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Fuzzy Adaptive Zero-Error-Constrained Tracking
Control for HFVs 1n the Presence of Multiple
Unknown Control Directions

Maolong Lv*™, Bart De Schutter, Fellow, IEEE, Ying Wang, and Di Shen

Abstract—This article attempts to realize zero-error con-
strained tracking for hypersonic flight vehicles (HFVs) subject
to unknown control directions and asymmetric flight state con-
straints. The main challenges of reaching such goals consist in
that addressing multiple unknown control directions requires
novel conditional inequalities encompassing the summation of
multiple Nussbaum integral terms, and in that the summation
of conditional inequality may be bounded even when each term
approaches infinity individually, but with opposite signs. To han-
dle this challenge, novel Nussbaum functions that are designed
in such a way that their signs keep the same on some periods
of time are incorporated into the control design, which not only
ensures the boundedness of multiple Nussbaum integral terms
but preserves that velocity and altitude tracking errors eventu-
ally converge to zero. Fuzzy-logic systems (FLSs) are exploited
to approximate model uncertainties. Asymmetric integral barrier
Lyapunov functions (IBLFs) are adopted to handle the fact that
the operating regions of flight state variables are asymmetric
in practice, while ensuring the validity of fuzzy-logic approx-
imators. Comparative simulations validate the effectiveness of
our proposed methodology in guaranteeing convergence, smooth-
ness, constraints satisfaction, and in handling unknown control
directions.

Index Terms—Flight state constraints, hypersonic flight vehi-
cles, unknown control directions, zero-error tracking.

I. INTRODUCTION

YPERSONIC flight vehicles have been attracting a
Htremendous attention due to its significant civilian and
military value [1]-[6]. Different from traditional flight vehi-
cles, HFVs adopt the distinguishing airframe/scramjet integra-
tion and wave-rider configuration, which unavoidably leads
to strong couplings between propulsive and aerodynamic
forces [7]-[11]. The research on flight control design for HFV's
in past decades comprises observer-based control [12], [13],
sliding-mode control [14], [15], intelligent control [16]-[18],
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and so on. However, it is worth underlining that all above-
mentioned approaches neglect crucial aspects of HFVs, such
as multiple unknown control directions and zero-error track-
ing. The importance of those perspectives is explained
hereafter.

Control direction, which is the so-called sign of control
gain function, is typically assumed known a priori to feedback
control design [19]. In case the control direction of a control
system is unknown a priori, designing a controller becomes
challenging since a control force with incorrect control direc-
tion might steer the system away from the desired behavior
or even causes instability. During the hypersonic flight, the
problem of unknown control directions arises because: on the
one hand, it has been shown in simulation data provided by
NASA Langley Research Center [20] that the aerodynamic
coefficients vary with respect to flight conditions. At the same
time, the rapid-varying aerodynamic coefficients are practi-
cally difficult to accurately measure due to the high speed
and agile manoeuvring, leading to unknown control direc-
tions [21]. On the other hand, massive applications of telex
components inevitably bring the reverse fault when the control
signal is transmitted from flight control computer to aerody-
namic control surfaces, such as canard and elevator, posing
opposite control directions [20], [21]. Nussbaum function orig-
inally proposed in [22] has been extensively adopted in the
available literature [23]-[27] to handle an unknown control
direction and its working mechanism is to alternatively (peri-
odically in most scenarios) change the sign of control force
in an adaptive design. A fundamental tool is the technical
lemma that guarantees the boundedness of a Lyapunov-like
energy function when its derivative along a system is upper
bounded by a Nussbaum function-based fashion [28]. It has to
be pointed out that [29] and [30] have shown that the summa-
tion of multiple Nussbaum integral terms may be bounded
even when each term approaches infinity individually, but
with opposite signs since their effects might counteract each
other. Despite some works [31], [32] proposed new Nussbaum
gain technical lemmas, some restrictive requirements, includ-
ing assuming unknown but identical control directions [31]
and mixed unknown control directions (some being known,
some being unknown) via a piecewise Nussbaum function
that exploits a priori knowledge of the known control direc-
tions [32], need to be satisfied. This, however, is hardly applied
to HFVs where control directions are usually unpredictable
and vary along with flight state variables [20], [21].

2168-2267 © 2022 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
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On account of the physical constraints that characterize
hypersonic flight and operability of scramjet engines, the flight
state variables have upper and lower magnitude constraints in
practice, and the violation of these constraints may deteriorate
system performance and even endanger flight safety [33]-[35].
The barrier Lyapunov function (BLF) first [36]-[38] and
integral Lyapunov function later [39]-[42] are employed to
guarantee the nonviolation of state constraints, while ensuring
closed-loop stability. Although [37] took state constraints into
consideration, it can solely achieve bounded tracking errors,
that is, tracking errors converge to a residual set rather than
zero. Given the high speed and super maneuver of HFVs,
accurate tracking is of paramount importance in executing
various flight missions and a new flight control design going
beyond the available approaches must be sought. The discus-
sions above motivates this study whose innovations are listed
as follows.

1) Compared with the bounded tracking results, this arti-
cle achieves zero-error tracking for the longitudinal
dynamics, while at the same time considering multiple
unknown control directions and flight state constraints.

2) To handle multiple unknown control directions, novel
Nussbaum functions whose sign keeps the same on some
periods of time are proposed such that the effects of
multiple Nussbaum integral terms do not cancel each
other in the summation, which paves the way to obtain
the boundedness of multiple Nussbaum integral terms
during the stability analysis.

3) Integral barrier Lyapunov functions are exploited to
confine flight state variables within some user-defined
compact sets all the time provided their initial values
remain therein. This property also guarantees the validity
of fuzzy-logic approximators.

The remainder of this article is organized as follows. The
considered problem is formulated in Section II. Sections III
and IV present the control design and stability analysis,
respectively. Simulation results are given in Section V, and
Section VI draws the conclusion.

II. VEHICLE MODEL AND PROBLEM FORMULATION
A. Hypersonic Flight Vehicle Dynamics
The HFVs model adopted in this article is originally
developed by Bolender and Doman [9]. The motion equations,
derived from Lagrange’s equations, involve the flexible effects
by modeling the fuselage as a free beam. The mathematical
description of the longitudinal dynamics is as follows:

Tcosa —D

= ———— —gsiny (1)
. m
h = Vsiny, (2)
. L+Tsina gcosy

= - 3)

mV \%4

. L+ Tsina gcosy

=Q-— 4
@=0 T @
o= 5)

Lyy

i = =2 — ofni+ N, i=1,....n (6)
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where the lift L, drag D, pitching moment M, thrust T, and
generalized elastic forces N; are given as

L =gSCr(e, e, 8¢, M) )
D = gSCp(a, 8¢, 8¢, m) ®)
M - ZTT + ‘_ISECM((Xa 667 807 )7) (9)
T = 4S[Cr.0(@)® + Cr(a) + C71] (10)
- a? 2 o Je e
Ni = GS| N o 4 Nt + N6, + N)°5
+ N+ NT] i= 1, (1)

The considered model (1)—(11) contains five rigid-body
states, that is: 1) velocity V; 2) altitude &; 3) flight path angle
(FPA) y; 4) angle of attack (AOA) «; and 5) pitch rate Q,
and three control inputs, that is: 1) the fuel equivalence ratio
®; 2) deflection of elevator §,.; and 3) deflection of canard
Sc. = [n1, 01, ..., 0n, 1n]", n € NT are the flexible states
with 7; being the amplitude of the ith bending mode. m, Iy,
g, ¢, wi, q, S, zr, and ¢ represent the vehicle mass, moment of
inertia, gravitational acceleration, damping ratio, flexible mode
frequency, dynamic press, reference area, thrust moment arm,
and reference length, respectively. The coefficients obtained
from fitting the curves are given as follows:

Cu() = C o + Cya + Clis, + Chide + Cp + Clyy
CL() = Ca + Ce + C)d. + C) +Cly
Cp() = Ch o + Char + Cf;zag +Cx5,
b Cls O+ Chy
Cr.o() = Cf o0 + Chpa’ + Ch oo + Ch g
Cr() = C¥ a® + C% o + Ca + C
! = [Cj‘,o,...,cjf?",o], j=T.M,L,D

N! =[N",0,...,N/",0], i=1,...,n. (12)

To cancel the lift-elevator coupling, §. is set to be ganged
with 8, that is, 8, = ke .8, with ke . = —C2 /C2. Thereby, the
control inputs of HFVs become & and §,. It is worth men-
tioning that the rigid-body states in (1)—(5) must operate in
constrained regions that are not symmetric. A typical operat-
ing region characterizing hypersonic flight and operability of
scramjet engines can be the hypercube [7]

Qo = {85000 < h < 135000[ft], 7500 < V < 11500[ft/s]
—5 <0 < 10[deg], —10 < Q < 10[deg/s], =5 < y < 7[deg]}.

For flight safety and reliability, the smooth reference trajec-
tories V, and h, are confined to a subset 2, C Q. This study
aims at developing a Nussbaum gain adaptive tracking control
method satisfying that: 1) 4 and V track the reference signals
h; and V, asymptotically, namely, h—h, — Oand V-V, — 0
as t — 00; 2) the asymmetric flight state constraints are never
transgressed; and 3) all closed-loop signals remain bounded.

Refer to Fig. 1 for a sketch of force map and airframe.
The elevator angular deflection §, primarily affects the AOA
o (hence, altitude h), whereas the fuel equivalence ratio ®
primarily affects the thrust 7 (hence, velocity V). Based on

Authorized licensed use limited to: TU Delft Library. Downloaded on May 11,2023 at 14:11:43 UTC from IEEE Xplore. Restrictions apply.
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Fig. 1.

Schematic and force map of HFVs.

these physical considerations, related literature has proposed
a model decomposition amenable for control design [16]-[18].

B. Model Decomposition

Since the flexible states  are hard to obtain in practice,
we treat the flexible dynamics as unknown disturbances in
our design stage, while their effects have been discussed
in [13]. Taking aerodynamic parameter uncertainties and exter-
nal disturbances into account, the velocity dynamics (1) can
be rewritten as [16]-[18]

V= C\T/(fv +gy®) +dy

where £y = (S/m)[CT o CE g C g €0 4. C3 L CF C3, €Y,

8 €% (Ch +12,C). (C5 + ke C). €O (m/S)IT. gy =
geosala®, o?, a, 1, 01X10]T,fv = E][OIX4, o3 cosa, a? cosa,
o Ccos o, Cos o, —a2, —a, —63, —8., —1, —(g/Z]) sin y]T
and the lumped disturbance dy = (qS/m)CTn cosa —
(Z]S/m)CZ)n + Ay with Ay denoting the perturbations result-
ing from coefficients uncertainties and external disturbances
in the velocity dynamics.

In general, the FPA y and AOA « are quite small during
the cruise phase; here, we take siny = y in (2) and neglect
Tsinw in (3) for simplicity [13], [37]. Therefore, the altitude
dynamics (2)—(5) can be rewritten as [16]-[18]

13)

il:V)/-f-dh
y=¢ (fy"'gy @) +dy
& =L (f0 +2,0) + da 14

0 =¢,(fo+ggd) +do

where ¢, = [(S/m)C¥, (S/m)CY, 117,
(1, (8/mC, gS/m>CE, 17, ¢ =
2rCY 40 21CT o

Ly =
(S/Ly)[EC, Ty o C,

0 3 2
z2rCT ¢, 21C7 ¢ zrCy, (zrCy +

cCy),  (rCY + CY), rCh + PV, g, =
[(@/V). 0", g, = I[1, 03T, & = 2.3, 071",
fy = 10.@V).—@/VcosylT, f, = (@/V)
[0, —a, =1, (g/@)cosy]", fo = gl0"% o*D, a?D,

ad, ®, a3, o, a, I]T, and the lumped disturbances d, = Ay,
dy = @S/mV)Cly + Ay, dy = —(GS/mV)Cin + Ag, and
do = (z1gS/1yy)Cin+(§Se/Ly)Cln+ Ag, with Ay, Ay, A,
and Ag representing the perturbations resulting from coef-
ficient uncertainties and external disturbances in the altitude
dynamics. Let us define the signs of control gain functions
as s; = sgn((vgv) sy = sgn(g‘yg},) §3 = sgn({aga) and
s1 = sen(¢ o). and the functions ¢1 = 1&gy, &2 = [¢]g, |
|;agot| and 84 = |CQgQ|
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Attitude control
angles command

Flight Control
Computer

reverse

fault

Desired
Attitude

Fig. 2. Block diagram of the reverse fault form.

Assumption 1 [17], [18]: There exist constants g; > 0 and

>Oz—1 4suchthatg <gi<g,i=1,...,4

Remark 1: Assumptlon 1 has been widely used in [13] [17],
and [18] to guarantee the controllability for dynamics (13)
and (14). HFVs do have an uncertain problem with multiple
unknown control directions since the control gain functions
of velocity and altitude channels are some continuous func-
tions of various aerodynamic coefficients whose values might
be varying along with flight environment according to [20].
Besides, reverse fault may occur in telex systems and also
poses the issue of unknown control directions when the con-
trol signal is transmitted from flight control computer to
actuators [21] as shown in Fig. 2.

C. Technical Key Lemmas

The following lemmas will be used for control design and
stability analysis in the subsequent sections.

Definition 1 [22]: A continuous even function A/(-) is called
Nussbaum-type when it satisfies the following properties:

o Sup Jo' N (v)dr _ . inf [’ N (t)dz B

s =
w—> 00 w

w—> 00 w

For velocity dynamics (13) and altitude dynamics (14), we
propose a class of new Nussbaum functions in the form of

Ni(@) = (n() sin(2'0) + 2'w cos(2'w))
x exp(wz), i=1,....4 (15)
where p(w) = 202 + 1.
By direct calculation, one reaches
@ .
/ Ni(t)dt = sin(2'w)w exp(a)2>. (16)
0

Lemma 1: The Nussbaum functions in (15) have the fol-
lowing properties.

1) N;:(w) is a smooth odd function of w.

2) fo N;(z)dr is an even function of w.

3) Define ©;(w) = s;sin(2'w). Then, the frequencies of
O1(w), ..., 04(w) consist of a geometric progression
with the common ratio 2.

4) |0i(w)] = 274O4(w)| forall w e Rand i =1, ..., 4.

Proof: The first three properties are obvious from (15)

and (16). To show the last one, define
Mi(@) = |0;(w)| —27*O4()|.

Le; us ﬁrst'consider the case w € [0,2777], wh;:re Mi(a)) =
sip(Zla)) —i—4 sin(24a)) and (dM;(w)/dw) = 2'cosR'w) —
20 cos(2*w) > 0. Hence

Mi(w) > Mi(0) =0 Vo c [o, 2*571].

Authorized licensed use limited to: TU Delft Library. Downloaded on May 11,2023 at 14:11:43 UTC from IEEE Xplore. Restrictions apply.
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Letting 0 = 2757, and noting that |®4(2’571)| =1, it

follows that:
‘@,(2*%)‘ > 21'*4‘@4(2*%)‘ — 24,

Then, let us cqnsider the case w € [2_571, 2_i_17r], where
|®;(w)| = sin(2'w) and 1©i(w)| = |®i(2_57';)|. With these
facts in mind and noting that 2i=4104(w)| < 2174, we have

0i(@)] = 274 O4(@)] Vo € [2757, 271 x]
which implies that
Vi) 0, voe[2 52 1]

Thus, we arrive at M;(w) > 0 for all w € [0,27" 7],
which together with the fact M;(w) = M;(—w) implies that
M;(w) > 0 for all w € [—Z_i_ln, 2_i_1n]. Furthermore, not-
ing that M;(w) is a periodic function with a period 27/, we
know M;(w) > 0, that is, |®;(w)| > 2!4|O4(w)| for all w € R
and i =1, ..., 4. This completes the proof. [ |

Lemma 2: Let np be an arbitrarily given positive integer.
Consider ©;(w) = s;sin(2'w) and define ¥ = 2727 and ¥; =
Z?:l 2-1=i(s; + Dx. Then, for all k = 1,...,4 and all n =
no,no+1,n9+2,...

Oi(w) <0, VYo € [nm+ 9, nmw + 0 +20],
Oi(nm + 0 +9) < —27°.
Proof: Define

ifk=1

n,
= {2ni_1 +0551 405, ifk=2,....4

where np,...,ns are positive integers. If s; < 0, then
Oi(w) <0 when w € [27Q2nim), 27 2n; + D). If 55 > 0,
then ©;(w) < 0 when w € [27/2n; + D, 271 2n; + 2)7].
Thus, we know ®;(w) < 0 when w € Z; with

Zi = [27'2n; + 0.55; + 0.5)7, 27/ 2n; + 0.55; + 1.5)7].
It can be proved one by one that
IyCchz:chhcl

which implies that ®;(w) < 0 when w € Zy Vi = 1,...,4.
Moreover, ng4 can be calculated as
3
ng=2n+% 2°7(0.55 +0.5).
i=1

Substituting n4 into Zy gives
Iy = [nrr + ¥4, nw +19,'—|—21§].

Thus, ®;(w) < 0 holds for Vw € [nm +9;, nt +9;+20]. On
the other hand, it can be readily checked that O4(w) = —1
when @ = 274(2n4 + 0.554 + D = nw + ®; + U, which,
together with the last property in Lemma 1, implies that
|©;(nmr + 9+ 9)| > 274O4(nm + 0+ 9)| = 21* > 273 for
i=1,...,4. Then, noting that ®;(nx + ¥; + 9) < 0, we can
obtain that ®;(nm + ¥; + #) < —273.

Lemma 3 [44]-[50]: Let F(x) be a continuous function
defined on a compact set €2,. Then, for a given desired level

IEEE TRANSACTIONS ON CYBERNETICS, VOL. 53, NO. 5, MAY 2023

of accuracy & > 0, there exists a fuzzy-logic system W’ ¢ (x)
such that

sup |F(x) —Wiox)| <e (17)
xXeQy
where @(x) = [¢1(x), ..., ¢p(x)]T is the fuzzy basis function
vector, and
l_[]r'n=1 ILF/I, ()
d1(x) = : (18)

=1 (njm=1 IF! (xj)>

with i (x;) being a fuzzy membership function of the vari-
J

able x; in If-Then rule. W = [wy, ...,wp]T is the adaptive

fuzzy parameter vector, and wy is the inference variable corre-

sponding to the /th If-Then rule. The optimal parameter vector
W* is defined as

W* = arg ngl : sup |F(x) — WT(p(x)|} (19)

ENW | xeQy

where Qw is a compact set for W.
Lemma 4 [30]: For any g € R and Vv > 0, the inequality

0<lql— (612/[\/6]24——1)2]) < v holds true.

III. FLIGHT CONTROLLER DESIGN
A. Velocity Control Design

In view of the decomposition of Section II-B, the control
design is also decomposed in a velocity control design and an
altitude control design (also refer to Fig. 3). Applying the error
coordinate V = V — V., an asymmetric IBLF is constructed as

- /V (kv.1 — kv.2)*t d
V= T
o kvi—1—=V)(ET+V,—ky2)

(20)

where ky 1 and ky o are positive constants representing the
upper and lower bounds of V, n., ky 2 < V < ky 1. In view of
(20), it can be immediately obtained that limy ., , Ly = o0,
limvﬁkvyzﬁf, = +o0, Ly > (1/2)’\72, and Ly is continuously
differentiable and directly related to flight state V rather than
its error V.

Remark 2: The crucial discrepancy between IBLF (20) and
other commonly seen BLFs as in [36] and [37] lies in that
conventional BLFs are typically composed by error term V and
transformed error constraints that still need to be calculated
a priori, whereas IBLF (20) directly imposes constraint on
original state V, which simplifies the control design in the
sense of reducing extra calculations according to [39] and [40].

The following lemma is first formulated and is substantial
in establishing constraint satisfaction.

Lemma 5: The asymmetric IBLF L3 in (20) satisfies

(ky.1 — kv 2)*V?

Ly < (20
V' (kv = VIV —ky2)
for V € Q.
Proof: Initially, define a function ¢(z, V,) as follows:
(kv — kv )t
15‘(1’, Vr) =

kv —Tt=V)(T+V,—kyp)

Authorized licensed use limited to: TU Delft Library. Downloaded on May 11,2023 at 14:11:43 UTC from IEEE Xplore. Restrictions apply.
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h_| Virtual Control |Yemg|  Filter
Eq. 31)

¥ | Virtual Control |%mg|  Filter
b Eq. (32)

Virtual Control |Zend  Filter
Eq. (33)

Wi ¥
Adaptation Law
Eq. 37)

Altitude Subsystem

h=Vy+d,

HFVs Dynamics

Elevator

L4

e r=¢ (£, +8,)+d,
a=¢;(f, +8.0)+d,
Q:g;(fs)*gg‘?c)*do

Fig. 3. Framework of the proposed control structure.

Differentiating ¢(z, V;) with respect to T, we arrive at
Ic(t, Vy)  (kya —kv2)*[ (kv = V)V, — ky 2) + 7°]
ot (ky,i =T = V> (T + V; =k 2)?

which is positive definite for 7 + V, € Q. Since ¢(0,V,) =0
for V, € Qp, and ¢(t, V,) is monotonically increasing with
respect to 7, the following inequality holds for V € Qq:

1%
/ s(r,Vpdr < ¢(V, V)V
0

which leads to (21) after substituting for ¢(z, V,). [ |
Differentiating £ with respect to time yields

; 0Ly~ ALy .

(22)

v v,
where  (3Ly/dV) = By(MV, @Ly/dV,) =
ByWV = Ve (V. V) with £V, V) =

fol (l(ky.1 = kv.2)?1/[(kv,1 — 0V = V) (0 V + V) — ky 2)])do
and By(V) = ([(kv,1 — kv.2)*)/[kv,1 — V)(V — kv 2)]). By
combining (13) and (22), one has

Ly =sig1ByVO + ByVSyy) + ByVdy  (23)

where Sy(y) = ¢ify — &v(V,V)V,/By with xy =
[v, v, Vr]T. According to Lemma 3, Sy(xy) can be approx-
imated by an FLS as Sy(xy) = W*‘}T(pv(xv) + ey, where ey
is the minimum fuzzy approximation error and there exists
gy € R such that |ey| < gy. Hence, we can obtain

Ly < s151BVV® + ByVWiT oy (xv) + 1By VWY (24)

with Wy = dy + &y being an unknown positive constant.
The actual controller for velocity channel is devised as

® = Ni(@)pa, @1 = PvVea

t
Gg = —kyV — lvf V(r)dr

0

By V2

\/ /3‘2,\72@‘2, +02
where Ni(-) is given in (15), ky and [y are positive design
parameters, o is a function satisfying fOtU('L’)d'L' < 0] <
and o7 > 0 V¢ eN(O, +00), W,‘Z is the estimate of W"’} with

estimation error Wy = W}, — Wy.
The adaptation laws are given by

— Wieyxy) — (25)

Wy = TvBvVey(xy) — oTyWy

Uy = pv|pyV| — opy ¥y (26)

where 'y = F‘C > 0 is an adaption gain matrix, and py is a
positive design parameter.
Substituting (25) into (24), we arrive at

t
Ly < —kypy ¥ — lyByV f V(o) + 5101 N7 (@)
0

§Y;

— @1+ BYVIWy — ——
JBEV2WZ 4 52
~=T
+ BvVWyey(xy). (27)
B. Altitude Control Design
Step 1: Using the error coordinate ho= h— h,, the
asymmetric IBLF is constructed as
h ki1 — kno) 't
Ly = f (1 — kn2) dr  (28)
0 (kng—1t —h)(t +hr—kn2)

where kp1 and kpo are positive constants representing
the upper and lower bounds of A, that is, kpo <
h < kpy. It is straightforward to obtain that (28) sat-
isfies lirnh_)kmﬁz = 400, lirnh_)kmﬁz = 400, and
L; > (1/2)@3. Similar to Lemma 5, one has £; <
([(kn,1 — kn,2)*h*1/[kn,1 — h)(h — kn2)]).

Then, the time derivative of Lj is

. 0Lz~  0L5 .

T = —= r 2

Ls; P h 8h,h (29)
where  (3L3/0h) = Pu(h, (0L7/0h) =
Byh = ek, with &Gk =

fol (k1 — kn2)?1/[kn,1 — oh — hy)(oh + hy — kp2)])do
and Bu(h) = ([(kn,1 — kn2)*1/[(kn,1 — h)(h — kn2)]).
To avoid the “explosion of complexity” problem, we follow
a standard dynamic surface control method appropriately mod-
ified to the purpose of differentiability [51]. Let us consider
the coordinate transformation
Y=V — Ve Yy = Ve — Vemd
ad=a — Ue, Yo = Q¢ — Ocmd

ZZ:Q_QCs Yo = Qc — Ocmd

where ¥, @, and @ are the tracking errors, Yemd, 0cmd, and
Ocmd are the virtual control laws, y,, y4, and yg are the bound-
ary layer errors, and y., o, and Q. are the outputs of the
following first-order filters:

(30)

o~

2
rynyy

KA v
y, Ty +o

€1y
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Ty Ve T2
Tadc = —Ya — % (32)
VY Xg +o?
2
: T0y0 T,
100 = —yp — ————2— (33)

T3+

where 1, 74, and 7 are positive constants, ?Z is estimate of
Y., z € Q, £ {y, a, Q}, which will be specified later.

Frgm Young’s inequality [52], it follows that szﬁhZVyV <
([B7h*V21/1203]) + ([y3131/2). Then, by combining (14) and
(29), it yields
2

2

where Sy(xx) = ((BuhV21/1283]) — (Enh/[Br]) with x; =
[A, Ay, hr]T. According to Lemma 3, Sj(x,) can be approxi-
mated by an FLS as S, (x;) = W;T(ph(xh)—l—sh, where g, is the
minimum fuzzy approximation error and there exists g, € RT
such that |e;| < gp. Thus, it holds that

Ly < BrhV(T + Yema) + BhWiL @, ()

L5 < BuhV (T + Yema) + BihSu(xn) + Buhd), + (34)

~ y2 li
+ 1Bkl Wy + =2 (35)
with W, = dj, + €, being an unknown positive constant.
The virtual controller ycmq is devised as
1 ~ P
eoma = 3 — i~y [ F(ode
14 0
~T Buh?
— W, 0,0 — h (36)

‘/,3}3%2@}% + 02

where «j, and [j, are positive design parameters, and Wy, is the
estimate of W} with estimation error W, = W — Wp,.
The adaptation laws are given by

Wi, = TiBuhey,(xn) — o ThWy,
Wy, = onlBrhl — oppWp

where ['y, = FZ > 0 is an adaption gain matrix, and pj is a
positive design parameter.
Substituting (36) into (35) yields

(37)

t
. ~ ~ [~ ~eT
L5 < —inBul — Ly fo F(0)dt + B 0 (k)
i,

27292
v ~
'ijh + T + ,thV)/. (38)
JBIhAY2 + o2

Step 2: Using the error coordinate (30), the asymmetric
IBLF is constructed as

+ 1Buh|Y, —

o /V (ky,1 + ky2)?T
B e A TRV )
where k), 1 and k, > are positive constants denoting the upper

and lower bounds of y, that is, —k,2» < y < ky1.
Similarly, the IBLF defined in (39) satisfies limyﬁ_kyyzﬁy =

dr (39)
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t+oo, limyg, Ly = +oo, Ly = (/D77 and Ly <

(Lky1 4 ky 2)* 721/ [yt — V) (¥ + ky )]
Taking the time derivative of Ly gives

. oLy . 0Ly

Ly=—Ly+ Ly 40
Where~ (867/82) = By (V)Y (857/8%) =
By(V)y V&, (V. ve) with &V, ve) =

o Uyt + ky )2/ [ky 1 = 07 = ) (@F + ¥e + ky2)do

and By (y) = ([tky,1 + ky.2)?1/ [yt — V(¥ + Ky 2)]).
The virtual controller a¢mq is devised as

demd = Na(@)ag, @2 = ByYaq
t
g = —kyy — ly/ y(r)dr
0
By YV

J5702 + o7

where x,, = [h, ¥, Ve, VeI, Na(-) is given in (15), k, and 1,
are positive design parameters.
The adaptation laws are given by

~ We,a,) - @1)

A - ~
Wy =TyByye,(xy) —ol', Wy
‘3)/ = py|,3y37| - Upyﬁy

o~

T, =vylyyl —ov,T, (42)

where I'), = F; > 0 is an adaption gain matrix, and p, and
v, are positive design parameters.

Substituting (41) into (40), we arrive at
t

Ly < —kyBy7* — lyﬂyV/O Y (0)dt + 5282 N2 (w2)an

132)’7262 y212 ~
.

[p27202 402 2

T — .
+ ByyW,0,(xy) + 52828, 70 — 2.

+ |ﬂy)7|\11y -

(43)

Step 3: Recalling the error coordinate (30), the asymmetric
IBLF is constructed as

/a (ka,l + koz,Z)zf
Lz =
0 (kcz,l -7 ac) (T + o+ k(x,2)

where ko1 and ko are positive constants representing the
upper and lower bounds of «, that is, —ky 2 < @ < kq,1.
The virtual controller Q.nq is devised as

Ocmd = N3(@3)Qu, @3 = Boa@Qy
t
Q4 = —Kol — la/ a(r)dr
0

dr 44)

Bou@ W2

JBRE2 4 o2

where x, = [h, ¥, o, ac, acl”, N3() is given in (15), and «y
and [, are positive design parameters.
The adaptation laws are given by

— W gy (xa) — (45)

W(x = Falgaa(oa(xa) - UFaW(x
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a = pama&l — 0pgVy

a = Ualyal —ove Ty

<> €y

(46)

where Ty = I’ > 0 is an adaption gain matrix, and p, and
Uy are positive design parameters.

Substituting (45) into (44) results in

t
L5 < —KaBa@ — lufad / F(1)dr + 53833 (@3)d3
0

~) 272
~ Biatva Yol —~
+ |Butt| Wy — 2 + Qza — 52828y v
\/ BRaRV2 + o2

~ T ~=
+ BaW, @, (xy) + 5383800 — w3. (47)
Step 4: Along similar lines as steps former steps, the

asymmetric IBLF is constructed as

Q ko +koo)'T

Ly = / ko1 +ko.2) dr  (48)
0 (ko1 —7—0)(t 4+ Qe +kp2)

where kg 1 and kg > are positive constants denoting the upper
and lower bounds of Q, that is, —kp> < Q < kg 1.
The actual controller §, is constructed as

8¢ = Na(wa)da, @4 = Bo084
t
84 = —k00 — ZQ/O Q(t)dr
_ BoOW}
— Whpoxo) — el
| BoO* ¥} + o

where xg = [h, v, a, Q, O, QC]T, Na(+) is given in (15), and
ko and [g are positive design parameters.
The adaptation laws are given by

Wo = ToBo0vo(xg) — oToWo
$Q=:PQWQQ|—0PQ®Q
?Q = vglyol — an?Q

where I'g = Fg > 0 is an adaption gain matrix, and pp and

v are positive design parameters.
It follows from (48) and (49) that:

(49)

(50)

~ ~ t~
Ly < —KoBo0* — lQ,BQQ/O O(1)dt + 5484 Na(ws) iy
BLO* V]

? - S3g3,3aaé
\ /,BQQZ\I/Q + 02

+ BoOW ooy (xo) —

+ 1Bo0I¥g —

(D

IV. STABILITY ANALYSIS

We are at the position to present the main results of this
study in the following theorem.

Theorem 1: Consider the closed-loop systems consisting
of velocity dynamics (13) and altitude dynamics (14) sub-
ject to multiple unknown control directions and asymmetric
flight state constraints. Under the control laws (25), (36),
(41), (45), and (49), as well as the adaptation laws
(26), (37), (42), (46), and (50), for any initial condition

2785

x(0) € Q, x € é {V.h,y,a,Q} and let Ay =
max |ye(, v, , Wi, ‘*I"h)| = max|ac(h, ¥, ya, Wy, ¥y)l,
Ap = max |Q, (h Y, %, Y0, Wa, Wy )|, if there are the positive
parameters Ky, ly, ky, I, ko, and I, that satisfy the feasibility
condition: —k, 2 < Ay (kp, In) < ky 1, —kap < Au(ky, 1)) <
ko1, and —kpo < Ag(ka,le) < kg1, then the following
properties hold.
1) Flight states V and h eventually track the reference tra-
jectories V, and h, asymptotically, that is, V — 0 and
h— 0ast— oo.
2) All closed-loop signals remain bounded.
3) The full-state constraints are never violated.
Proof: We begin the proof with the introduction of the
following total Lyapunov function:
L=Li+Lw+Ly+ Lo+ Ly + L (52)
where L, = Y o Lv Lw = Y ,eq, (1/2) ‘1Wx,
Ly = Yoo (1/2>y§, Ly = Yoo (1/200%2 Ly =
Y a1 /ZUZ)TZ, and £; =Y .o (1/2)L:( [y X(r)dT)%.
It follows from (27), (38), (43) (47), and (51) that the
derivative of L is:

ﬁ < - Z Kxﬁxx + ZslgzN(U)l)wl + Z |:8xx|\lj

xXEQy XEQ
+ > oW, W, —i—Za\IJ\II + ) oT.T:
XEQ, xeQy €92,
B} , ~
D —wa— PBLRE
xeQy |/ BEPVZ + 02 =1 €9,

y lh 2[2 y2 lZ
+ Z)’ZYZ y > Q20t (53)

z€Q2;

In light of (36), (41), and (45), the time derivatives of the
boundary layer errors are

)'/y =B)/(I:Zv ?aYyaWhyah,hr,hr,hrygad)

2
2 Y S (54)

Ty /y%,?i%—az
.).)Ol = BO!(I:;a ‘)7’ 5»}’}/7)’01, Wh? W)/a (Ijh’ ﬁyahr’ ]:lh}ira U,O')
ya yaT)%

Ta /yg?;_i_az
yo = BQ(E 7. & 0, Yy Yar Y0 Wi, Wy, W, U, U, U,

- 12
hr’hrshr’o'yd)_y_Q_y?\—a'
0 yzQTozt—I—Uz

Define the compact sets Q) = {h(") V(")||h(")| < Ay,
VP < Ai,n e N} and Q7 = (& Wy, y., Uy, T |L(0) <
Apg,x € Qyz € Q;}, with A; and Ag being positive con-
stants. Following the standard design in [51], it can be derived
that there exist positive constants Y,,, Ty, and Yy such that
B,(-) <Yy, By(-) < Yy, and Bp(-) < Yo on the compact set

(55)

(56)
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Q/r x Q. Then, (53) can be further rewritten as

4
L<— Z KxBX + Zsigi/\/i(wi)d)i + Z 2l T2

X€Qy i=1 7€Q2;
’32"2 2
BNl Dl sz
0 /B2 402 g,
2 2 2
nyh yaTy yQT

\/y)%?f + 02 \/ygrg + 02 \/yQT§ + 02

2 2
(B (L B\ (L_E)a
T, 27 w 2)°¢ 0 2 0
+ Z UWXWX + Z O'\T'x\/ﬁx + Z U'?Z?Z. 67
Using the complete square formula, we have Xx = X(x* —
¥) = —%* 4+ Xx* < (1/4)x*. Thus, invoking Lemma 4 and

choosing 7, < (2/1%), Ty < (2/172/), and 79 < (2/15) gives
rise to

4
La)<—FO+ Y f
i=1 70

+ LO)+M

w;(t) 4
sigNi(T)dr — Y wi(1)
i=1
(58)

where  F(?) = S/ V2(r) + k2 (t)  +
Ky)72(1:) +  Kkq@2(7) +KQQ2(‘L'))d‘[ and M =
Yo, (/DWW + 3 o (1/Ho1Wx + 3 cq (1/H01 T, —
Y O sigiNi(ndr + YE, @i(0) + 801, It can be
seen from (16) that [ Ni(t)dr = [I*'Ni(o)dr =
5iO;i(|wi]) |wil exp(a)l.z). As a result, (58) can be represented by

4 4
0<LO+F@®) < LO)+M+D @)+ Y o) (59)
i=1 i=1

with Ei(1) = gi0;(|0;(1)D|wi (1)) exp(@? ().
Let us now define

o(t) = max{|w1 ()], |w2 ()], lw3 (], lwa(®]}.  (60)

In what follows, with the aid of Lemma 1 and (59), we
shall prove the boundedness of w(¢) via a contradiction argu-
ment. Choose np in Lemma 2 as the smallest positive integer
satisfying nomw + 9 + g > w(0) foralli =1, ...,4, where 9;
and ¥ are given in Lemma 2. Suppose that @(f) is unbounded,
which is equivalent to that there exists a monotonously increas-
ing sequence {t,}, n = ng,ny9 + 1,n9 + 2,..., such that
w(ty) = nm + 9; + ¥. At each time instant f,, according to
the magnitude of |w;(#,)|, the following three cases should be
discussed.

Case 1: When |w;i(ty)| = nw + 0; + 0 for i € {1,...,4}.
By Lemma 2, we have O;(|w;(t,)]) < —273, which together
with (59) implies that

~273g Joittn) [ exp(} (1))

= —2*3§i(mr + 0 + ) exp((nn + 0 + 5)2> (61)

Ei(tn)

IA

for all |w;(t,)| = nm + O + V.
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Case 2: When nw + 9 < |wi(ty)| < nw + 0; + o for
ief{l,...,4}. It follows from Lemma 2 that ®;(|w;(t,)]|) < 0.
Thus, E;(t,) < 0 for all nw + ¥; < |w;i(t,)| < nw + ¥; + 9.

Case 3: When |w;(t,)| < nmt +9; for i € {1, ...,4}. Noting
that |®;(|w;(,)])| < 1, we have
i) < Bilei()| exp(@} (1))
= gt + v exp((nm +9)2) (62)

for all |w;(t,)| < nw + V.

Noting that the number of elements in Case 1 is not less
than 1, and the number of elements in Case 3 is not more
than 3, one can arrive at

4

4
D Eilt) + ) loi(ty)]

i=1 i=1
< (nm + 9 + ) exp((nn + 19')2>

X[ —273g. exp(¥ (19+2n7r+219)i|

+3gi + 4 exp(—(nm + 9)?) ©63)

where 4 exp(—(nm + 19;)%) decays to zero exponentially and
—2_3gi exp(¥ (¥ + 2nmw + 20;)) — —o0 as n — —4oo. It is
deduced from (63) that Z?:l Ei(t,,)—l—Z?:l |w;(t,)] = —o0 as
n — 400, which apparently contradicts with (59). As a con-
sequence, w(f) must be bounded, which in combination with
(60) implies that w1 (f), wa (), w3(t), and w4(f) are bounded.

With the boundedness of wi(?), wa (1), w3(t), and w4(1),
it can be seen from (59) that £, V, n, y, o, and @ are
bounded. Then, following similar analysis to [43], it can be
concluded that all signals of the closed-loop system remain
bounded. From (59), it holds that X € L, and X € Lo,
x € Q4. Consequently, it follows from Barbalat’s lemma that
lim;_, 150X = 0, x € Qy, which implies that the tracking errors
Vand h converge to zero asymptotically [53]-[56]. In addi-
tion, the boundedness of £ leads to the boundedness of L,
which progressively implies that the full-state constraints are
never violated. This completes the proof. |

Remark 3: Tt is worth mentioning that (59) encompasses
4 Nussbaum integral terms Z?: 1 Jo sigiNi(t)dr where the
signs of s; might be distinct with each other [30]. This is
because [29] and [30] have shown that it is still unclear how
to establish boundedness Y7, [o” sigiVi(t)dt using conven-
tional Nussbaum functions. Namely, if we adopt conventional
Nussbaum functions, such as w; sin(wiz) and cos(w;) exp(w;),
it would be possible that w; and w; (i # j) both approach
infinity, while [;” 5;gi/Nj(r)dt and fow'i 5jgiNj(t)dt counteract
each other through taking opposite signs such that the sum-
mation term Z?:l fowi s;giNi(t)dt still make (59) hold true.
On the contrary, we develop a novel Nussbaum function as in
(15) whose sign keeps the same on some periods of time even
if each Nussbaum function has a different frequency, which
successfully avoids the cancellation of different Nussbaum
integral terms as shown in the proof after (60).

Remark 4: According to conﬁguration designed in (15) and
(16), it is concluded that f (r)dr is an even function

of w;, thus we can calculate N(r)dr as flw’lj\/,(r)dt
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Fig. 4. Tracking performances and control inputs under three control schemes. (a) Tracking performances of velocity. (b) Tracking performances of altitude.

(c) Control inputs.

without any concern on the sign of w;. In view of (63),
o sigiNi(t)dr and f(;oj sjgiNj(t)dr take the same sign and
reinforce rather than counteract each other as long as |w;| and
|wj| (i # j) enter the same interval, which paves the way to
find a contradiction of (59) that lim,_, { N (t,) = —00 once
o is unbounded. Consequently, the Nussbaum functions (15)
can handle the difficulty stemming from the multiple unknown
control directions.

Remark 5: Despite the state-of-the-art design in [57] stud-
ied the same problem as our work, it has been shown in [58]
that Lemma 1 of [57] only can guarantee the boundedness
on finite-time interval [0, #7) with #r < oco. When # = oo,
the boundedness is lost due to ineffective handling of the
terms, such as unmatched external disturbances and unknown
time-varying nonlinearities. To overcome this difficulty, we
designed an integrable function o (¢) in control laws to robustly
tackle the disturbances novelly, such that # could be extended
to infinity.

V. SIMULATION RESULTS

In order to illustrate the effectiveness and superiority of
the proposed constrained asymptotic tracking control scheme
(PCA) for HFVs, several simulations are conducted in this
section. The vehicle climbs a maneuver from initial values
h = 88000 ft and V = 7700 ft/s to final values 2 = 91000 ft
and V = 8700 ft/s. The reference commands of V,,r and h,r
are generated using the second-order filters with bandwidth
0.03 rad/s and damping 0.95. Based on practical engineering
characteristics, the limitations of the actuators are set as ®
[0.05, 1.2] and §, € [—20 deg, 20 deg].

In simulation, the HFVs model parameters are borrowed
from [1], and the full-state constraints are selected as ky 1 =
8800ft/s, ky 2 = 7600ft/s, kn,1 = 88500ft, kpo = 84 500ft,
ky1 = 03deg, ko = 0.05deg, ko1 = 2.2deg, kyp =
—1ldeg, kg1 = 2deg/s, and kp» = 1.5deg/s. The control
parameters are chosen as ky = 2.5, ly = 3, k, = 1.5,
h =2k, =1, =2, kg =1y =2, k0 =50,1lp =2,
and o = 1/(0.1 + t2). Parameters for adaptive laws are set

as I'y =51, pp = v; = 0.5, x € Q, z € Q;. The positive
filter parameters are selected as 7, = 0.5, z € ;. The ini-
tial state variables are set as V = 7699 ft/s, h = 87999 ft,
y = 0 deg, « = 1.6325 deg, and 0 = 0 deg/s, and the
initial values of Wi, @x, ?Z, x € Q, z € Q, are selected
as zero. Besides, the uncertain aerodynamic coefficients are
modeled as C; = Cj(1 + A;), where C} represents the nomi-
nal coefficient and A; represents the uncertain factor ranging
from —20% to 20%. The external disturbances sin([7/30]¢),
2 sin([7r/30]¢) are added to the velocity and altitude dynamics,
respectively, when ¢ > 200s.

A. Comparative Simulations Under Three Control Schemes

In this section, to validate the superiority of PCA in
achieving zero-error tracking and in tackling unknown control
directions, PCA is compared with the conventional bounded
tracking control (CCB) considering unknown control direc-
tions [43] and the bounded tracking control (CUB) with-
out considering unknown control directions [17]. Simulation
results can be seen in Figs. 4-6. Fig. 4(a) and (b) reveal that
our proposed control scheme provides a better transient and
steady state performance than that of [17] and [43], and guar-
antees the tracking errors Vand eventually converge to zero
rather than the bounded ones as achieved by CCB and CUB.
Fig. 4(c) shows the control inputs ® and §, of PCA and CCB
remain bounded, whereas the control signal of CUB diverges
in the early stage due to the ineffective handling of unknown
control directions. The zooms in Fig. 5(a)—(e) indicate that the
proposed control method exhibits smoother response of y, «,
0, 11, and 1, over CCB and that the various state variables of
CUB diverge due to the presence of unknown control direc-
tions. Fig. 5(f)—(j) suggests that the trajectories of Wy, U, ?Z,
x € Qy, and z € Q; remain bounded. Furthermore, integral
absolute error (IAE) [ fOT |e(t)|dr], integral time absolute error
(ITAE) [ fOT tle(?)|d], and root mean square error (RMSE)
[(1/T) fOT &2(1)dr11/? are utilized here as performance indices
to evaluate the tracking performances of PCA, CUB, and CCB
quantitatively. In addition, the control indexes are defined as
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TABLE I

PERFORMANCE INDICES UNDER THREE CONTROL SCHEMES

Velocity Channel

Altitude Channel

Control Fuel Equivalence Ratio Deflection of Elevator
Method IAE ITAE RMSE IAE ITAE RMSE P <i> Se Se
CCB 0.9407 54.8299 0.0135 21.1771 1864.4 0.1110 0.4323 0.0136 12.5516 0.0998
CUB 0.0986 0.0149 0.2265 1.0880 0.2654 1.7929 0.0713 4.4589 0.9914 64.8442
PCA 0.1958 12.5634 0.0059 18.1901 1220 0.1049 0.4311 0.0065 12.5501 0.0951
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Fig. 6. Various performance indices under three control schemes. (a) IAE of V. (b) ITAE of V. (c) RMSE of V. (d) MACA of ®. (e) MACA of ®. (f) IAE

of h. (g) ITAE of /. (h) RMSE of A. (i) MACA of 8. (j) MACA of 8.

the mean absolute control actions (MACA) [(1/T) fOT |®|dr],
T T T {

[(1/T) [y |®Ide], [(1/T) fy 18¢ldr], and [(1/T) fy |8,|dt]. The

calculation results are summarized in Table I and Fig. 6 shows

that our developed method requires less control efforts than

that of CCB and CUB, which validates the effectiveness of

the proposed control method. To investigate the impact of dif-
ferent initial values on our proposed Nussbaum functions (15),
some further simulations are conducted in this scenario by tak-
ing the following two cases into consideration. The simulation
result is provided in Fig. 7.
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2) Case 2: wi(0)=0.05,i=1,...,4.

It can concluded from Fig. 7 that our newly proposed
Nussbaum functions can still preserve the boundedness of
adaptation parameters «; and Nussbaum functions N;, i =
1, ..., 4 under two different sets of initial conditions.

VI. CONCLUSION

This article presents a result about zero-errors accurate
tracking control for the longitudinal dynamics of HFVs in
the presence of multiple unknown control directions and
asymmetric flight state constraints. The distinguishing char-
acteristic of our design arises in proposing a class of new
Nussbaum function, which not only guarantees the bounded-
ness of the summation of multiple Nussbaum integral terms
but the boundedness of each individual Nussbaum integral
term. By means of Barbalat’s lemma, the velocity and alti-
tude tracking errors can been shown to converge to zero
rather than a residual set. Asymmetric integral Lyapunov func-
tions are utilized to ensure that flight state variables are kept
within some compact sets all the time. Future research will be
focused on the consensus tracking problem of HFV swarm
systems [59]-[62] and the trajectories tracking problem of
HFVs with switched dynamics [63]-[71].

REFERENCES

[1] J. T. Parker, A. Serrani, S. Yurkovich, M. A. Bolender, and D. B. Doman,
“Control-oriented modeling of an air-breathing hypersonic vehicle,” J.
Guid. Control Dyn., vol. 30, no. 3, pp. 856-869, 2007.

[2] X. X. Hu, B. Xu, and C. H. Hu, “Robust adaptive fuzzy control for HFV
with parameter uncertainty and unmodeled dynamics,” IEEE Trans. Ind.
Electron., vol. 65, no. 11, pp. 8851-8860, Nov. 2018.

[3] M. Lv, Y. Li, W. Pan, and S. Baldi, “Finite-time fuzzy adaptive con-
strained tracking control for hypersonic flight vehicles with singularity-
free switching,” IEEE/ASME Trans. Mechatronics, early access, Jun. 18,
2021, doi: 10.1109/TMECH.2021.3090509.

[4] Q. Shen, B. Jiang, and V. Cocquempot, “Fuzzy logic system-based adap-
tive fault-tolerant control for near-space vehicle attitude dynamics with
actuator faults,” IEEE Trans. Fuzzy Syst., vol. 21, no. 2, pp. 289-300,
Apr. 2013.

[5] R. Zuo, Y. Li, M. Lv, Z. Liu, and Z. Dong, “Design of singularity-free
fixed-time fault-tolerant control for HFVs with guaranteed asymmetric
time-varying flight state constraints,” Aerosp. Sci. Technol., vol. 120,
Jan. 2022, Art. no. 107270.

[6] B. Xu, Y. Shou, J. Luo, H. Pu, and Z. Shi, “Neural learning control of
strict-feedback systems using disturbance observer,” IEEE Trans. Neural
Netw. Learn. Syst., vol. 30, no. 5, pp. 1269-1307, May 2019.

[7]

[8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

(18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

(30]

2789

L. Fiorentini and A. Serrani, “Adaptive restricted trajectory tracking for
a non-minimum phase hypersonic vehicle model,” Automatica, vol. 48,
no. 7, pp. 1248-1261, 2012.

Q. Shen, B. Jiang, and V. Cocquempot, “Fault tolerant control for T-S
fuzzy systems with application to near-space hypersonic vehicle with
actuator faults,” IEEE Trans. Fuzzy Syst., vol. 20, no. 4, pp. 652-665,
Aug. 2012.

M. A. Bolender and D. B. Doman, “Nonlinear longitudinal dynamical
model of an air-breathing hypersonic vehicle,” J. Spacecr. Rockets,
vol. 44, no. 2, pp. 374-387, Mar. 2007.

L. Fiorentini, A. Serrani, M. A. Bolender, and D. B. Doman, ‘“Nonlinear
robust adaptive control of flexible air-breathing hypersonic vehicles,” J.
Guid. Control Dyn., vol. 32, no. 2, pp. 401-416, Mar. 2009.

R. Zuo, Y. Li, M. Lv, X. Wang, and Z. Liu, “Realization of trajectory
precise tracking for hypersonic flight vehicles with prescribed perfor-
mances,” Aerosp. Sci. Technol., vol. 111, Apr. 2021, Art. no. 106554.
Z. Liu, X. Tan, R. Yuan, G. Fan, and J. Yi, “Immersion and invari-
ancebased output feedback control of air-breathing hypersonic vehicles,”
IEEE Trans. Autom. Sci. Eng., vol. 13, no. 1, pp. 394-402, Jan. 2016.
J. Sun, Z. Pu, J. Yi, and Z. Liu, “Fixed-time control with uncertainty and
measurement noise suppression for hypersonic vehicles via augmented
sliding mode observers,” IEEE Trans. Ind. Informat., vol. 16, no. 2,
pp. 1192-1203, Feb. 2020.

H. Xu, M. Mirmirani, and P. Joannou, “Adaptive sliding mode control
design for a hypersonic flight vehicle,” J. Guid. Control Dyn., vol. 27,
pp. 829-838, Sep. 2004.

Q. Zong, J. Wang, B. Tian, and Y. Tao, “Quasi-continuous high-order
sliding mode controller and observer design for flexible hypersonic
vehicle,” Aerosp. Sci. Technol., vol. 27, pp. 127-137, Jun. 2013.

J. Sun, J. Yi, Z. Pu, and Z. Liu, “Adaptive fuzzy nonsmooth backstep-
ping output-feedback control for hypersonic vehicles with finite-time
convergence,” IEEE Trans. Fuzzy Syst., vol. 28, no. 10, pp. 2320-2334,
Oct. 2020, doi: 10.1109/TFUZZ.2019.2934934.

X. Bu, “Air-breathing hypersonic vehicles funnel control using
neural approximation of non-affine dynamics,” IEEE/ASME Trans.
Mechatronics, vol. 23, no. 5, pp. 2099-2108, Oct. 2018.

X. Bu, “Envelope-constraint-based tracking control of air-breathing
hypersonic vehicles,” Aerosp. Sci. Technol., vol. 95, Dec. 2019,
Art. no. 105429.

Z.Zhang, Y. Song, and C. Wen, “Adaptive decentralized output-feedback
control dealing with static/dynamic interactions and different-unknown
subsystem control directions,” IEEE Trans. Autom. Control, vol. 66,
no. 8, pp. 3818-3824, Aug. 2021, doi: 10.1109/TAC.2020.3028563.

J. Shaughnessy, S. Pickney, and J. McMinn, “Hypersonic vehicle simu-
lation model: Winged-cone configuration,” NASA Langley Res. Center,
Hampton, VA, USA, Rep. TM-102610, 1990.

B. Xu, R. Qi, and B. Jiang, “Adaptive fault-tolerant control for HSV
with unknown control direction,” IEEE Trans. Aerosp. Electron. Syst.,
vol. 55, no. 6, pp. 2743-2758, Dec. 2019.

R. D. Nussbaum, “Some remarks on the conjecture in parameter adaptive
control,” Syst. Control Lett., vol. 3, no. 5, pp. 243-246, Nov. 1983.

X. Ye, “Asymptotic regulation of time-varying uncertain nonlin-
ear systems with unknown control directions,” Automatica, vol. 35,
pp. 929-935, May 1999.

S. S. Ge and J. Wang, “Robust adaptive neural control for a class of
perturbed strict feedback nonlinear systems,” IEEE Trans. Neural Netw.
Learn. Syst., vol. 13, no. 6, pp. 1409-1419, Nov. 2002.

Y. Liu and S. Tong, “Barrier Lyapunov functions for Nussbaum gain
adaptive control of full state constrained nonlinear systems,” Automatica,
vol. 76, pp. 143-152, Feb. 2017.

S. S. Ge and J. Wang, “Robust adaptive tracking for time-varying uncer-
tain nonlinear systems with unknown control coefficients,” IEEE Trans.
Autom. Control, vol. 48, no. 8, pp. 1463-1469, Aug. 2003.

M. Lv, W. Yu, J. Cao, and S. Baldi, “Consensus in high-power
multi-agent systems with mixed unknown control directions via hybrid
Nussbaum-based control,” IEEE Trans. Cybern., early access, Nov. 4,
2020, doi: 10.1109/TCYB.2020.3028171.

Z. Chen, “Nussbaum functions in adaptive control with time-
varying unknown control coefficients,” Automatica, vol. 102, pp. 72-79,
Apr. 2019.

X. Ye and J. Jiang, “Adaptive nonlinear design without a priori knowl-
edge of control directions,” IEEE Trans. Autom. Control, vol. 43, no. 11,
pp. 1617-1621, Nov. 1998.

J. Huang, W. Wang, C. Wen, and J. Zhou, “Adaptive control of a class
of strict-feedback time-varying nonlinear systems with unknown control
coefficients,” Automatica, vol. 93, pp. 98-105, Jul. 2018.

Authorized licensed use limited to: TU Delft Library. Downloaded on May 11,2023 at 14:11:43 UTC from IEEE Xplore. Restrictions apply.


http://dx.doi.org/10.1109/TMECH.2021.3090509
http://dx.doi.org/10.1109/TFUZZ.2019.2934934
http://dx.doi.org/10.1109/TAC.2020.3028563
http://dx.doi.org/10.1109/TCYB.2020.3028171

2790

[31]

[32]

[33]

[34]

[35]

[36]

(371

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

W. Chen, X. Li, W. Ren, and C. Wen, “Adaptive consensus of multi-
agent systems with unknown identical control directions based on a
novel Nussbaum-type function,” IEEE Trans. Autom. Control, vol. 59,
no. 7, pp. 1887-1892, Jul. 2014.

C. Chen, C. Wen, Z. Liu, K. Xie, Y. Zhang, and C. L. P. Chen, “Adaptive
consensus of nonlinear multi-agent systems with non-identical partially
unknown control directions and bounded modelling errors,” IEEE Trans.
Autom. Control, vol. 62, no. 9, pp. 4654-4659, Sep. 2017.

K. Zhao and Y. Song, “Removing the feasibility conditions imposed
on tracking control designs for state-constrained strict-feedback
systems,” IEEE Trans. Autom. Control, vol. 64, no. 3, pp. 1265-1272,
Mar. 2019.

L. Tang, D. Ma, and J. Zhao, “Adaptive neural control for
switched nonlinear systems with multiple tracking error con-
straints,” IET Signal Process., vol. 13, no. 3, pp. 330-337, 2019,
doi: 10.1049/iet-spr.2018.5077.

K. Zhao, Y. Song, and Z. Zhang, “Tracking control of MIMO nonlin-
ear systems under full state constraints: A single parameter adaptation
approach free from feasibility conditions,” Automatica, vol. 55, no. 8,
pp. 52-60, 2019.

K. P. Tee and S. S. Ge, “Barrier Lyapunov functions for the con-
trol of output-constrained nonlinear systems,” Automatica, vol. 45,
pp. 918-927, Apr. 2009.

B. Xu, Z. Shi, F. Sun, and W. He, “Barrier Lyapunov function based
learning control of hypersonic flight vehicle with AOA constraint and
actuator faults,” IEEE Trans. Cybern., vol. 49, no. 3, pp. 1047-1057,
Mar. 2019.

K. Zhao, Y. Song, C. L. P. Chen, and L. Chen, “Control of nonlinear
systems under dynamic constraints: A unified barrier function based
approach,” Automatica, vol. 56, no. 9, pp. 1-9, 2020.

S. S. Ge, C. Hang, and T. Zhang, “A direct adaptive controller
for dynamic systems with a class of nonlinear parameterizations,”
Automatica, vol. 35, pp. 741-747, Apr. 1999.

K. P. Tee and S. S. Ge, “Control of state-constrained nonlinear systems
using integral barrier Lyapunov functionals,” in Proc. 51st IEEE Conf.
Decis. Control, Dec. 2012, pp. 3239-3244.

L. Liu, T. Gao, Y. Liu, S. Tong, C. L. P. Chen, and L. Ma, “Time-varying
IBLFs-based adaptive control of uncertain nonlinear systems with full
state constraints,” Automatica, vol. 129, Jul. 2021, Art. no. 109595.

B. Liu, M. Hou, J. Ni, Y. Li, and Z. Wu, “Asymmetric integral barrier
Lyapunov function-based adaptive tracking control considering full-state
with input magnitude and rate constraint,” J. Franklin Inst., vol. 357,
pp. 9709-9732, Sep. 2020.

C. Wang, C. Wen, and L. Guo, “Multivariable adaptive control with
unknown signs of the high-frequency gain matrix using novel Nussbaum
functions,” Automatica, vol. 111, Jan. 2020, Art. no. 108618.

L. Wang, Adaptive Fuzzy Systems and Control: Design and Stability
Analysis. Englewood Cliffs, NJ, USA: Prentice Hall, 1994.

J. Dong, Y. Wu, and G. Yang, “A new sensor fault isolation method for
T-S fuzzy systems,” IEEE Trans. Cybern., vol. 47, no. 9, pp. 2437-2447,
Sep. 2017.

Z. Zhang, H. Liang, C. Wu, and C. K. Ahn, “Adaptive event-triggered
output feedback fuzzy control for nonlinear networked systems with
packet dropouts and actuator failure,” IEEE Trans. Fuzzy Syst., vol. 27,
no. 9, pp. 1793-1806, Sep. 2019.

D.Li, L. Liu, Y. Liu, S. Tong, and C. L. P. Chen, “Fuzzy approximation-
based adaptive control of nonlinear uncertain state constrained systems
with time-varying delays,” IEEE Trans. Fuzzy Syst., vol. 28, no. 8,
pp. 1620-1630, Aug. 2020.

X. Zhao and H. Yang, “Adaptive fuzzy hierarchical sliding mode con-
trol for a class of MIMO nonlinear time-delay systems with input
saturation,” IEEE Trans. Fuzzy Syst., vol. 25, no. 5, pp. 1062-1077,
Oct. 2017.

H. Liang, X. Guo, Y. Pan, and T. Huang, “Event-triggered fuzzy bipartite
tracking control for network systems based on distributed reduced-order
observers,” IEEE Trans. Fuzzy Syst., vol. 29, no. 6, pp. 1601-1614,
Jun. 2021, doi: 10.1109/TFUZZ.2020.2982618.

M. Lv, W. Yu, and S. Baldi, “The set-invariance paradigm in fuzzy adap-
tive DSC design of large-scale nonlinear input-constrained systems,”
IEEE Trans. Syst., Man, Cybern., Syst., vol. 51, no. 2, pp. 1035-1045,
Feb. 2021.

D. Swaroop, J. K. Hedrick, P. P. Yip, and J. C. Gerdes, “Dynamic surface
control for a class of nonlinear systems,” IEEE Trans. Autom. Control,
vol. 45, no. 10, pp. 1893-1899, Oct. 2000.

[52]

(53]

[54]

[55]

[56]

(571

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

(71]

IEEE TRANSACTIONS ON CYBERNETICS, VOL. 53, NO. 5, MAY 2023

H. Deng and M. Kirstic, “Stochastic nonlinear stabilization—I: A back-
stepping design,” Syst. Control Lett., vol. 32, pp. 143—-150, Nov. 1997.
Y. Li and S. Tong, “A bound estimation approach for adap-
tive fuzzy asymptotic tracking of uncertain stochastic nonlinear
systems,” [EEE Trans. Cybern., early access, Nov. 10, 2020,
doi: 10.1109/TCYB.2020.3030276.

T. Lei, W. Meng, K. Zhao, and L. Chen, “Adaptive asymptotic track-
ing control of constrained MIMO nonlinear systems via event-triggered
strategy,” Int. J. Robust Nonlinear Control, vol. 31, no. 5, pp. 1479-1496,
2020, doi: 10.1002/rnc.5372.

X. Zhao, X. Wang, L. Ma, and G. Zong, “Fuzzy-approximation-based
asymptotic tracking control for a class of uncertain switched nonlin-
ear systems,” [EEE Trans. Fuzzy Syst., vol. 28, no. 4, pp. 632-644,
Apr. 2020.

Y. Li, X. Hu, W. Che, and Z. Hou, “Event-based adaptive fuzzy
asymptotic tracking control of uncertain nonlinear systems,” [EEE
Trans. Fuzzy Syst., vol. 29, no. 10, pp. 3003-3013, Oct. 2021,
doi: 10.1109/TFUZZ.2020.3010643.

H. Ye and B. Jiang, “Adaptive switching control for hypersonic vehicle
with uncertain control direction,” J. Franklin Inst., vol. 357, no. 13,
pp. 8851-8869, 2020, doi: 10.1016/j.jfranklin.2020.06.014.

H. E. Psillakis, “Further results on the use of nussbaum gains in adaptive
neural network control,” IEEE Trans. Autom. Control, vol. 55, no. 12,
pp. 2841-2846, Dec. 2010.

P. Shi and Q. K. Shen, “Cooperative control of multi-agent systems with
unknown state-dependent controlling effects,” IEEE Trans. Autom. Sci.
Eng., vol. 12, no. 3, pp. 827-834, Jul. 2015.

G. Zong, H. Ren, and H. R. Karimi, “Event-triggered communication
and annular finite-time Hyo filtering for networked switched systems,”
IEEE Trans. Cybern., vol. 51, no. 1, pp. 309-317, Jan. 2021.

H. Ren, G. Zong, and T. Li, “Event-triggered finite-time control for net-
worked switched linear systems with asynchronous switching,” IEEE
Trans. Syst, Man, Cybern., Syst., vol. 48, no. 11, pp. 1874-1884,
Nov. 2018.

H. Liang, Y. Zhang, T. Huang, and H. Ma, “Prescribed performance

cooperative control for multiagent systems with input quanti-
zation,” [EEE Trans. Cybern., vol. 50, no.5, pp. 1810-1819,
May 2020.

L. Ma, N. Xu, X. Zhao, G. Zong, and X. Huo, “Small-gain tech-
nique based adaptive neural output-feedback fault-tolerant control of
switched nonlinear systems with unmodeled dynamics,” IEEE Trans.
Syst., Man, Cybern., Syst., vol. 51, no. 11, pp. 7051-7062, Nov. 2021,
doi: 10.1109/TSMC.2020.2964822.

D. Yang, G. Zong, and H. R. Karimi, “Hy refined anti-
disturbance control of switched LPV systems with application to
aero-engine,” IEEE Trans. Ind. Electron., vol. 67, no. 4, pp. 3180-3190,
Apr. 2020.

S. Sui, C. L. P. Chen, and S. Tong, “Neural network filtering con-
trol design for nontriangular structure switched nonlinear systems in
finite time,” IEEE Trans. Neural Netw. Learn. Syst., vol. 30, no. 7,
pp- 2153-2162, Jul. 2019.

S. Sui, C. L. P. Chen, and S. Tong, “A novel adaptive NN prescribed
performance control for stochastic nonlinear systems,” IEEE Trans.
Neural Netw. Learn. Syst., vol. 32, no. 7, pp. 3196-3205, Jul. 2021,
doi: 10.1109/TNNLS.2020.3010333.

K. Zhao, Y. Song, and L. Chen, “Tracking control of nonlinear systems
with improved performance via transformational approach,” Int. J.
Robust Nonlinear Control, vol. 29, no. 6, pp. 1789-1806, 2019.

M. Lv, B. De Schutter, C. Shi, and S. Baldi, “Logic-based dis-
tributed switching control for agents in power chained form with
multiple unknown control directions,” Automatica, vol. 137, Jan. 2022,
Art. no. 110143.

G. Zong, H. Sun, and S. K. Nguang, “Decentralized adaptive neuro-
output feedback saturated control for INS and its application to AUV,”
IEEE Trans. Neural Netw. Learn. Syst., vol. 32, no. 12, pp. 5492-5501,
Dec. 2021, doi: 10.1109/TNNLS.2021.3050992.

M. Lv, W. Yu, J. Cao, and S. Baldi, “A separation-based methodol-
ogy to consensus tracking of switched high-order nonlinear multi-agent
systems,” IEEE Trans. Neural Netw. Learn. Syst., early access, Apr. 14,
2021, doi: 10.1109/TNNLS.2021.3070824.

M. Lv, B. De Schutter, W. Yu, and S. Baldi, “Adaptive asymp-
totic tracking for a class of uncertain switched positive compart-
mental models with application to anesthesia,” IEEE Trans. Syst.,
Man, Cybern., Syst., vol. 51, no. 8, pp. 49364942, Aug. 2021,
doi: 10.1109/TSMC.2019.2945590.

Authorized licensed use limited to: TU Delft Library. Downloaded on May 11,2023 at 14:11:43 UTC from IEEE Xplore. Restrictions apply.


http://dx.doi.org/10.1049/iet-spr.2018.5077
http://dx.doi.org/10.1109/TFUZZ.2020.2982618
http://dx.doi.org/10.1109/TCYB.2020.3030276
http://dx.doi.org/10.1002/rnc.5372
http://dx.doi.org/10.1109/TFUZZ.2020.3010643
http://dx.doi.org/10.1016/j.jfranklin.2020.06.014
http://dx.doi.org/10.1109/TSMC.2020.2964822
http://dx.doi.org/10.1109/TNNLS.2020.3010333
http://dx.doi.org/10.1109/TNNLS.2021.3050992
http://dx.doi.org/10.1109/TNNLS.2021.3070824
http://dx.doi.org/10.1109/TSMC.2019.2945590


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo false
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Arial-Black
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /ComicSansMS
    /ComicSansMS-Bold
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FranklinGothic-Medium
    /FranklinGothic-MediumItalic
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Gautami
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /Helvetica
    /Helvetica-Bold
    /HelveticaBolditalic-BoldOblique
    /Helvetica-BoldOblique
    /Helvetica-Condensed-Bold
    /Helvetica-LightOblique
    /HelveticaNeue-Bold
    /HelveticaNeue-BoldItalic
    /HelveticaNeue-Condensed
    /HelveticaNeue-CondensedObl
    /HelveticaNeue-Italic
    /HelveticaNeueLightcon-LightCond
    /HelveticaNeue-MediumCond
    /HelveticaNeue-MediumCondObl
    /HelveticaNeue-Roman
    /HelveticaNeue-ThinCond
    /Helvetica-Oblique
    /HelvetisADF-Bold
    /HelvetisADF-BoldItalic
    /HelvetisADFCd-Bold
    /HelvetisADFCd-BoldItalic
    /HelvetisADFCd-Italic
    /HelvetisADFCd-Regular
    /HelvetisADFEx-Bold
    /HelvetisADFEx-BoldItalic
    /HelvetisADFEx-Italic
    /HelvetisADFEx-Regular
    /HelvetisADF-Italic
    /HelvetisADF-Regular
    /Impact
    /Kartika
    /Latha
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaConsole
    /LucidaSans
    /LucidaSans-Demi
    /LucidaSans-DemiItalic
    /LucidaSans-Italic
    /LucidaSansUnicode
    /Mangal-Regular
    /MicrosoftSansSerif
    /MonotypeCorsiva
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /MVBoli
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Raavi
    /Shruti
    /Sylfaen
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /Times-Bold
    /Times-BoldItalic
    /Times-Italic
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Tunga-Regular
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /Vrinda
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryITCbyBT-MediumItal
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 200
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 200
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 400
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Recommended"  settings for PDF Specification 4.01)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


