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ABSTRACT This paper investigates the velocity and altitude tracking control problem for air-breathing
hypersonic vehicle (AHV) under external disturbances and uncertainties. An improved smooth super-
twisting based disturbance observer (SSTDOB) is proposed to estimate the unknown external disturbances.
With the assistance of SSTDOB, an effective fixed-time sliding mode backstepping control (FSMBC) is
designed to guarantee the tracking errors converge to a small neighbor of the origin. Meanwhile, a fixed-
time tracking differentiator (FTD) is employed to estimate the virtual control inputs, which can eliminate
the differential explosion problem. The overall stability of the closed-loop system is analyzed by utilizing
Lyapunov stability theory. Simulation results demonstrate the effectiveness of the composite method.

INDEX TERMS Air-breathing hypersonic vehicle, backstepping control, disturbance observer, fixed-time

sliding mode control, super twisting algorithm.

I. INTRODUCTION

Air-breathing hypersonic vehicle (AHV) usually flies at more
than 5 Mach numbers in the near space region [1]. It has
attracted tremendous attentions and numbers of researches
due to the advantages of global response, strong penetration
ability and great potential in military and civilian applica-
tions [2]. Compared with the conventional aircrafts, AHV
can adopt scramjet engine as its main power and combine it
with the body to realize the propulsion-airframe integration
configuration [3]. Consequently, this integration would lead
to heavy couplings among the elastic airframe, the propulsion
system and the structural dynamics [4]. Moreover, the unman-
ageable nonlinear dynamics, the uncertainty of flight aerody-
namic parameters and the severe external disturbances during
the flight envelope would make the control of AHV more
challenging [5]. Therefore, stability and robustness are still
a focus issue of AHV.
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In previous literatures, control approaches for the lon-
gitudinal dynamics of AHV can usually be divided into
two parts: linear approaches and nonlinear approaches. The
linearization technique plays an important role in classical
flight control. With this technique, the linearized model of
AHYV about a specific trim condition can be obtained [6].
Sigthorsson et al. [7] proposed a robust linear output-
feedback controller for AHV in the presence of model
uncertainties and varying flight conditions. Gibson et al. [8]
designed a control architecture containing gain-scheduling
and integral control based nominal controller with adaptive
strategy for AHV model under thrust and actuator uncertain-
ties, which had shown the superior tracking performance of
this controller. Besides, an improved linear-quadratic regula-
tor (LQR) with fractional-order sliding mode control based
tracking controller presented in [9] also exhibited excellent
robustness for AHV under uncertainties.

However, the traditional linear control methods may show
poor capability of providing desired control effect when the
flight condition deviates far from the given trimming point.
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This drawback can be overcome by some advanced nonlinear
control methods, include fuzzy control [10]-[14], neural net-
work control [15]-[21], sliding mode control [22]-[30] and
backstepping control [18], [23], [24], [27], [38].

A T-S fuzzy model was adopted by Li er al. [10] to
approximate the nonlinear dynamics of AHV. Then a robust
adaptive fuzzy based tracking controller for HFV was devel-
oped to guarantee the stability of whole system with param-
eter uncertainty and unmodeled dynamics [11]. Furthermore,
the mixed H /H robust fuzzy controller [13] and prescribed
performance guaranteed cost fuzzy tracking control [14] for
AHV were also investigated. In addition, Xu and Bu pro-
posed a series of neural based controller for the longitudi-
nal dynamics of hypersonic flight vehicle (HFV) [15]-[18].
With the help of these researches, many scholars extend this
approximation technique to the controller design of HFV.
For example, Xu et al. [20] combined the global neural con-
trol with dynamic surface control to achieve the stability of
closed-loop HFV system and effectiveness of control scheme,
where nonlinear functions of the HFV were approximated
by the neural networks. Both fuzzy based controllers and
neural based controllers can exhibit excellent approximation
strength for unknown nonlinear functions.

Sliding mode control possesses excellent performance
in convergence time and disturbance rejection. Thus,
Xu et al. [23] combined the adaptive control strategies
with sliding mode control, which can provide good track-
ing performance for the HFV under parametric uncertainty.
In Zong et al. [24], a quasi-continuous high-order sliding
mode controller based on full state feedback was designed
for the longitudinal dynamics of flexible air-breathing hyper-
sonic vehicles (FAHV), where the chattering problem was
alleviated by introducing the quasi-continuous high-order
sliding mode. To achieve the finite time stability of the con-
trol system, Sun et al. [27] proposed a finite time sliding
mode control with disturbance observer for AHV. Besides,
Yang et al. [28] developed a new nonsingular terminal slid-
ing mode control (NTSMC) with backstepping strategy for
FAHY, which can guarantee the finite time convergence and
the steady-state precision. Moreover, since Polyakov [31]
raised the fixed-time stability, this topic has been rigorously
studied [32]-[34]. Zuo and Tie [35] addressed the fixed-time
stable of first-order multi-agent systems. Basin et al. [36]
considered the application of super-twisting based controller
with fixed-time stability. Wang et al. [37] adopted the fixed-
time backstepping scheme for AHV with external distur-
bances. For now, few literatures consider the fixed-time
stability of AHV [38], [39], which would lead such problem
still challenging.

Backstepping control (BC) is another effective nonlin-
ear control design scheme. A series of aforesaid methods
and the BC logic can be merged into an integral control
framework with excellent ability to handle AHV’s higher
order nonlinear system. However, we cannot ignore the
weak robustness and ‘“‘explosion of complexity” of conven-
tional BC. To enhance the robustness of controller, many
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disturbance observer (DOB) based techniques were inves-
tigated, such as fuzzy-based observer [12], [14], nonlinear
disturbance observer [26], [40], [41], super twisting algo-
rithm based observer [29], [30], extend state observer (ESO)
[42], [43], etc. Li and Li [12] utilized a novel fuzzy-based
approximator to estimate the total uncertainties of velocity
subsystem and altitude system. Wu et al. [26] proposed a
strictly-lower-convex-function constructing nonlinear distur-
bance observer (SDOB) based backstepping controller for
HFV. Wang et al. [29] developed a conventional super-
twisting algorithm to estimate the composite disturbances
and uncertainties. An active disturbance rejection control
(ADRC) based robust controller was employed for the AHV
autopilot, where the ESO [42] was applied to estimate
the parametric perturbations and atmospheric disturbances.
In order to handle the differential explosion problem in
BC, the dynamic surface control strategy was adopted by
Xu et al. [20]. Bu et al. [21], [44] utilized a low-pass fil-
ter to transform the non-affine system to affine system so
as to avoid the virtual control laws complexity involved in
traditional BC strategy. Besides, some filter-based algorithms
and differentiator-based algorithms [45], [46] can also get
introduced to estimate the derivatives of virtual controls.
Yu et al. [46] presented a novel finite-time command filter
for the backstepping scheme, which can guarantee the finite
time convergence property. Compared with conventional BC,
these improved BC methods possess both higher tracking
accuracy and better disturbance rejection ability.

Motivated by the above analysis, this study proposes a
composite controller which consists of smooth super-twisting
algorithm based disturbance observer (SSTDOB) and fixed-
time sliding mode backstepping control (FSMBC) for AHV.
Compared with the above literatures, the key innovative
points of this paper are summarized as follows:

(1) The proposed SSTDOB is introduced for the equivalent
disturbances of AHV, which has more general formulation
for slow varying disturbance estimation and smoother outputs
than that of conventional super twisting algorithms.

(2) The FSMBC has the merits of both fixed-time sliding
mode control and dynamics surface control. The improved
sliding surface can strength the states convergence speed
and the bound of convergence time will be independent of
AHV’s initial conditions. The singularity problem caused by
the derivative of virtual control is avoided by introducing a
switching logic. Besides, all the system states are bounded
and the “explosion of complexity” problem is avoided by
utilizing a fixed-time tracking differentiator (FTD).

(3) The SSTDOB based FSMBC (SSTDOB-FSMBC) can
guarantee the overall fixed-time stability of closed-loop sys-
tem with faster response and higher tracking precision in the
presence of external disturbances and uncertainties.

The remainder of this paper is organized as follows. Prob-
lem description section presents the longitudinal dynamics of
AHYV and the decomposed altitude subsystem and velocity
subsystem. Then the SSTDOB is developed for the AHV sys-
tem with the relevant stability analyzation at the same time.
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The next section shows the main design process of
SSTDOB-FSMBC, and the stability of composite method is
also analyzed in detail. Besides, we implement two groups of
simulation comparisons on an AHV. Eventually, the conclu-
sion and future works are provided.

Ground

FIGURE 1. Schematic diagram for the longitudinal model of AHV.

Il. PROBLEM DESCRIPTION

A. LONGITUDINAL DYNAMIC MODEL OF AHV

As is shown in Figure 1, the longitudinal dynamic model of a
generic AHV [26], [29] consists of the following differential
equations

h = Vsin® 1))

. L+ Tsina — V2 (h+RE))cos®

6 = _ E)z) +d )
mV V (h+ Rg)

P = o, 3)

. M,

&y = — +ds “

Jz

. Tcosa —D sin 6

V= Ly )
m (h+ Rg)

a=09—-10 (6)

where h, 6, U, w; and V represent the altitude, path angle,
pitch angle, pitch rate and velocity of the AHV respectively.
u, o, m, Rg and J, denote the gravitation constant, angle of
attack, mass of the AHYV, radius of the earth and moment of
inertia around AHV z axis, respectively. Besides, the terms
d;, i = 2,4, 5, will indicate the external disturbances of each
corresponding channel.

The thrust 7', drag D, lift L and pitching moment M, are
expressed as follows

T = Crq$ @)
D = CpgS (®)
L =CLqS 9
M, = Cy.qSI (10)

where p, ¢ = % pV?2, S and [ represent the density of air,
dynamics pressure, reference area and mean aerodynamic
chord, respectively.
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The atmospheric force and moment coefficients are
given by

Cr = CT0+C"73“/3 (11)
Cp = cpo + S + % o (12)
CL =l (13)

Con. =m0 + mPa + m® o + m®w, + m*s, (14)

where B is the throttle setting, . is the elevator deflection
angle.

In addition, the second-order engine dynamics can be
described as

B = —2bw,f — 2B + wlBe + d, (15)

where B, is the demand of throttle setting, £ is the damping
ratio of the engine dynamics, w, is the undamped natural
frequency, d7 is the external disturbance of the throttle.

Remark 1: In fact, the disturbances of iz, ¥ and ,8 are
not concerned in this study for the reason of their accurate
mathematics deduction. Besides, the disturbance terms d;,
i=2,4,5,7, can be regarded as the equivalent disturbances
consisting of external disturbances, internal uncertainties and
model errors which can be well tackled by the disturbance
observers.

B. MODEL TRANSFORMATION

In the process of controller designing, the AHV system is
required to be expressed in the strict feedback formulations.
Before the model transformation, following assumptions are
introduced.

Assumption 1 [26], [29], [40]: The thrust term T sino
in (2) can be omitted, since it is commonly much smaller
than L.

Assumption 2 [26], [29], [40]: The flight path angle 6
maintains a small value, which means sin6 ~ 0.

To depict the AHV longitudinal model (1)-(6) and (15)
more explicitly, the system states and the control inputs are
defined as x1 = h,xp = 0,x3 = O, x4 = w;,x5 =V,
X6 = B,x7 = B, up = 8, uy = P, respectively.

Thus, considering Assumption 1 and 2, the AHV longitu-
dinal system can be divided into the altitude subsystem and
the velocity subsystem as follows.

X1 = g1x2,

Xy = gx3 +foa+da,

X3 = g3x4,

X4 = gaur +fa + da, (16)
X5 = gsxe +fs +ds

X6 = g6X7

X7 = grua +f7 + dy (17)

where fj,j=2,4,5,7,and g;,i = 1,2, ..., 7, represent the
dynamics of relevant channels for AHV longitudinal model
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which can be expressed as

7 pSxs
81 = X5,82 = ,
2m
P (1 — x2(x; + RE)) cos x -
2= — — 82X2,
x2(x1 + Re)?

1 m‘ZS”,oSlxs2
83 = 1,84 = 2Jz s

,oSl)c5 2
fa= o (mz + mZ (x3 — x2) + m7 (x3 —X2)

+mxy),

c’; ,ons2 cos (x3 — x2)
gs = 9,

2m
2
pSx 2
fs = == e + cplas —x2) + ¢ (13 = x2)?)
cT0 ,onS2 cos(x3 — xp) L sin xp
2m (x1 +Rp)*’
g6 =1 g1 =0 f1=—2Ew.x7 — 0x6. (18)
Assumption 3 [37], [47]: The functions g;, i = 1,

2,...,7,satisfy |g;| < gi, where g; > 0.
This assumption can ensure that the control inputs are
nonsingular and bounded.

IIl. SMOOTH SUPER TWISTING ALGORITHM BASED
DISTURBANCE OBSERVER DESIGN

In this section, the smooth super twisting algorithm based
disturbance observer (SSTDOB) is developed for the AHV
system, which can compensate the equivalent disturbances.
Besides, the convergence time of the disturbance observation
error is also analyzed.

A. OBSERVER DESIGN
Itis shown that disturbances d;, i = 2, 4, 5, 7, are respectively
involved in the differential equation for x», x4,xs and x7
without couplings. Thus, observer for d; can be designed
independently. Before the design of this SSTDOB, the fol-
lowing assumption is made.

Assumption 4: [26], [29], [40] The disturbances d;, i =
2 4,5, 7, are considered to be bounded, that is to say |d;| <

., |di] < 8;, where d; > 0 and §; > 0.

Con51der1ng the observer for d;, the relevant auxiliary vari-
ables y;, i = 2,4,5,7, can be constructed as

Vi =i +d; (19)

where ¥; can be expressed as

gx3+fh i=2
4

i = gaui +fa l 20)
gsx6+fs i=5

gy +fr i=171
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Errors between x; and y; are defined as e;; = x; — y;. With
the assistance of e,-l, observer for d; can be designed as

d = kIISIg(ell) p’ +k12611
! b2
+ /O (ki3sig (eit @) 7 + kigei (r)) dr (1)

In (21), ki1, ki, ki3, kia and p;, i = 2,4, 5,7 are all positive
constants and satisfy following conditions

pi>2, ki> 2\/57’ ki > 0, o)
kiz > 6;, kig > kQ
where kQ _ U i ik itko) (p (1221 +Hhka)—(ka—=8)

”’p‘llkz — 2k with N; = (”’_l(k + 42 ki3) —
SN (— — 2kia) + (ki3 — 87).

kA (kiz —

B. STABILITY ANALYZATION FOR SSTDOB
With Assumption 4, the following Theorem 1 of proposed
SSTDOB for AHV can be established.
Theorem 1: With the proposed SSTDOB (21), observation
errors of x;, i = 2,4, 5,7, can converge to 0 in finite time.
Proof: Combining (19) and the differential equations for
xi, i =2,4,5,7,in(16) and (17), it can be easily acquired that

i) =d; — d; (23)
Substituting (21) into (23), we have

pizl
eil = d; — kjisig (ej1) 7 — kizen

t
—/0 ( i381g (ei1 (T)) o + kiseir (T)) dt  (24)

To facilitate the followmg deduction, we define e = d; —
f(; kizsig (e;1 (r)) a + kisej1 () ) dt. Evidently, (24) can

be reformed as the following second-order system.
pi—1

eit = —kj1sig (ei1) ”iz —kipej1 +epp 25)

pi=2 )
e = —kizsig (ej1) 7 — kisei1 + d;

Consider the Lyapunov candidate function

2Pi -2 l
Vi = 2kplenl P+ kue + = ) ¢
1 . pi—1 2
+ 5 <ki151g (ei1) P +kpen — €i2>
= & P& < hmax (P) 11113 (26)
where
_ -
sig (ej1) *i
& = eil 27
i en
- 1, 1 1
2kiz + Ek“ ki1]1<i2 _%kil
P = zkil ki kia + Eklz _EkiZ (28)
i —Ekil —=kip 1
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pi—

(34)
(35)
(36)

We note that the derivative of &; can be expressed as O = T(leﬂ% + k kip) — % kio(kiz — ki(1)),
[ pi—1 L i — 1
i p
P leal 7rén 013 = —lTac,% + 2ki3) + (ki3 — Ki(0)),
e éil pi— pi—1
i éi2 On = — ktlklz» O3 = — lp' kirkiz,
Cpi—1 1 _ pi=l ! X
plp lej] Pi <—kl‘1$1g (ei1) P —kpejl +e,~2) 021 = Q12, Q31 =013, O3 = 0O,
i
= pi=t _pizl
—kiisig (ej1) P — kippei + e O3 = ; ki,
Pi—
A . i — fes . 7. 1
L kiasig (ein) " — kueir + d; Ri = kjjki,  Ria = kikj + Ekilkm,
0
_1 3
= lei| PiAiE +Bigi+ | 0O (29) Ri3 = —kikp, R =kjp + kipkis,
d Rz =k}, Ry =kn,
where Roj = Riz,  R31 = Ri3, R3 = Ry3
i pi—1l, pi—1  pi—1 Obviously, the following relations hold.
kit ki Y. g
1 L
A, — pi pi pi . pli—] 1
' 0 0 0 sigen) 7 - e = len| 7 - eh
| —ka 0 0 e N
[0 0 0 sig(ei1) i -eip = lei| i -ej1-epn
_1 pi—1 2(p=1)
Bi = _(I;“ _i"z é lea| 7i-sig(ein) 7 - e = sig(eir) 7
L —kia
Thus, substituting (34)-(36) into (30), we h
Usmg Assumption 4 and setting «;(t) = sign(ej) us, substituting (34)-(36) into (30), we have

lein| Pi dl, the time derivative of V; can become
Vi=& P&+ 5 Pié
— len| miEl (PA +ATP; ) g+l <P,~Bl~ + Bl.TPi) £
+2leq| 7 [ 0 0 lenlrid ]Pé
= lenl E] (P +ATP) &+ & (PiBi+ BIP)) &
lenl ME" (PiMio) + M) Pr) &
= lenl M (PiCAs + Mi0) + (Ai + M) Pr) &
+&] (PiBi + BiTPi) &

1
= —leql 7§ Qi

L
Vi=—leil P& Q&

where
) [ On 0
0= 0 Q»n—2Rp
| 031 O3 +R3
) [[Ri1—2012 O
R = 0 Ry
L 0 R3»

— &/ Ri&;

013
023 + Ri3
033

(37)

(38)

(39)

Due to the fact that k;;,i = 2,4,5,7,j = 1,2, 3, 4 are all

positive constants with conditions (22) hold, Q; and R; are all
positive definite matrices. Therefore, (37) can be reformed as

. - _1 -
— &/ Rit; (B0) Vi < —hmin (@) leanl” 7 &3 — Amin (R) I1E113
1
h _ pi=1\ Tp—T _
Where = —Amin (Qr) <|e,»1| ) 1113 — Amin (R:) 115113
0O 00
M;(t) = 0O 00 31 ; =
W= 0 o GD < i (0) ”&”i: 3 1613 = Amin (R0 16113
O Qi Qi = —Amin (@) &1, — Amin (Ri) 1813 (40)
Qi=| Qa 0n 02 (32) o . _
031 03 033 Combining (26) and (40), it can be acquired that
Rii Ria R VitV +BVi<0 (41)
Ri=| Ro1 Rxn Rn (33)
R31 Rz R33 where o; = —“""(Qz;? Y = ZPt ,3, = Az;"x((f,g,
with their elements 2457 hama (Pi) i~
Thus, according to Yu et al. [46], V; will converge to 0 in
_ 3 bl — 1
011 = (k,1 + 4k11kﬂ) ki (ki3 — ki(2)), finite time, that is, e;; and e;» converge to O in finite time.

i
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In addition, the convergence time #; can be evaluated by

0 Vi(0) 1
i = / —dV; < / yi—dV,'
Vi) Vi 0 a;Vi" + BiVi

_ 1 . BiVi(0)' " +
Bi (1 —yi) a;

Since (e;1 = 0, ej = 0) is the equilibrium point of (25),
e;j1 (t) = 0 is satisfied for all t+ > ¢;, which indicates that
¢j1 (t) = Oforany ¢ > t;. According to (23), it can be obtained
that

(42)

di(t) =d; (t) —d; (t) = 0,Vt > t; (43)

Therefore, observation errors of d;, i = 2,4,5,7, can
converge to O in finite time, which means the equivalent
disturbances can be exactly estimated in finite time. The proof
of SSTDOB’s stability is complete.

Remark 2: Whend; = 0,i =2,4,5,7, p; can be chosen as
pi > 2, then the disturbance observation errors can converge
to the origin in finite time. When §; > 0, two cases can be
discussed.

Case A: 0 < §; < ¢j, where the terms ¢; are small enough
positive constants. This indicates that the disturbances are
slow varying, that is, di ~ 0. Then, (29) becomes

1
X~ lejt| riAi&+ Bi&; 44)

The finite time stability of proposed SSTDOB won’t rely on
the boundedness of «;(¢). Therefore, the disturbance observer
can still work well when 0 < §; < ¢; and p; > 2.

Case B: §; > ¢;. In this situation, the disturbances have
higher frequency or larger amplitude. The finite time stability
of proposed SSTDOB will depend on the boundedness of
ki(t). Then, setting p; = 2, we yield

lki(t)| = [sign(ey)d;| < & (45)

With (45), the boundedness of «;(¢) can be guaranteed, which
will maintain the finite time performance of the observer.
Accordingly, the newly proposed observer will revert to the
following equation [48]

- . 1
d; = kj1sig (ei1)2 + kize;j
t
+ / (kissign (ei1 () + ke (1) dT  (46)
0

Therefore, case A will explain the simulation results with
slow varying disturbances, that is, 0 < § < ¢ and
pi > 2. Compared with super twisting algorithm-based
observer designed in Nagesh and Edwards [48], the selection
of p; are more flexible, which means that this SSTDOB
have more generic formulation for slow varying disturbance
estimation. Besides, it will be illustrated that the proposed
SSTDOB can achieve excellent estimation ability if we
choose p; = 2 for both case A and case B.

Remark 3: As mentioned in Nagesh and Edwards [48],
the Filippov solution of (21) cannot stay on (e¢;; = 0, ej = 0).
There exists some small time interval 7, containing ?; e;;
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will monotonically pass through zero. Therefore, (40) holds
almost everywhere and the observer will converge to the
equilibrium point (e;; = 0, e; = 0) in finite time.

Remark 4: Since the possible discontinuous function

pi2 A
sig(e;1) Pi is hidden in the integral item, d; will be con-
tinuous (non-Lipschitzian) and the chattering is eliminated.
Besides, calculating the derivative of d; we can yield

X pi— 1

1 )
d; = ki1 sign(ej1) riej + kipen

1

piz2
+kizsiglenn) 77 + kiein  (47)
pi—2
With (25), it is apparent that e;1, e;p, ;1 and sig(e;)) P are
continuous. Thus, the continuity of (47) will depend on the
_1

terms ®; = sign(e;;) ”i¢é;;. Substituting the first formula of
(25) into ®;, we have

i—1 i—1

P P _1
O; = —kjisign (e;1) 7 lejt| »i — kppsign (ej1) Piej
1
+sign (ej1) Pien (48)

When ¢;; — 0T, we have lim,, o+ = 0; when ¢;; — 07,
we have lime”_‘)of = (. Therefore, ®; is continuous and
it follows that d; is continuous. Finally, the smoothness of
cAl,- can be guaranteed. Besides, it will be illustrated in the
simulation results that the proposed SSTDOB can exhibit
smoother outputs.
Remark 5: When e;; and e;» converge to zero after finite

time ¢;, (25) becomes

%il =en = 0 49)

ep =d;
With the first formula of (49) and (23), we can make a
conclusion that the observation errors of d; will also converge
to zero. As for the second formula of (49), the following
inequality holds

lenl = |di| < & (50)

Therefoye, the result of (50) is consistent with the bounded-
ness of d; in Assumption 4.

IV. SSTDOB BASED FSMBC FOR AHV SYSTEM
The main objective of this paper is to design a good per-
formance of controller which can track the desired alti-
tude x1; and desired velocity xsg respectively. Thus, the
SSTDOB based fixed-time sliding mode backstepping con-
trol (FSMBC) strategy is proposed for the AHV longitudinal
system. The block diagram of this composite controller is
shown in Figure 2.

Before the controller designing, some lemmas and assump-
tions are given as follows

Lemma 1 [37], [47], [49]: Consider a scalar system is
expressed as follow

y = —asigy)® — bsig»’, y(0) = yo (51)
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C— — — — — — — — — — — — — — —
I Altitude subsystem controller ¢ |
Smooth super twisting algorithm External
| A A based disturbance observer disturbances
d, d,
\ 4
| Virtual control for 9, Ny FTD o | Virtual control for |
flight path angle ' pitching angle
| | \ 4
[2)
l d \ 4
b /‘,Y\ | Virtual control for O - FTD FTD o | Actual control for J. . Actuator of |
—/ altitude N "| pitching rate angle | altitude subsystem | g The
longitudinal
- V- - — - — — — — — — — dynamics of —
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Virtual control for
derivative of throttle setting

Smooth super twisting algorithm Aerodynamic

Velocity subsystem controller

based disturbance observer uncertainties

FIGURE 2. The block diagram of proposed composite controller.

wherea > 0,b > 0, > 1,0 < B < 1. System (51)
has globally fixed-time stability with convergence time T
bounded by

1 1 1 1
T < - + -— (52)
ae—1 bl-p

Besides, when system (51) becomes

y = —asigy)® — bsigy)’ + @, y(0) = yo (53)

where @ is a small positive real number. Then the system
(53) will converge to an arbitrarily small neighbor of the
origin, i.e. y < 20T with @ = asig(J/T)* + bsig(IT)?, within
a fixed-time bounded by
T L1 + ! ! (54)
< —_—
aa—1 b2 -1)1-8
Lemma 2 [37], [47], [49]: For &1,&,...,& > 0 and
p > 0, the following inequality can hold

max(n’ "', DE] + 8 - HED = G H &)
(55)

Lemma 3  [45]: Consider the differentiators are
expressed as

Gi1 = o — hasig(oin — xia)® — Kkinsig(oi — xia)” (56)

Gip = —Apsigoj — xia)™ — kpsig(on — xig)?
where ¢; = o051 — x4,1 = 2,3,4,6,7, 01 and ojp are
the estimation of x;; and x;4, respectively. o; > 1,0 <
Bi < 1, a = 20; — 1, Bi = 2B; — 1, Aj1, A, ki1 and
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ki are positive constants such that the matrices A,-l and Ai

are Hurwitz.
1o | A 1
Ai —[_Mz 0] (57)
s | =k 1
A= [_m 0} (58)

With (56) satisfying above conditions, the errors e; can con-
verge to the origin and oj; will converge to the derivative of
virtual control x;4 in a fixed-time bounded by

Amax (131‘1> . Al (13,-)
Amin (Q,-l) (@i — Drei1 Amin (Q) (1= B)
(59)

IFTDi =

where 0 < " < Amin(f’“), the symmetric positive matrices
Pj1 and Q; satisfy

PyAj + Al Py = =01 (60)
The symmetric positive matrices P; and Q; satisfy
Pid; + AP = —0; (61)

Remark 6: According to Lemma 3, when t > frrp;,
the fixed-time tracking differentiator (FTD) (56) will exhibit
an exact estimation of x;; and x;4,that is,

ei=0 _, | Xia =ou

. . . (62)
e;=0 Xid = 0j1 = 02
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Assumption 5 [40]: The initial tracking errors z;(0), i =
1,2,...,7, are bounded satisfying

z(0) < (O <mi (=1,2,....7) (63)

where n1, 12, .. ., 77 are positive constants.

A. SSTDOB-FSMBC DESIGN FOR ALTITUDE SUBSYSTEM
Step 1.1 (virtual control input for altitude): Define the track-
ing error of altitude x| as z1 = x; — x14. Then we select a
sliding surface

s1 =11 (z1 —z1 (0) exp (—¢11)) (64)

where [1 > 1, ¢1 > 0, z1(0) is the initial error of x;.
Computing the time derivative of (64) we yield

51 =10 (g1x2 — X1q + @121 (0) exp (—@11)) (65)

Thus, the virtual control input x4 adopted by backstepping
control can be given as

I
X2d = —g—l(—md + @121 (0) exp (—¢11)
+arsig(s))® + b1F1(s1) +cis1)  (66)

where ay, b1 and c; are positive constants, oy > 1. F(s1) is
constructed as

sig(s)?, [s1] > &1

) (67)
1181 4 Ti2stsign (s1),  [s1] < &1

Fi(s1) = {

where 0 < B1 < 1, ¢ is a small enough positive constant,
-1 -2
== poel =B - e
To avoid the “explosion of complexity” involved in con-

trol law, a fixed-time tracking differentiator (FTD) is intro-
duced as

621 = 022 — A218ig(o21 — X24)% — Kk218ig(021 —_xzd)’gz
620 = —hsig(o21 — x2a)* — Kipsig(oa1 — x2a)™?
(68)

where ap > 1,0 < B < 1, 0 = 200 — 1,32 =28 — 1.
The selection conditions of A1, A2z, k21 and kpy are same to
Lemma 3.

Define zo = xo» — 021, €2 = 021 — X24, (65) becomes

51 =N (g1 (z2 + e2 + x2q) — X14 + @121 (0) exp (—@11))
= li(g1z2 + g1ex — agsig(s))™ — b1F1(s1) — c151)
(69)

Remark 7: Inspired by Zhou et al. [49], we introduce this
switching logic in Fi(s1) to avoid the singularity problem
in Xp4. When |s;| > & calculating the derivative of xp4
yields the term F1(s;) = Bilsi|#1~15;. Since |s1] > &1 > 0,
the singularity problem cannot appear in this situation. When
|s1| < &1, calculating the derivative of x4, we have the term
Fl(sl) = 11151 + 2712|51]51. It is apparent that this term
will not turn to singular when s = 0 and § # 0. However,
the switching effect from sig(sl)ﬂ' to 711851 + t]zs%sign(sl)
may degrade the fixed-time convergence property. Thus, we
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should select a small enough €1 to maintain this convergence
property and avoid the singular problem. Besides, the design
of 711 and 711 can make Fi(s1) and its derivative continuous.
Step 1.2 (virtual control input for flight path angle): The
sliding surface s; is selected as

52 = b (z2 — 22 (0) exp (—¢21)) (70)
where I > 1, @2 > 0, z2(0) is the initial error of x;.
The time derivative of s; is
§2 = b (g2x3 + f2 +dr — 621 + 9222 (0) exp (—¢21))  (71)

The virtual control input x34 can be obtained as

1 N
X34 = _g_z(f2 +dy — 022 + 222 (0) exp (—¢21)
+ azsig(s2)*? + baFa(s2) + c2s2 + g151)  (72)

where ap, by and ¢, are positive constants, o > 1, d is
estimated by SSTDOB. F>(s;) is constructed as

sig(s2)P2, Is2| > &2

5 . (73)
721852 + T228581gn (52) ,

Fa(s2) = {

Is2] < &2
where 0 < B> < 1, & is a small enough positive constant,
-1 -2
ni=Q2-p)eh L= (- Deb .
The FTD is designed as
631 = 032 — A31sig(o31 — x30)™ — e318ig(031 — x30)7
63 = —A38ig(o31 — x30)™ — k38ig(o31 — x30)P
(74)
where the selection conditions of A3, A3, k31 and K3y are
same to Lemma3, a3 > 1,0 < B3 < 1,23 = 203 — 1,
B3 = 263 — 1, 031 is the virtual control estimated by (74).
Similarly, define z3 = x3 — 031, €3 = 031 —x34. Then (71)
is written as
52 = h(g2 (z3 + €3 +x3q) +f2 +d2 — 621
+ @222 (0) exp (—¢at))
= (8223 + g2e3 + dp — azsig(s2)™? — baFa(s2)
— 282 — g151 + 022 — 021) (75)
where c~12 =dy — 212.
Step 1.3(virtual control input for pitching angle): The slid-

ing surface s3 and its time derivative §3 are expressed as
follows

53 = I3 (z3 — 23 (0) exp (—@31)) (76)
53 = I3 (x4 — 031 + 9323 (0) exp (—¢31)) (77)

where I3 > 1, g3 > 0, z3(0) is the initial error of x3.

The virtual control x4y is designed as

1 .

X4q = —8—3(—032 + 9323 (0) exp (—g3t) + azsig(s3)™

+b3F3(s3) + 353 + g252)
with
sig(s3)™, s3] > &3

F3(s3) =
3(53) 3153 + T3s3sign (53)

(78)
s3] < &3
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And the FTD is expressed as

G041 = 042 — Ag18ig(041 — X4q0)™* — K418ig(041 — )_C4d)ﬁ4
Gar = —Aapsig(oa1 — Xa0)™ — kapsig(oa — xaq)P
(79

In (78), (78) and (79), a4, bs and c4 are positive constants,
az,aq > 1,0 < B3, s < 1, &3 is a small enough positive
constant, 131 = (2 — f83) 85371, 3 = (B3 — 1) 85372. The
selection conditions of A4;, A4z, k41 and k4p are same to
Lemma 3, @4 = 204 — 1, B4 = 2B4 — 1, 041 is the virtual
control estimated by (74).

With the definition of z4 = x4 — 041 and e4 = 041 — X44,
(77) becomes

53 = I3(83 (24 + ea + x4q0) — 631 + 9323 (0) exp (—g31))
= B3(g3z4 + g3e4 — azsig(s3)™ — b3F3(s3) — c353
— 8282+ 03 —0631) (80)
Step 1.4 (Actual Control Input for Pitching Rate Angle):

The sliding surface s4 and its time derivative §4 are
designed as

54 = l4 (z4 — 24 (0) exp (—@4t)) (81)
S4 = lg (gau1 + fa + dy — 641 + 9424 (0) exp (—@41)) (82)
where Iy > 1, ¢4 > 0, z4(0) is the initial error of x4.

Similar to the fore steps, the altitude subsystem actual
controller u; can be designed as

1 ~
U = —g—4(f4 + ds — 042 + @424 (0) exp (—ea4t)
+ a48ig(s4)™ + baFa(s4) + casa + g3s3)  (83)

where a4, by and c4 are positive constants, os > 1, ds is
estimated by SSTDOB. F4(s4) is constructed as

sig(sa)™, ls4] > €4

5 . (84)
T4184 + T425481g0 (54) ,

Fy(sq) = {

ls4] < &4

where 0 < B4 < 1, &4 is a small enough positive constant,
-1 -2
T =Q— ey = (B — Def
Substituting (83) into (82), one gets
§4 = la(ds — agsig(ss)™ — baFa(sa) — cass
—g3s3 + o4 —641)  (85)
where 34 =d4 — 34.
B. SSTDOB-FSMBC DESIGN FOR VELOCITY SUBSYSTEM
The design process of velocity subsystem is analogous to
altitude subsystem.
Step 2.1 (virtual Control Input for Velocity): Define the

velocity tracking error as z5 = x5 — x54, the sliding surface
ss is designed as

s5 =I5 (z5 — 25 (0) exp (—¢s51)) (86)

where Is > 1, ¢5 > 0, z5(0) is the initial error of xs.
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The time derivative of ss5 is obtained as

§5 =I5 (g5x6 + f5 + ds — X5q4 + @525 (0) exp (—@st)) (87)

The virtual control input x4 is designed as

Xed = —gis(fs +ds — isq + @525 (0) exp (—@st)

+ assig(ss)® + bsFs5(ss) + css5)  (88)
with
sig(ss)Ps, Iss| > &5

5 . (89)
75185 + T525581gn (s5) ,

Fs(ss) = {

lss] < &5
And the corresponding FTD is designed as

S61 = 062 — he18ig(061 — X6a)™® — Ko15ig(061 — X6a)"
662 = —h628ig(061 — X6a)™® — K625ig(061 — X6a)’o
(90)
where as, bs and cs5 are positive constants, os, g > 1,
0 < PBs5.B6 < 1, ds is estimated by SSTDOB, ¢5 is a
small enough positive constant, tg; = (2 — Bg) 856_1, Tgo =
Bs— 1) 8’636_2. The selection conditions of A61, A62, K61 and
ke are also same to Lemma 3, ag = 206 — 1, B6 = 286 — 1,
op] is the virtual control estimated by (90).
Define zg = x¢ — 061, €6 = 061 — X64, (87) becomes
§5 = Is(g5 (26 + €6 + Xeq) +f5 +ds — Xs4
+ @525 (0) exp (—@st))
= Is(g526 + g5e6 + ds — assig(ss)™ — bsF5(ss)
— C585) On
where 5?5 =ds — 215.
Step 2.2 (virtual control input for the derivative of throttle

setting): Similarly, the sliding surface s¢ and its time deriva-
tive §¢ are expressed as

s6 = lg (z6 — 26 (0) exp (—get)) (92)
S6 = lg (g6X7 — 061 + @ez6 (0) exp (—gst))  (93)

where lg > 1, g > 0, z6(0) is the initial error of xg.
The virtual control input x7, is obtained as

1
X7d = _8_6(_062 + @626 (0) exp (—@et)
+ aesig(s6)*® + beFs(s6) + ces6 + 8555)

with
sig(se)?e, Iss| > €6
Fe(se) = & 5. (%94)
T6156 + Te2Sgsign (s6) ,  [s6] < &6
And the FTD is defined as

o711 = 072 — A718ig(071 — X70)*7 — K718ig(071 — ?_C7d)ﬁ7
67 = —Apsig(on — x70)% — kmsiglon — x70)P

95)

where ag, be and cg are positive constants, og, 7 > 1,

0 < Be,B7 < 1, g6 is a small enough positive constant,
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= 2—87) 8/737_1, m = Br—1 8/737_2. The selection
conditions of A71, A72, k71 and k7, are same to Lemma 3,
a7 = 207 — 1, ,37 = 2B7 — 1, o7; is the virtual control
estimated by (95).

Define z7 = x7 — 071, 7 = 0771 — x74, (93) becomes

S6 = lo (g6 (27 + €7 + x74) — 61 + 9626 (0) exp (—¢st))
= l6(g627 + g6€7 — a6Sig(s6)™® — beFo(s6) — C6S6
— 8555 + 062 — 061) (96)
Step 2.3 (Actual Control Input for the Throttle Setting): The

sliding surface s7 and its time derivative §7 are expressed as
follows

57 = 7 (z7 — 27 (0) exp (—g71)) 7
§7 = li(grua + f7 + d7 — 71 + @727 (0) exp (—@7t)) (98)

where [7 > 1, ¢7 > 0, z7(0) is the initial error of x7.
Finally, the actual control input u; is designed as

1 ~
uy = —g—7(f7 +d7 — 072 + @727 (0) exp (—¢71)
+azsig(s7)?” + b7F7(s7) + ¢757 + g656)  (99)

where a7, b; and c¢; are positive constants, o7 >
1, 0 < B7 <1, d7 is estimated by SSTDOB. Fr(s7) is
constructed as

i B
Frts) — { sig(s7)/7, 1= o0

2 .
77187 + T72s7sign (s7),  [s7] < &7

where 0 < 87 < 1, &7 is a small enough fosmve constant,

== el = (1— el
Substituting (99) into (98), we have

—b7F7(s7) —c757— 8656 +072—071)
(101)

§7=1I7(d7 —azsig(s7)™

where 37 =d7 — 217.

C. STABILITY ANALYZATION FOR SSTDOB-FSMC

In this section, the stability of the closed-loop system is
analyzed by the Lyapunov theory.

Theorem 2: Consider the AHV system (16) and (17) with
designed control inputs (66), (72), (78), (83), (88), (94), (99),
and FTD (68), (74), (79), (90), (95) as well as SSTDOB (21).
The closed-loop system is able to guarantee sliding surfaces
and tracking errors converge to a small neighborhood of
origin.

Proof: The Lyapunov function can be constructed as

(102)

(103)
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Substituting (69), (75), (80), (85), (91), (96) and (101) into
(103), we obtain

7 7 7
= ailsiltt = " bisiFi(s) = Y cis}
i=1 i=1 i=1
6
+ Z sidi + Z 8isi(Zit1 — Sit1)

i=2,4,5,7 i=1,i4
6 6
+ Z gisiei+1 + Z 5i(0it1,2 — Gir1,1)  (104)
i=1,i44 i=1,i4

Since ¢; is small enough, the switching effect caused by
F;(s;) can be omitted. Thus, (104) can be reformed as

7

Za |s; |4t — Zb |s;|Pit — ch

i=1

+ Y sdi+ Z 8isi(Zit1 — Sit1)

i=2,4,5,7 i=1,i4
6 6
+ Z gisiei+1 + Z 5i(0i+1,2 = Git1,1)
i=1,iz4 i=1,i4

7
= —z:ailsilo”+1
+ Z glsl((

7 7
= bilsilP T = s
i=1 i=1

— Dsiy1 + zi+1(0) exp(—git11))

i=1 1#4
+ Z gisiei+1 + Z
i=1,i4 i=2,4,5,7

6
+ Y 5012 = Gig1) (105)

i=1,i£4

Based on the left half side of inequalities in (63), one
can get

7 7
L<- Zaisiz - X:bilsila’qrl
+ Z 8iS l(

i= 11;&4

7
+1
=Y cilsilPt
i=1
— Dsit

+ Z gisilzi+1(0)| exp(—git17)

i=1,i%4
6
+ Z gisiei+1 + Z
i=1,i#4 i=2,4,5,7

6
+ Y sioiy12 —Giy11) (106)

i=1,i£4
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Since ¢; > 0, we have |exp(—g;t)| < 1, and (106) becomes

7 7 7
L< =Y ais; =) bilsil*™*' =) cilsil !
i=1 i=1 i=1

6
+ Z gisi(— = Dsirr + > aisilzir1(0)]
i= 11#4 i=1,i#4
+ Z gisi€i+1 + Z
i=1,i#4 i=2,4,5.7
6
+ Y siGi12 = 6iy11) (107)
i=1,i#4
According to (42), if + > max(y), i = 2,4,5,7,

c~z’,- = 0 are all satisfied. With Lemma 3 and its conclusion in
Remark 6,we have ¢; = 0,j = 2,3,4,6,7, and 6j111 =
0j+1,2 When t > max(#;) + max(trrp;). Thus, (107) becomes

7 7 7
L=<- ZailsilaiJrl - X:bilsilﬁ’drl - cis;
i i i=1

+ Z |g,|<— — 1) Isil Isi1]
+

i=1,i#4 li

6
+ ) lgillsil ni (108)

i=1,i#4

Using Young’s inequality and Assumption 3, we yield

Ps oY) Zc,

i=1

o +I ﬁ,+1

Zb()

6 6 2
1 s2 4 52 s2+ n;
p(— — 1) i+1 =i i+1
+‘ Z gl(li+l ) 5 + ' Z 81—2
i=1,i#4 i=1 l;é4
7 ocl+l /3,+1
< 3a(?) T - Xn(4) " - Tad
i=1
6
+ 2 g,(l— - D (s +Sz+1>
i=1,it4 ]
6 6
+ D mS A Y @ (109)
i=1,i74 i=1,i74
Merging all the same items of (109), we obtain
a+| Bi+l1
i 3 ! s bR
< — — LS
=-. ) Z o)
p 2 2
81 § g8 & S
H(= =Dl + (2 + 5 =31 — b2
12 l] l3 lz 12
s S 2
8 , 8 s
+(E+ T —n o)k
s I3 I3

. 2 - 2
3 ) 5 s

+ & -l + B o532
Iy Iy s Is
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52
+(— +8 —gs _C6)l6_
lg lg
2 6
+(——g6—c7>l7—+ D amy,  (110)
l i=1,i#4
a;j+1
Setting A = min(aili 7Y@ = 1,2,-. 7) B =
min(bil; b ) K = max((§ — el (% — 81 =
)b, (P +5 —g2—c3)h, (g——g3—C4)l4 (g—s—cs)ls =
— 85 — c6)ls, (g — 8 —c7)l7) and Iy = Z gty
i=1,i%4
(110) becomes
7 Sz miz—l /31+l

T 2
—BZ( ’) +Kzsl—f+ro
- a11)

By applying the inequality x < x” + x? [38], where
x>0,p>1,0<qg < 1, one gets

al+1 Bi+l aitl
7.2 7T L
L <-A L - B L O NER
Z( ) ;%) + ;(zi)
Bit+1
7 SZ 2
Ky (£ r
+ ;(li + o
7 a;+1 /31+1
54
= —A-K L B—K A r
( ),;(li) —( )Z( +Tg
(112)
Settingo; =r1, Bi=r (i=1,2,...,7), we have
ri+l1 rp+l
7052 2 702
L<-A-K - - (B-K -
< —( )(;(zi” ( )(;%))
+To
—F2L = +To (113)

where ' =27 el mm(A K), I'p —2% 2 mln(B K).

It is apparent that A, B and I'g are positive, K > 0 is
satisfied by choosing appropriate parameters. Then we obtain
' >07I, >0, ”;rl > 1,0 < % < 1. According to
Lemma 1, the sliding surface will get close to a small region
of zero in fixed time.

The convergence region 2€2 and the convergence time 7T
are calculated by

I'g = Flgz 2 —{—FQQ 2
1 2 n 1
Fl ry — 1 Fz(z

Therefore, the whole convergence time 7 evaluated by
(42), (59) and (115) is derived as

(114)
(115)

)1—}’2

T < max(#;) + max(tprp;) + T1

(1=2,4,5,7.j=12,3,4,6,7) (116)
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Besides, according to (114), the sliding surfaces s;
(i=1,2,...,7) will satisfy

Isil = |li(zi — zi(O)exp(—@it))| =22 (=1,2,...,7)

(117)
Calculating the limit of following equation yields
lim zj(0O)exp(—¢pit) =0 (G=1,2,...,7) (118)
t—00

Then by substituting (118) into (117), the convergence region
of tracking errors z; can be transformed into
lzl<=——<Q (=12,...,7)

(119)
i
2Q
min(/;,i=1,2,...,7)"

The proof of Theorem 2 is completed.

Remark 8: In the fore designing process, we combine
BC strategy with tracking differentiator, sliding mode con-
trol, fixed-time control, as well as disturbance observer,
in an attempt to make the composite controller more robust
and effective. The explosion problem is solved by utiliz-
ing a fixed-time tracking differentiator and the disturbance
observer is employed at each corresponding step to com-
pensate the lumped disturbances. Compared with conven-
tional sliding mode backstepping control, the sliding surfaces
selected in each design steps can improve the convergence
speed and modify the state trajectories right from the begin-
ning by adding an exponential term. Besides, the convergence
time of proposed FSMBC is independent of initial condition
and the singularity problem in the derivative of virtual control
is improved by introducing a switching logic.

Remark 9: From the viewpoint of practical application,
the energy of each system is limited. Therefore, it is reason-
able to claim the boundedness mentioned in Assumption 3-5.

where Q =

V. SIMULATION RESULTS

In this section, several simulations are conducted to demon-
strate the performance of proposed control scheme. The ini-
tial simulation conditions and model parameters are given
in Table 1 and Table 2. Besides, Earth related constants are
w = 3.98842 x 10N - m?/kg and R = 6.371 x 10°m.
The density of air can be defined as p = pgexp(—h/Hy)
with pg = 1.225kg/m> is the density of air at sea level,
H; = 7200m is the scale height.

TABLE 1. Initial state of AHV sytstem.

State Value State Value State Value
V(m/s) |4000 h(m) 33000 0(°) 0
9(°) 27203 |w.(°) |0 5e(°)  |-0.5460
B 0 8 02111 | Be 0.2111

As a representative case study, the desired altitude com-
mand A, and desired velocity command V; are generated
by the following low-pass filters with their initial values at
ha(0) = 33000, /12(0) = 0, Vz(0) = 4000, V4(0) = 0

ha(s) = 87.5 Va(s) = 40.5 !
(s +0.05) (s+0.1)
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TABLE 2. Model parameters of AHV system.

Parameters | Value
m(kg) 1.368 x 10°
J: (kg - m?)|9.491 x 106
S(m?) 334
I(m) 24.384
cg 0.6203
o 3.772 x 1073
% 4.3378 x 1073
o’ 0.645
o 0,8<1
Cr

0.0224,8 > 1
5 0.02576,3 < 1
Cr -3

3.36 x 1073,8> 1
m9 5.3261 x 106
me 7.417 x 1073
me’ —0.035
mg* 55 (—6.7960% 4 0.3015a — 0.2289)
mde 0.0292

In addition, constraints of the actuators and the external
disturbances are listed as

18,1 <30
0=<B:=1
0 0<t <100
dy(t) = { 0.01sin(0.17¢) 100 <t < 325
0.01 325 <t <400
0 0<rtr<80
0.005¢t — 0.4 80 <t < 100
dy (1) =
0.1 100 <t < 250
0.1sin(0.1r¢t) 250 <t < 400
0 0<r<150
ds (1) = . —
0.5sin(0.02rt) 150 <t < 400
0 0<r <100
d7 () = { 0.001r — 0.1 100 <t < 200
0.1 +0.1sin(0.17¢) 200 < ¢ < 400

To verify the performance of the proposed controller
(SSTDOB-FSMBC), the simulation results are divided into
two groups as follows:

Group 1: Simulation on the AHV longitudinal model with-
out aerodynamic uncertainties.

In this group, comparisons among SSTDOB-FSMBC, con-
ventional super twisting disturbance observer based sliding
mode control (CSTDOB-SMC) mentioned in Wang et al. [29]
and a strictly-lower-convex-function based nonlinear distur-
bance observer based adaptive terminal sliding mode control
(SDOB-ATSMC) designed in Wu et al. [26] are given to
illustrate the robustness of proposed control approach.

Besides, the parameters of each control scheme are listed
as follows.
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SSTDOB-FSMBC:
p2=ps=ps=p1 =12,
kot =2, koo =3, koa = 1.5, kps = 6,
kyg = 1.5, kap =3, kaz = 1, kgqg = 6,
ksi =2, ksp =4, ksz =1, ksa =7,
A1 =4, Ap =10, k1 =4, kp =10, j=2,3,4,6,7,

=1, ;=10, a;=r1=1.2, Bi=r,=0.8, i=1,---,7,
ap 1.1, ap =2, a3 =2, as=1, as=2, ag=2, a7=1,
b1 = 0.01, b»=0.3, b3=0.5, b4=0.5, bs5=bs=b7=0.9,
cr=c=c3=c4=c5=cg=cy=0.1.

CSTDOB-SMC:

w11 = 0.1, w1 = 0.01, w12 = 0.1, wap = 0.02,
ki = 0.2,k = 0.3, 1 =0.95, y» = 0.95.

SDOB-ATSMC:

5x4 X6 5)C4 5)64
u= (?2 + 5x%)+(?4+?4 +5x0) + 5x52+(?7 +5x2),
A= 60]3,6‘1 = 1,65 = 2,

71 =1,1%=071t3=17,14=0.65,15=12, 16=6, 177 = 1,

7
r :r2:r3:r4:§,r5:r6:r7:0.95,
o] = 0.2, o) = 0.3, o3 = 0.25, 04 = 0.4,

g5 = 0.3, 0 = 0.4, o7 = 0.7.

Group 2: Simulation on the AHV longitudinal model with
aerodynamic uncertainties.

In this scenario, the simulations of proposed scheme con-
sidering external disturbances and aerodynamic uncertainties
are performed. The control parameters of SSTDOB-FSMBC
are same to that of Group 1. Here, the atmospheric force and
moment coefficients can be rewritten as

Cr = C:(1+ A)Cp = Ch(1 + App)
CL = Ci(+ Ag)Cz = CE(1 + Apr)

where C* and Ay. are the nominal value and fixed parameter
uncertainty, respectively.

A. SIMULATION ANALYSIS OF SSTDOB-FSMBC WITHOUT
AERODYNAMIC UNCERTAINTIES

Figures 3 and 4 show the tracking curves of altitude & and
velocity V, respectively. It can be observed that all these
controllers show satisfactory performances when the dis-
turbances are not involved in the first 100 seconds. In the
presence of external disturbances, the proposed SSTDOB-
FSMBC performs well in tracking of altitude and velocity
command, whereas the CSDOB-SMC and SDOB-ATSMC
exhibit worse because of their weaker disturbance rejec-
tion. Besides, Figures 3 and 4 also reveal that SSTDOB-
FSMBC has faster convergence rate without overshoot, and
other methods will produce slow convergence with unde-
sired large overshoot, which suggests that the proposed
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FIGURE 5. Elevator deflection angle e for Group 1.

SSTDOB-FSMBC is more effective than CSDOB-SMC and
SDOB-ATSMC.

Figures 5 and 6 represent the control inputs of eleva-
tor deflection angle 3, and demand of throttle setting B,
respectively. As shown in the simulation results, the control
inputs 8, and B, vary in their constraints during the whole
process.
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The estimation results of proposed SSTDOB are depicted
in Figures 7-10. Since the sign function will directly appear
in the CSTDOB, serious chattering may exist when the obser-
vation errors vary in the neighbor of zero, which would
cause a variety of troubles in practical systems. As for the
SSTDOB, the possible sign function can be hidden in the
integral items, then the outputs of SSTDOB will become con-
tinuous and the chattering phenomenon is well eliminated.
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Therefore, the curves of SSTDOB are much smoother than
that of CSTDOB. The outputs of SDOB are also smoother
than CSTDOB because of the low-convex-function designed
in SDOB. Howbeit, we can see that the estimation errors
of SDOB are larger than that of SSTDOB. Besides, it is
shown in Figure 10 that CSTDOB exhibits poor observation
performance for disturbances with faster change rates. This
result will further explain the vibrations of CSTDOB-SMC’s
tracking curves in Figures 3 and 4. The above analysis also
indicates that SSTDOB do has a better disturbance observa-
tion ability than CSTDOB and SDOB. Thus, this SSTDOB
can enhance the robustness of proposed controller.

Figures 11 and 12 demonstrate the time response of sliding
surfaces s1, 2, ..., s7. It is observed that the sliding surfaces
of s1, $2, 53 and s4 converge to the region of zero in about 20s,
s5, S¢, and s7 converge to the region of zero in about 10s.

B. SIMULATION ANALYSIS OF SSTDOB-FSMBC WITH
AERODYNAMIC UNCERTAINTIES

In order to examine the control performance of proposed
SSTDOB-FSMBC under aerodynamic uncertainties, we
select the uncertainties as follows.
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Case 1I: A = 20%, App = 20%, Ap

Amr = 20%
Case 2: Agr = —20%, App = —20%, Apg, =
Am = —20%.

The tracking curves of altitude 4 and velocity V are shown
in Figures 13 and 14. The simulation results demonstrate that
proposed control scheme can still present rapid convergence
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rate and excellent tracking precision in the presence of exter-
nal disturbances and parameter uncertainties.

Figure 15 displays the curves of control inputs elevator
deflection angle §,. Figure 16 shows the demand of throttle
setting B.. It can be seen that when Case 1 and Case 2 are
introduced respectively, the control inputs §, and B, still
satisfy the constraints. Therefore, we can draw a conclusion
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that the proposed controller possesses fast convergence rate
and excellent anti-interference ability.

VI. CONCLUSION AND FUTURE WORK

In this paper, a robust composite control scheme SSTDOB-
FSMBC is developed to achieve the attitude and velocity
tracking of AHV. The SSTDOB is firstly designed to estimate
the disturbances exhibited in AHV, which can effectively
enhance the anti-interference performance of control system.
Moreover, the “explosion of complexity’” inherent in conven-
tional BC is avoided by utilizing a fixed-time tracking differ-
entiator. In order to improve the singularity problem caused
by the derivative of virtual control in FSMBC, we introduce
a switching logic. Then, the stability of closed-loop system is
proven by Lyapunov method. Simulation results illustrate the
effectiveness of proposed SSTDOB-FSMBC. In this paper,
we just consider the amplitude limit of control inputs, which
is relatively simple. Future work will focus on the AHV’s
fixed-time control problem with input saturations and full
state constraints.
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