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In general, the evasion task requires the hypersonic vehicles (HSVs) to quickly complete the attitude maneuver in a short time.
Moreover, the rapid variation of the flight modes often induces the structural and parametric uncertainties as well as the highly
dynamic disturbances of the HSVs. The peculiar and complex characteristics of the evasion process make it difficult to design the
evasion-faced flight control systems. In this work, we investigate the fast adaptive control design problem for the generic HSV's
under the evasion task. By introducing several especial nonlinear functional vectors and properly designing the adaptive laws, the
high dynamic disturbances and uncertainties can be suppressed. To deal with the completed unknown parts of the structural
uncertainties and aerodynamic uncertainties caused by evasion maneuver, two radial basis function neural networks (RBFNN’s)
are introduced as real-time approximators. Furthermore, to improve the response speed of the flight control system, a super-
twisting (STW) algorithm-based predictor is used as a feed-forward term of the controller. Consequently, a novel evasion-faced
fast adaptive feed-forward control structure has been established for the HSVs. It has been proven that all the signals of the closed-
loop system are bounded with satisfactory tracking velocity. Finally, the simulation experiment has been set up to show the

effectiveness and advantages of the proposed control method.

1. Introduction

Hypersonic vehicle has been an active issue for several years
due to its splendid maneuverability, strong penetration
ability, and fast reaction ability. Compared with traditional
ballistic missiles, hypersonic vehicles possess significant
advantages such as satisfactory combat effectiveness [1-3].
The main functionality of the hypersonic vehicle control
system is to achieve attitude control during flight and
complete the tasks transmitted from the guidance subsys-
tem. Because of high flight speed, the accurate information
of the dynamic characteristics and atmospheric parameters
is difficult to be obtained, which brings difficulties to the
design of the flight controller. Moreover, the strong coupling
and the complex uncertainties of the HSV's drive the control
design difficulties to a higher degree. In summary, the design
of the flight controller plays an important role in the de-
velopment of hypersonic aircraft [4, 5].

In recent years, many methods have been applied to the
design of hypersonic vehicle controllers, including dynamic
inverse method [6], sliding mode control method [7], active
disturbance rejection control method [8], back-stepping
control, [9] and adaptive control method [4]. Senll et al.
proposed a dynamic inverse control method for the non-
linear and strong coupling characteristics of the aircraft
during super-maneuvering at a high angle of attack [10]. In
[11], a dynamic inverse control method has been proposed
for the HSVs, for the purpose of suppressing the intrinsic
nonlinear characteristics existing in the HSV system. Li and
his colleagues [12] used the dynamic inverse method to
achieve complete linearization of the longitudinal model of
the HSVs and achieve good control of the hypersonic ve-
hicle’s altitude and velocity maneuvers. First order and
second order sliding mode control methods are also used in
the control design of HSVs [13-15], dealing with the
matched uncertainties and improving the robustness of the
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control systems. To achieve the antiwindup tracking control,
the technique of terminal sliding mode control has been
applied to a class of air-breathing HSVs in [16]. As further
development, for the purpose of avoiding the undesired
chattering phenomenon, a high-order sliding mode
control structure has been designed for the HSVs in [17].
By proposing a sliding mode differentiator, a novel robust
back-stepping control scheme has been constructed for the
longitudinal dynamics of HSV, eliminating the problem of
explosion of terms [18]. In [19-21], the active disturbance
rejection control method is used to estimate and compensate
the strong uncertainty, channel coupling, and external
disturbance of hypersonic vehicles. To solve the actuator
nonlinearities, as well as the mismatch between the math-
ematical model of hypersonic vehicle and the actual dynamic
model in complex environment, the adaptive control
method is employed in [22, 23]. Existing robust adaptive
control methods include [1, 24-26]. The model reference
adaptive controller for the HSVs can be found in [27]. In
literatures [13, 28-33], several fuzzy adaptive controllers and
three adaptive sliding mode controllers of the HSVs have
been designed, respectively. Furthermore, adaptive back-
stepping control structure is proposed in [34, 35]. Fault-
tolerant adaptive control [36-38] has also been mentioned.
In [1], a robust adaptive control law which possesses strong
self-adaptability and robustness has been proposed for the
HSVs, guaranteeing the stability of the attitude control
system. With the aid of the parameter projection technique,
a nonlinear robust adaptive control structure has been
established for the HSV [25]. In order to adapt to the model
change of long-span flight, the model reference adaptive
control is used in [27] to make the controlled object track the
ideal reference model, so as to obtain the ideal control effect
and improve the performance of the control system. In
literature [30], fuzzy adaptive method is used to approach
the coupling uncertainty of attitude angle to achieve accurate
tracking. In [13], a new attitude control algorithm for hy-
personic vehicle is proposed by applying fuzzy design to
adaptive sliding mode control algorithm. Moreover, in the
control of HSVs, the disturbance observers are often used to
observe and approximate the disturbances existing in the
system, or to compensate the mismatched uncertainties in
different channels [11]. It should be pointed out that, in the
research on control methods of hypersonic vehicle, various
control methods are often used together to solve the control
problems of HSVs [6]. In [37], the high-order sliding mode
control theory has been combined with the adaptive back-
stepping control technique, enables the HSV to track speed and
height commands stably and effectively, and reduces chattering
phenomenon at the same time. In [34], an asymmetric barrier
Lyapunov function has been utilized in the adaptive back-
stepping controller design such that attack angle constraints of
the HSV's can be guaranteed during the control process. In [39],
a simplified adaptive back-stepping controller using neural
networks has been proposed for the longitudinal dynamics of
an AHV. Considering the modeling uncertainties and actuator
saturation or backlash, an adaptive fault-tolerant controller has
been designed in [36]. The state constrained controller of the
HSVs can be found in [9, 40].
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However, few control schemes have been investigated for
the HSVs under evasion task. In the evasion scenario, the
design of the flight control system becomes more chal-
lenging because of the complex flight environment, the
rapidly changing aerodynamic parameters, and the struc-
tural uncertainties. During evasion flight, the drastic change
of aerodynamic parameters was a serious challenge to the
aircraft control. Because of the peculiar and complex
characteristics of the evasion task, a lot of flight controllers
are not capable of achieving desired control performance
anymore. The control methods mentioned above can hardly
satisfy fast tracking requirement of the evasion task. In [41],
for a class of uncertain nonlinear systems, a novel sliding
mode controller on the basis of LMI has been proposed to
satisfy the presence of the sliding mode around the linear
surface in the finite time. Furthermore, this method has been
extended for the uncertain nonlinear systems with distur-
bances [42, 43], time-delays, and input nonlinearities, while
guaranteeing the robustness and transient performance. In
[44], a multivariable super-twisting differentiator has been
proposed, which can provide the prediction ability and
drastically improve the response speed of the control system.
In [45], by using the super-twisting control algorithm, a
novel integral sliding mode control strategy has been pro-
posed for the magnetic systems. Compared with the tradi-
tional sliding mode control, the symbol function of
discontinuous high-frequency switching is replaced by the
STW control law such that the output control signal is
continuous and the chattering can be essentially eliminated.
In [46], a super-twisting observer is designed to estimate the
actual value of the brake cylinder, so as to weaken the time-
varying disturbance and improve the suppression ability of
the system to external disturbance. In [47], an adaptive
sliding mode super-twisting differentiator scheme has been
proposed, possessing significant estimation and prediction
capability. Therefore, it can be known that the STW algo-
rithm can be utilized to construct the feed-forward loop of
the controller for the evasion-faced HSVs to enhance the
ability of prediction and the response speed. Unfortunately,
to the best of the author’s knowledge, few control schemes
have been proposed for the HSVs under the evasion task,
and the evasion-faced fast adaptive flight controller using
STW predictor has never been investigated.

Therefore, this paper focuses on the evasion-faced fast
adaptive attitude control design problem of the HSVs.
Several nonlinear function vectors have been utilized and the
high dynamic disturbances and uncertainties can be han-
dled. The RBFNNs are employed as real-time approximators
to deal with the completed unknown uncertainties induced
by evasion large maneuver. Moreover, an STW algorithm-
based predictor is introduced as a feed-forward term to
improve the response speed. Compared with the conven-
tional control methods, the proposed control methods
possess the following features:

(i) As far as the authors know, it is the first evasion-
faced fast adaptive flight controller for the HSVs,
suffering from structural and parametric uncer-
tainties and high dynamic disturbances.
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(ii) By using the STW algorithm-based predictor, the
response speed of the flight controller can be en-
hanced and the requirement of the evasion task can
be satisfied.

(iii) With the aid of the nonlinear adaptive method and
the RBFNNS, the highly dynamic disturbances and
unknown uncertainties caused by evasion large
maneuver can be effectively suppressed.

2. Problem Formulation and Preliminaries

2.1. The Attitude Dynamics of HSV. Based on the results of
[2], the attitude dynamics of the HSVs can be described by

n=Apw+A,Cp+g+d(t),

. (1)
@ = f(w)+BCy +d, (1),

where 57 = [a, 8, 7,]” denote the vector of the attitude angles,
composed of the angle of attack, the sideslip angle, and the

bank angle. w = [0, w,, w,]" is the vector of the attitude
angular rates. C,C), € [R{é} represent the coefficients of
aerodynamic force and aerodynamic moments, respectively.
d,(t),d,(t) € R{é} represent the uncertainties in the atti-
tude angle dynamics and attitude angular velocity dynamics.
A, A, Be [R{§ X 3} are the system matrices, defined as
follows:

—tanfcosa —tanfsina 1

A= sin o —cosa 0,
secfcosa  secfsina 0
r 1 0 -
mV cos f3
Ay =4S ! @
= 10 0 E—— >
12=49 e
0 tanf +tanfsiny, tanfcosy,
L mV mV

. 1 11
B =gSL - Diag| ——, —|,
L',
where I, 1,,, I, represent the moments of inertia of roll, yaw,
and pitch channel; the physical sense of V, g,m, 0,4, S, and L
can be founded in [2]. g € R{é} is the nonlinear vector
caused by the gravitational force; f(w) € R{é} is the

nonlinear terms related to the inertia parameters. g and
f (w) can be formulated by

_ _|gcosBcosy, gcossiny, gcosbtanpcosy, !
| Vecosp % ’ % ’
I,-1 -1 I-1I T
_|Y Z z x x y
S (w) —[ I w,w,, I W, W, T wxwy]
(3)

The coefficients of aerodynamic force Cp can be com-
puted as

Cp =Cpp+Cpyn. (4)

The aerodynamic moment coefficients C,, can be
computed as

Cur = Cho + Cpri7 + Cppow + Cy 56, (5)

where 6 = [0,,0,,0,] are the reflections of the elevator,
rudder, and aileron, representing the vector of control in-
puts. Cp,Cpr € R{ﬁ} are the baseline aerodynamic coef-
ficients. Cp1,Cpy1>Crrzr Cprs € R¥ are the aerodynamic
partial derivatives.

Accordingly, the aerodynamic uncertainties can be
modeled is

Cp; = 6F,i +ACy;,
Cup,i = EM,;‘ +AC

i=0,1,

, (6)
i=0,1,2,3,

where Cp; and C,,; are known baseline values; ACj;,i = 0, 1
and AC,;;,i=0,1,2,3 denote the aerodynamic
perturbations.

In practical, there often exist the modeling errors and
structural uncertainties. Let AA,;,AA,,, Af (w), and AB
denote the unknown structural uncertainties. Hence, by
taking the structural uncertainties and aerodynamic un-
certainties into consideration, the following attitude control
model can be obtained:

i1 = Apw+AAj @+ Ay (Cry+Cpyn) + 9
+f,1(V, 0,n) +d, (1),

@ = f (@) + Af () + B[Cpr + o1 + Cpp0]
+fo(V,0,n) + BS+ARBS +d, (1),

(7)

where % = BC), fy(V,0,1), f,(V, 60,1, w) are the lumped
aerodynamic uncertainties, those can be formulated by

Fy(Vi8,m) = AA,(Crg + Cran) + (A, + AA)
: (ACF,O + ACF,I"I)’
fo(V,6,1,0) = AB[Cyy g+ Cpp i1 + Cpp 0]
+(B+AB)[ACy o + ACy 177 + Cypy 0]
(8)

where A% are the composite uncertainties caused by
modeling errors and aerodynamic perturbations, which can
be described by

A%B = BAC)y5 + AB[Cyy5 + ACy5 . 9)

The control objective can be given as follows.

Problem 1. Given the HSV system (7) under the evasion
task, it is required to propose a dynamic control law 8 (¢) to
force the angle of attack «, the sideslip angle f3, and the bank
angle py, to track the evasion guidance command signals.



2.2. Assumptions and Preliminaries

Assumption 1. It is supposed that the matrices A;; and %
are invertible.

Assumption 2. There exist positive constants A, A, such
that the  aerodynamic uncertainties satisfy
Vt 20, |ld; ()l < A, lld; (DI < Ay

Assumption 3. In the vicinity of the equilibrium, the uncertain
part of A;; and % remains unchanged and cannot change the
positive or negative characteristics of A;; and 3, respectively.
In other words, it is assumed that (dAA,/dt)=
0, (dARBIdt) =~ 0,A, = Al Ay = AL A, (A4)>0 and
Amin (Ag) >0. Notice that it is defined that A, = ([A}; +
AAL /A and Ag = ([B + AB/B).

Lemma 1 (see [3]). Given any €>0 and z € R, it can be
known that

z'z
0<|zl - ——=—==<= (10)

Z zZ+¢€

Lemma 2 (see[4]). Consider any time-varying variable
0, € R? satisfying that
o
jggom ~ 0
(11)

kCZ)III ” k;l + ¢(t)’

where ¢ (t) is a bounded vector, then there exist positive
constants k9, k{,,kS,, kS, such that o and ¢ can be forced to
zero in finite time and remain zero for all subsequent time.

Based on the results provided by [5, 6], it can be known that
the RBENNs can approximate the unknown nonlinearities
existing in the dynamical systems. As is well known, for any
z € Q) and constant €>0, given any continuous function
h(z): Q — R, we can find a RBENN 07® (z), satisfying
sup,eqlh(z) - ®'®(z)| <e. In the RBFNN, O € R denotes
the weight vector, [ represents the amount of nodes,
©(2) = [¢(2),....¢, (2], and ¢, (2) = exp((~llz - %/
b}),i=1,...,1, b, denotes the width of the sigmoid function,
andv; = [v;},..., vt’n]T is the center parameter. Define ® * as
the optimal weight vector; denote ¢* as the optimal approxi-
mation error. Therefore, we know that

h(z) = (G)*)Td)(z) +¢". (12)

In the following text, the RBFNNs will be utilized to
approximate and compensate the unknown nonlinearities
existing in the hypersonic dynamics.

3. Main Results

3.1. Inner Loop Fast Adaptive NN Controller Design. Let
&g, B4> Vy.a represent the desired trajectories of a, f3,y,. Define
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4 = lay]. First of all, we can design the following auxiliary
system:

‘ Mo =1

o = ~kir—"— = k2 (1o

~Ha) + 6
||110 d||

(13)
= Kk (1, ),
175 = 74l

where e, ; =1, — 14,6, = ¢— 1]y it can be easily obtained

that
€od =~ (171W klyeoq + e
€sd (14)

kgl" ” kgzead =g

Then, according to Lernrna 2 it can be known that by
properly adjusting k9, k9,, k3, k3,5 e.canbe forced to zero in
finite time and remain zero for all subsequent time. In other
words, ¢ converges to 77, in finite time and remains here, and
besides, there exists a constant €, such that V¢ >0, [le [ <e..

Accordingly, we introduce the following auxiliary signal:

r’p :Tpc+’7d’ (15)

where T', > 0 is a design constant. In the control law, 7, acts
as the command signal, instead of 7.

Let system outpu.t 1 track the predicted desired signal 77,,.
Define the tracking error as e, =#7-1, Define
Cyd = 1N~ M €yp = Mp =~ Ha- Itis obvio.us that eyd = eypte
By using (15), it can be known that My = Tpc +¢—e

In view of the attitude dynamic model (7), the dynamic
equation of inner loop tracking error can be written as

é,=AyAw+Ap(Cro+Cpyn) + g+ f,(V,0,1) 6
+d1(t)—Tpé—c+e<.

In this subsection, an adaptive controller is designed to
force e, to converge to a small vicinity of zero. To ap-
proximate the unknown aerodynamic uncertainties
fﬂ(V 0, 1), we introduce a RBFNN ®T(D5L(V 0, 7). Hence, it
can be obtained that f,1(V 0,n) = (V 0, 1) + &g
where &g, is the bounded approx1mat10n error. Define
f = supt>0||sq,,1 +e +d; (1)]. Let @ 5 be the estimations
of 0,, 5,1

Considering the inner loop tracking error dynamics (16),
the indirect virtual control signal is designed as

we = Ahl l:_klen . AIZ(EF)O ' EF)IH) ) E’?%(eﬂ) ], (17)

~T _ .
-0,0,(V,0n) -g+T,i+¢
where k; >0 is the control{ ain of the inner loop,
goﬂ(eq) = (eﬂ/wle +£E ) eR g}, and &, >0 is a design
constant. !

It is easy to know that only using w, cannot achieve the
inner loop stability, and the induced input uncertainties
have to be handled. Hence, we define the final virtual control
signal of the inner loop as w,, which is designed as
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w, = W, + w, (18)
where w, is an adaptive compensation term of the input
uncertainties, designed as

w, = -W 0, (19)
where W, is the estimate of W,, W, = ([A, - I]/A,). By
substituting (17) and (18) into (16), we can get that

€, = Anae, + Ay [Ag-T|w, + A Ay, - ke,

- qu’n(eﬂ)’

where e, = w — w,,. The adaptive laws of @,7, W ,, and 2; will
be obtained in the following text.
Consider the following Lyapunov function:

. (20)
-0,0,(V,0,n) +ep, +d; +e

1 1
V, =—el t-ele +—— Tr<® @)
ne 2T,

2 f7P Cnp 27
(21)
~ ~ 1 ~
Tr[wﬁAAwA] r—E,
W, 21"En
where@n @,1 0, W=W, - WA,E :E El"@ Ty

[y >0arethe adaptlve gains, and Tr (A) denotes the trace of
matrlces A. Along (20), we can take the differential of V, as
o7

; P
Vo= np'1+
1
Ty

enpEp T €y TA L Ae, +e AH[AA Iw,

T
+e, Ay A0, —kpege 5 . @, (V,6,1)

€n =

T
t+e, [eq),ﬂ +d,+ ec] ( )

1 ~T A 1 -7 A 1~=
+F—®YITT(®’1®;1) +F—v\,Atr|:WAAAWA] +I'—Eﬂ€r’€’1,

(22)
where €, = T ,¢ + ¢. By using Lemma 1, we can get that
T
e, [sq),n +d, + eg] < ||e,1||f,1 < goq(eq) + &6, (23)

With the aid of (19) and (23), we can rewrite (22) as

!

Vﬂs ";”p+ wpSp T €n AHAAe egAHAAWawC
p
kle <I) (V,0,n)

75
€y
(e’l) + &y

(24)

By using the Young’s inequality, it can be known that for
any constant c, >0, the following inequality holds:

1

T T STS
€ip P_ Cplnp ’7P 4

P (25)

where g, = suptzollspll. Hence, we can rewrite (24) as
P el TALA
n= " T_p_cp npCnp €y Aniae

~ ~T
—e, Ay AW, —kiege, —e,0,®, (V,0,1)

= 1
T _T—
=&y 9y(ey) + ey + Egpsp

Design the update laws for (:)ﬂ,W 4 and Eﬂ as
@n = F®”<CD,1 (v, 6, 11)63; - 06”(:),1>,

WA = FWA(wCe

En = F£q<e§go,1(e,1) - ‘75;11)

where T, 0w 0, >0. Therefore, by substituting the
adaptive laws (27) into (26), we can get that

. 1 T
V, < —(T—p—cp) npCnp T €y A”AAe

;An - GWAWA)’ (27)

T 1 _T—
—keye, + & e, + Eepsp

=T~ —T 3
- g®ler<®,1 ®n> - GWATr[WAAAWA] - 05,75'1571'

(28)
Since
T ~ 1 ~T ~ 1 T
—Tr<® @,1> < —ETr<®n®,1) +>Tr(e]e,)
. 1 [er - 1
—Tr[WZAAWA] < -JTr WIAW, +£Tr[W£AAWA]
-~ 1~2 1 2
(29)

1 T
V,< _(T_p cp) npCnp — K1€ ,7 pte A”AAe
Og T ~ w T~ 0t~
-2 (@,1@”) ATy WAAAWA] -, e,

(30)

where



Ow,
2

& = %Tr((ag@ﬂ) +—ATr[WHAW ,]

(31)

g,
&2 1 1.
+ 75’1 + 5718&’1 + @SPSP.

Define 9 = sup,.,llA;; A|I*. Then, it is easy to know that
for any positive constant ¢, the following inequality holds:

1
T T T
e, AnAgae, < e cde e, (32)

Hence, it follows from (30) that
Ve[ e Ve e —(k —L)eTe, +c9e”
=\T, p )enpCnp ~\"1 7 40 JonCn T Vb0
o
&2
- 7571 + 8,7.

(33)

WA W 4

W, Tr
2

[ _
“en(ee)-

3.2. Outer Loop Adaptive NN Controller Design. With the aid
of second equation of (7), it can be obtained that

é, = f(w)+Af(w)+B[Cpy+Cppyn+ Cppr0]
+ fo(V,0,n) + BS+ABS +d, (1) - w,.

(34)

In this section, we design a robust adaptive control
structure to ensure closed-loop stability of (34). Identical to
the former subsection, we introduce a RBFNN such that
Af(w)+ fo(V,0,17) =0T D, (V,0,1) + £p» Where €g, is
the bounded approximation error. Let
£, = suppglleq , + ds (1] Let @, &, 9 be the estimations of
0, &,» V. Several adaptive laws will be designed to update the
parameters @, &,, 9.

Hence, the indirect control signal can be given by

. —kye,, — c§ew - f(w) - B[éM,O + éM,1’1 + EM’Zw]

S, =B R ,

~T .
-0,0,(V,0,1,0) - &,9,(e,) + @,
(35)
where k, > 0,9, (e,) = (ew/m)’ € > 0.
It is easy to know that only using 8. cannot achieve the

inner loop stability, and the induced input uncertainties have to
be handled. Hence, we design the final control signal as

8=0.+0, (36)

where §, is an adaptive compensation term of the input
uncertainties, designed as

8, ={-Wgld,, (37)

where W g is the estimate of W5, W = ([Ag — I1/Ag). By
substituting (35) and (36) into (34), we can get that

éw = —kzew — C‘éeuJ - @Z(Dw (V; 9) ’7) C()) + €<D,w

+ B (Mg —1)0, + B, +dy (1) — £, (e,).
(38)
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Select the following Lyapunov function,

1 T 1 ~T ~ 1 ~T ~
V= X + 2Tq, Tr(@wG)w) + Ty Tr(W%A@W@>
1 < 1~
+ —62 +— 0,
2y "¢ 2@
(39)

where ©,=0,-0,W4= Wy -Wgé, =8, - §ulo,
TW%, FEM > 0. Along (38), the derivative of V, can be taken as

vV, = —kzegew - cgezew - ezézd)w (V,0,n,w)

+el B(Ag —1)0, + el BAGS, + e [0 +d5 (1)]
—~ 1 T
- 5&)@2% (ew) + _Tr<®£®w)
F®w

1 ~ BY
+ r—Tr(W;A@W@) +
W
(40)

According to Lemma 1, the following inequality can be
obtained:

eg [sq))w +d, (t)] < ||ew||£w < weg(pw (e,) + oty (41)
Then, from (41), we know that

V,< - kzeZew - c§e£ew - cSeieaJ - egC:)Zd)w (V,0,1,w)

- eg‘%A%’W%(SC - ~weg¢w (ew) + gwef,w

(42)

In view of (42), the update laws for ®,, W, 9, and Ew are
designed as follows:
(ijw = FG)“)((DLU (V) 63 7’], w)eg - U@w@w),
ng = Fww((sceze% — UW%W@))
(43)

=~ T P
fw = rfw(ewgow (ew) - afwfw)’
Py T -~
9= Fe(cewew - 099),
where 0,0y, ,0¢ ,09>0 are the design constants. Then,

from (42) and (43), it can be proved that

V, <

T
- kye, e,

—cY e, + St — o@,wTr(C:)ZC:)w)
~ T -~ _~ o~ —~—~—
- O‘WQTI'<W(%A9§W$> - Ugwgwfw - (791919.

By using the following inequalities,
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. I fara\ 1
—Tr<®£®w> < - ETr<®ﬁ®w) +>1i(0]0,)

= 3 122 1 2 =3 1= 1 2
- < -, +=6, W< -9+,
Suta ZE“) 25“’ 2 2
(45)
we can finally get that
. o T~
Vo< - kzegew - CSegew - %Tr(@i@»
o o (46)
W, ~T . - 72 Ogx2
—TJTI'(W@A{%;W‘%) - 2 Ew - 79 + 5w,
where
O, T Ow,,
&y = Eutry + 5 Tr(®w®w) +T“‘Tr
(47)

0. o
. (WT@A@W@) + ‘r‘“é’i + 297,
2 2
The structure of the proposed evasion-faced fast attitude
control method is given by Figure 1.

3.3. Stability Analysis

Theorem 1. Consider the hypersonic attitude dynamics (1). If
the virtual control laws are designed as (17)-(19), the actual
control laws are designed as (35)-(37), the adaptive laws are
selected as (27) and (43), then the closed-loop system consisting of
the adaptive controller, the auxiliary system (13), and the pa-
rameter update laws (27) and (43) is stable; all the signals and
the equilibrium of closed-loop system are bounded, and the angle
of attack «, the sideslip angle 3, and the bank angle y, will
converge to the desired values asymptotically.

Proof. Consider the following Lyapunov function:

V=V, +V, (48)

where v, and V, have been given in (21) and (39), re-
spectively. Then, according to the analysis provided in
Sections 2.1 and 2.2, we can arrive at that

; 1 T 1\ r T
V< _(Tp - Cp>en,pe'1>P —<k1 - 4—C>en e, —kye,e,

O‘@}7 ~T ~
-51(8,8,)-

Ow, o [T, Ot~
5 Tr[WAAAWA]—T"fﬂ+s,7

0 —T ~ o — — Or ~
- 2% Tr<@£®w) - Ve Tr(WT@A@W@> g
2 2 2
-G 4

2 w

(49)
Therefore, it can be easily obtained that

7
V< —AV+e, (50)
where
( 1 1
Z(T—P - Cp), <2k1 - Z), 2k2, F®WO'®W,
A = min -
ow,Tw, af,,rfw’ oe,le, (51)
{ UW@FW@’ Ufwr‘fw’ oglgs
=g, +é,

Hence, it is easy to know that Vt>0,0<V (f)<
max{(e/ (21)), V (0)}. As a consequence, the boundness of all
the signals in the closed-loop system can be ensured. Then,
by considering the definition of e, , and e,, it can be proved
that # can converge to a small neighborhood of 7, as-
ymptotically. In other words, the angle of attack «, the
sideslip angle f, and the bank angle y, can track the desired

values asymptotically. The proof is completed. O

4. Simulation Study

In the section, two simulation experiments are set up to show
the effectiveness and advantages of the proposed control
method. The first simulation considered the HSVs suffering
from different uncertainties, and the effectiveness and ro-
bustness of the proposed adaptive neural network control
method can be revealed. The second simulation involved the
proposed fast adaptive NN control (FANNC) method, the
adaptive NN control (ANNC) methods without super-twist
predictor, and the conventional model reference adaptive
control method which are also included for comparison.

In the simulation, the parameters of the hypersonic
vehicle are selected as Table 1. The initial attitude dynamics
of the hypersonic vehicle are a=f=y,=0,0, = 0, =
w, = 0. Considering the evasion requirement, we select the
desired signal as

ay(t) =5 sin(zl—rg) +5 sin(%),
ﬁd (t)=0, (52)

. 27t it
a0 = 5sin( ) + 3.6 05(T5).

The uncertainties of the three cases considered in the
simulations are given in Tables 2 and 3.

The initial values of the adaptive control parameters
matrix are @ﬂo,@wo = 0%, W 40, Wgo = 073, 11,05 o = 071,
and §,,,,9 = 0. The fixed value parameters of the hy-
personic vehicle control system are chosen as T, =0.01,
c=1,k; =05,k =3,k =5, ky, =10, k; =12, k, = 18,
Tg =5 Ty, =5Te, =5 Ty, =5T; =5T; =5Ty=5
0, =3, Oy, =3, 0g, =3, Oy, =3, 0y =3, 0y =3, and
0y = 3. The initial auxiliary system states are defined as
follows: #,, = [0,0, 0]" and G = 10,0, 0]”.
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FiGURE 1: The structure of the proposed evasion-faced fast attitude control method.

TaBLE 1: The parameters of the hypersonic vehicle.

m N L I,
4900 kg 7.565 m? 4.55m

I, I,, v 2345kg - m?
24706 kg - m? 24309 kg - m? 1860 (m/s)

TaBLE 2: The uncertainties of the three cases.

AA AA,,
0.01 0 0 0.01 0 0
Case 1 0 001 O 0 001 O
0 0 0.01 0 0 0.01
0.03 0 0 0.02 0 0
Case 2 0 004 O 0 0.005 0
0 0 0.012 0 0 0.01
0.05 0 0 0.06 0 0
Case 3 0 004 O 0 0045 O
0 0 0.03 0 0 0.015
TaBLE 3: The uncertainties of the three cases.
Af AB
0.1 0.01 O 0
Case 1 0.1 0 001 O
0.1 0 0 0.01
0.05 0.015 0 0
Case 2 0.2 0 001 O
0.25 0 0 0.03
0.35 0.02 0 0
Case 3 0.24 0 004 O
0.25 0 0 0.03

The simulation results are given in Figures 2-6. The
tracking results in cases 1-3 are respectively given in
Figures 2-4, from which we can see that the attitude angle of
the three channels all track the expected signal quickly and
steadily in different cases. The weights and the adaptive pa-
rameters are given in Figures 5 and 6. It is obvious that the

adaptive parameters are all bounded. The robustness properties
of the proposed algorithm can be revealed therefore.

To illustrate the superiority of the proposed adaptive
control scheme, we further apply the adaptive NN control
methods without using the super-twist predictor and the
conventional model reference adaptive control method to
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FIGURE 2: The tracking performance of a, (t) under three cases.
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FIGUre 3: The tracking performance of 8, (¢) under three cases.
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cases. FIGURE 5: The norm of the NN weights matrix under three cases.
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FIGURE 6: The adaptive parameters under three cases.
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F1GURE 7: The tracking performance of a; (¢) of the three methods.
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FIGURE 8: The tracking performance of f8; (¢) of the three methods.

the attitude control of the HSVs. Figures 7-9 respectively
show the tracking results under three control schemes;
Table 4 provides the comparative control performance, from
which we can conclude that the tracking error is

10 T T

7, (°)

—— Desired signal
--- ANNC

Time (s)

MARC
-—-— FANNC

F1GURE 9: The tracking performance of y, ; (t) of the three methods.

TaBLE 4: The performance comparison of the three control

methods.
FANNC MRAC ANNC
Maximal time Maximal time Maximal
delay 0.01 delay 0.5 time delay 0.35
Pitch channel Maximal Maximal Maximal
tracking error tracking error tracking error
0.05 0.6 0.4
Maximal time Maximal time Maximal time
delay 0 delay 0 delay 0
Yaw channel Maximal Maximal Maximal
tracking error tracking error tracking error
0.005 0.09 0.36
Maximal time Maximal time Maximal time
delay 0.02 delay 0.4 delay 0.45
Roll channel Maximal Maximal Maximal
tracking error tracking error tracking error
0.05 0.95 0.8

unacceptable without proper adaptive compensation, and
the phase lag may be induced if the STW predictor is
deprecated. The reason for this difference is that the pro-
posed method introduces adaptive neural networks and the
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STW predictor, which can tolerate the uncertainty in the
flight process and improve the tracking velocity. The su-
periority of the proposed control scheme can be verified
therefore.

5. Conclusions

In this paper, a novel evasion-faced fast adaptive feed-for-
ward control structure has been synthesized. By using a
super-twisting (STW) algorithm-based predictor, the re-
quirement of the response speed of the flight control system
can be satisfied. By employing two RBFNNs as real-time
approximators, the unknown uncertainties existing in the
fight control system can be handled. Moreover, the adaptive
laws have been properly designed such that the difficulties
caused by the highly dynamic disturbances can be cir-
cumvented. As a consequence, the peculiar and complex
attitude control problem for the evasion tasks can be
addressed. Simulation results show that by using the pro-
posed fast adaptive feed-forward control structure, the
tracking error can be forced to converge into a desired
domain and the phase lag can be reduced. Our future work
includes the evasion-faced integrated guidance and control
design for the HSVs and the parametric optimization for the
evasion-faced flight control system of the HSVs.
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corresponding author upon request.
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