
0.1, t > 50,
(95)
t
coth ( + 0.4) -0.5, 0<t<50
pu(t) 50—t
0.5, t>50.

The fuzzy rules in W3iTS,, are listed as

TaBLE 2: The performance index of control inputs.

13

Control Performance index of  Performance index of
method D 68,

FTFTC 99.4683 15.2615

CFTC 99.4574 15.2620

I his Fj, and y is FJ, then y is B!, where i=1,2,3;
j=1,2,3;and I=1,2,---,9.

Then, the fuzzy rules in W;'S, are listed as

R:If his Fi,and yis F/, and 0 is F5, then y is B', where

R 1f Vis Fi, then y is B,

wherei=1,2,3and[=1,2,3.

The fuzzy rules in W;TSY are listed as

i=1,2,3;j=1,2,3;k=1,2,3;and I=1,2,---,27.
The fuzzy rules in WBTSQ are listed as



14

R 1fhis Fi,and y is F{,, and 0 is F¥, and Qs Fg, then y
is B!, where i=1,2,3; j=1,2,3; k=1,2,3; p=1,2,3; and |
=1,2,---,81.

The fuzzy membership function is given as follows:

Lug, =exp [=(V =7500)/300],
pp = exp [~(V - 8100)2/300],
ppy =exp [=(V - 8700)2/300],
Up = exp [~(h - 85000)*/1000],
pp =exp [—(h—87000)*/1000],
pps = exp [~(h —89000)*/1000],
tp =exp [—(y = 0)*/0.0005],
pp =exp [—(y - 0.005)?/0.0005], (96)
s =exp [~(y - 0.01)?/0.0005],
Lup = exp [~(6-0)*/0.002],
pp = exp [~(6-0.02)*/0.002],
pp =exp [-(6-0. 04)/0.002],
pp = exp [-(Q+0.03)%/0.002],
t:, =exp [~(Q-0)?/0.002],

ps, = exp [~(Q-0.03)7/0.002].

The controller parameters are selected as ky =y, =ry,

=ly=p,= Hy=Hg=Hq=Tq= lQ =1, gy, =0.00001, ng
=1, ry=Ty=cy=by=1,=T,=1,=T,=1,=Tp=14=
Io=cq=by=0.1, ay =02, a5=0.25, oy =0,=(1/(t*+
0. 01)) k, =10, k, =2, kg = 10, and kq = 50. Taking the engi-
neering practice into account, the limitations of the actua-
tors are set as ®€[0,1], 8, € [-20 deg, 20 deg] [40]. To
prove that the proposed FIFTC is realizable and indepen-
dent of the initial states, the first example is taken, while
the superiority of the proposed FTFTC over the conven-
tional fixed-time control (CFTC) in [49] is explained in the
second example.

Example 18. In this example, two different initial states cases,
ie., case 1 (ey(0) =¢,(0) =0) and case 2 (e, (0) =¢,(0) = 1),
are considered, respectively.

The obtained simulation results, depicted in Figures 3-5,
reveal that the proposed FTFTC has full capabilities to deal
with the condition that aerodynamic parameters are per-
turbed and initial states are uncertain. It can be observed
from Figures 3(a)-3(b) that the velocity and altitude track-
ing errors are guaranteed not to exceed the prescribed
bounds. Furthermore, the velocity and altitude can rapidly
track their reference trajectories even if the actuator fails.
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Figures 4(a) and 5(a) depict that there is no high-
frequency chattering in the attitude angles as well as the flex-
ible states, and they can converge to their steady values rap-
idly. Figure 5(b) shows that the control inputs are smooth
and within realistic limits. The estimated values of adaptive
parameters are bounded, which is presented in Figure 4(b).

Example 19. In this example, simulations via the CFTC [49]
and the proposed FTFTC are demonstrated, where the initial
states are set as e,,(0) =¢,(0) =1. In order to expound the
advantages of tracking performances of the proposed
FTFTC, the performance index of tracking error E, = jgezd
t is introduced where e denotes the tracking error. In order
to compare the energy consumption between the FTFTC
and CFTC, the performance index of control input E, = fé

u*dt is defined where u denotes the control input.
Simulation results are depicted in Figures 6-9.
Figures 6(a)-6(b) shows the velocity and altitude tracking
performance, in which the velocity and altitude tracking
errors are limited in the preset bounds by the proposed
FTFTC and the proposed FTFTC can provide higher rate
of convergence compared with the CFTC. Besides, the atti-
tude angles and flexible states are shown in Figures 7 and
8(a), indicating that smaller oscillation amplitudes of atti-
tude angles and flexible states are achieved in the presence
of actuator failures by means of the proposed FTFTC.
Figure 8(b) shows that the control inputs are smooth and
within realistic limits by means of the proposed method. In
addition, Figure 9 gives that less error energy is produced
via the proposed FTFTC in contrast with the CFTC.
Table 2 shows that the energy consumption of actuator with
FTFTC is almost equal to that with CFTC. That is to say, the
proposed FTFTC can achieve more accurate tracking.

6. Conclusions

A novel fixed-time fuzzy adaptive fault-tolerant control
methodology based on performance function is developed
for hypersonic flight vehicles in this work. In contrast with
the conventional fixed-time control, the proposed approach
not only guarantees that the velocity and altitude tracking
errors converge into a preassigned compact set, but also sat-
isfies both the prescribed transient and steady performance.
In addition, the proposed scheme can avoid the singularity
problem caused by the differential of fractional order track-
ing error and remain valid in spite of actuator faults. Com-
parative simulation results confirm the validity and
superiority of the presented control strategy. Note that the
distributed adaptive containment fault-tolerant control of
multi-HFVs formation is an important research region for
the future [50-53]; thus, the extension of our control scheme
to the case of multi-HFVs formation will be an interesting
topic for further investigation.
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