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Fuzzy Optimal Tracking Control of Hypersonic Flight
Vehicles via Single-Network Adaptive Critic Design

Xiangwei Bu

Abstract—Optimal performance is extremely important for hy-
personic flight control. Different from most existing methodologies,
which only consider basic control performance including stability,
robustness, and transient performance, this article deals with the
design of nearly optimal tracking controllers for hypersonic flight
vehicles (HFVs). First, main controllers are developed for the ve-
locity subsystem and the altitude subsystem of HFVs via concise
fuzzy approximations. Then, optimal controllers are nearly imple-
mented utilizing single-network adaptive critic design. Moreover,
the stability of closed-loop systems and the convergence of optimal
controllers are theoretically proved. Finally, compared simulation
results are given to verify the superiority. The special contribution
is the application of a low-complex control structure owing to the
critic-only network and advanced learning laws developed for fuzzy
approximations, which is expected to guarantee satisfied real-time
performance.

Index Terms—Fuzzy approximations, hypersonic flight
vehicles (HFVs), optimal performance, real-time performance,
single-network adaptive critic design.

I. INTRODUCTION

YPERSONIC flight vehicles (HFVs) have potential to
H serve as long-range transports and carriers of rapid and ac-
curate attack weapons [ 1]-[5]. The design of control systems for
HFVs continues to be a topic of important research interest, and
it is inherently difficult due to the fact that the vehicle dynamics
are nonlinear, coupled, and uncertain. Furthermore, hypersonic
flight controllers must handle narrow flight envelopes, rapidly
time-varying flight circumstances, and notable flexible effects.
In addition to ensuring control authority over the entire flight
envelope, an optimal index is also necessary for HFVs’ control
systems to accomplish miscellaneous missions.

Hypersonic flight control has received worldwide attention
in recent years because of the interesting and hard-to-handle
flight conditions connected with high Mach numbers. Thereby,
considerable efforts have been made by researchers to exploit
advanced controllers for HFVs for the purpose of attaining
stable tracking of reference trajectories [6]—[9]. In the literature,
stability performance of the closed-loop control system is a
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primarily considered index for HFVs by incorporating baseline
controllers with additional terms [10]-[13]. In [12], a robust
control method is studied for HFVs to maintain control stability
and reject parametric perturbations. First, dynamic inversion is
combined with back-stepping to develop baseline controllers for
the velocity subsystem and the altitude subsystem. And then,
sliding-mode switching terms together with neural estimators
are applied to increase the tolerance of closed-loop control
systems to external disturbances and model uncertainties. An
alternative method, which is available for resisting system uncer-
tainties and external disturbances of HFVs, is the active distur-
bance rejection control (ADRC) approach [14]. The difference
from [12] is that it [14] only considers the attitude control issue.
A common problem, which arises in the hypersonic control
domain, is actuator faults/saturations [15]-[17]. This may result
in tracking performance reducing even instability. A possible
solution to this problem is to add auxiliary systems to baseline
controllers. The compensation signals generated by auxiliary
systems can stabilize hypersonic flight control systems in the
presence of actuator faults/saturations. Unlike the abovemen-
tioned disturbance-compensation methodologies, a new offset-
free control approach is proposed in [ 18] to make the control sys-
tem resistant to disturbances and unknown dynamics. Besides,
other estimators such as disturbance observers [8] and intelligent
approximations [19]-[21] also are usually used to resist distur-
bances. On the other hand, except for stabilization, transient
performance is widely considered to be a very significant index
for hypersonic flight control systems. Prescribed performance
control (PPC) [9], [22] has been shown to efficiently guarantee
transient performance. The key point of PPC is to devise perfor-
mance functions, which are used to impose funnel constraints on
tracking errors. And then, the desired prescribed performance
is realized owing to the boundedness of transformed errors
[91, [22].

Most of the methodologies mentioned above, however, are
aimed at guaranteeing steady-state performance and transient
performance for hypersonic flight control systems under dif-
ferent actual conditions including uncertainties, disturbances,
and actuator saturations/faults. Unfortunately, only such basic
performance is not enough for hypersonic flight control, and
instead we must further seek some optimal performance indexes
[23]-[27]. Adaptive critic design (ACD) is a newly emerging
methodology to solve optimal control problems, and it has many
possible uses in the optimal control of simple dynamic systems.
Its typical structure is the dual-network framework containing
a critic network and an action network. This is also called the
critic—actor structure inspired by reinforcement learning. The
main superiority of ACD in comparison with traditional optimal
controllers is that its critic network can generate strength signals
based on the current control quality to further improve the action
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movement [28]-[34]. This finally minimizes cost functions and
enhances control performance. Despite this advantage, a well-
known problem with the dual-network structure is that it results
in high-computation burdens caused by the fact that both the
critic network and the action network should be approximately
estimated by neural or fuzzy approximations. However, another
popular framework called single-network ACD (SACD) exhibits
a better application prospect, because it has simpler structure
compared with dual-network ACD. Even so, the existing SACD
cannot be directly employed to hypersonic flight control because
of the following serious defects. First, most of SACD strategies
only focus on the stabilization problem, while hypersonic flight
control belongs to a trajectory tracking control issue, and sec-
ondly the existing studies require that the control input must
eventually converge to zero, which is unrealistic for hypersonic
flight control systems.

This article considers nearly optimal trajectory tracking con-
trol designing for HFVs with uncertain dynamics. The main
contributions are summarized as follows.

1) The control structure complexity is low via concise SACD
for the sake of guaranteeing real-time performance. Dif-
ferent from the existing studies [27], [28], [33], this article
proposes a single-adaptive-parameter-based strategy to
construct the critic network, which has only one adaptive
parameter.

2) The previous methods [29], [34] focus on the stabilization
problem, that is, system outputs must converge to zero.
The addressed optimal controller in this article is extended
to the tracking control issue and it enables system outputs
to track given reference commands.

3) The optimal tracking methodologies developed in [30]-
[32] are only applicable to special dynamic systems whose
control inputs must eventually converge to zero. Such
restriction is released in this article and the control inputs
are allowed to converge to nonzero constants.

II. PROBLEM FORMULATION AND PRELIMINARIES

A. Vehicle Model

The considered vehicle model consists of five rigid-body
states (velocity V, altitude h, flight-path angle -, pitch angle 6,
and pitch rate Q) and two flexible states 777 and 72. The motion
equations are described as [35] follows:

. 1
V:E[COS(GfV)TfD]fgsin'y (D)
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where T, D, L, M, N1, and N5 stand for trust force, drag force,
lift force, pitching moment, and generalized forces, respectively.
These forces are functions of system states and control inputs,
given by

T ~ o (510 + B2) + o (B3P + Ba)
+a(Bs® + Bs) + BrP + B

D ~0.5¢ %5 poV2S (C%2a2+0§5§+0%a+0%56+6’%)
~ ho-h 2 « Se 0
L = 0.5e w pgV=S(Cra+ Cidé.+C}
ho-h 2 a—
M = zpT + 0.5e s pgV*“Se
x [Cﬁaoﬂ + O a4+ O+ 0556]
Ny = N a2+ NPa+ N2, Ny = N&“ o2 + Nga

+ N33 + N3.

The control inputs include the elevator angular deflection .
and the fuel equivalence ratio ®. All the definitions of coeffi-
cients and variables in the abovementioned equations can be
seen in [35]. We should mention that only rigid-body states
can be actually measured such that they are available for state
feedbak, while the flexible states are often suppressed as distur-
bances. Then, the control objective is to devise ® and J. such
that V' — Vier and h — h,of, Where Vier and h,er are chosen
reference trajectories for velocity and altitude.

B. Fuzzy Approximation

In this section, we recall the basic principle of fuzzy approxi-
mations, which will be applied to stabilize the unknown dynam-
ics of HFVs’ model via an estimation-compensation approach.

The fuzzy approximation of a continuous function f(xy) is
formulated as the following input-to-output mapping [36]:

f(xp) =CFmp(xs) +ep ®)

where f(xy) is the function of x; and xy= [x{,mg
.,xfl]T € RN is the input vector of fuzzy system (8).
Cr= [C{,C{, .. .,C};]T € ®Vis a weight vector. wy(xy) =

[w] (xf), @} (xf), ...,k (x;)]7 is a basis function vector

with %! (x7) = 11y s () /(0 ([T g () i =
1,2,...,n;5=1,2,..., N, where uq,g(x{) is a Gaussian-
function-based fuzzy membership function. £ y means the fuzzy
approximation error. It has been proved that there exists a con-
stant 59/1 € R such that SUDx cq, |f(xs) — C?wf(xfﬂ =

gr < 5}”, where €y, is a compact set.

Remark 1: Though £; can be made infinitesimal when
choosing sufficiently large dimensions for ¢, and =y (xy),
the unknown term ey still leads to a problem related to the
implementations of control laws, which is usually tackled using
the adaptive strategy by online updating ¢ ;. This also results
in high computational costs owing to too many elements of
¢ ¢- For an arbitrarily unknown function, we can obtain a low-
computational approximation by directly turning ||¢ ;|| instead
of its elements. This is very significant for HFVs to guarantee
their control systems with excellent real-time performance.
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Based on SACD, function approximations are necessary
for critic network designs. Unfortunately, the abovementioned
fuzzy system (8) is not suitable for HFVs to devise critic
networks. According to the gradient descend method, we must
adjust all the elements of ¢ ; via developing adaptive laws based
on Lyapunov theory. Undoubtedly, the control real-time perfor-
mance cannot meet the requirement of hypersonic flight control
if we use fuzzy formulation (8) to develop critic networks. For
this reason, we give another form of fuzzy approximations,
called fuzzy Hyperbolic model (FHM) [37], to construct the
critic network subsequently.

FHM can be utilized to reconstruct an arbitrary dynamic
system

$e = Wi tanh(K,, ¢,) + Wirtanh(K,v)  (9)

where ¢, = [p%, 0%, ..., p%]T € R™ is a system state vector
and v = [v1, V2, ..., U] € R™ an input vector. W5 € R™*"
and W5 € ™™ are weight vectors. tanh(K,, ¢,) =
[tanh(k{*@?), tanh(ks® %), ... tanh(kf=p%)]T and tanh
(K,v) = [tanh(kYv1), tanh(kYvs), . . ., tanh(kY,v,, )] T are
Hyperbolic basis function vectors.

Remark 2: In what follows, we use FHM to design critic
networks, which helps to reduce computation loads and ensure
real-time performance because ¢, and W%" degenerate into
scalars in the design process of each critic network.

III. CONTROLLER DESIGN

A. Vehicle Controller Design

This subsystem presents the design process of a fuzzy opti-
mal controller for velocity subsystem (1) to make V— V¢ and
minimize the cost function (20).

We represent velocity subsystem (1) as follows:

V=ay + o, + o (10)

where ® = &, + &*, & isamain controller and ®* is an optimal
controller, which is used to optimize performance index (20).
ay =T cos(f —v)/m —D/m — gsiny — ® is an unknown
but continuous function. Note that ay is a function of states and
control inputs, and control inputs are functions of states since
they are computed based on state-feedback controllers. Hence,
we can use fuzzy system (8) to estimate ay .

ay = (L@ (X) +ev (11)

where ¢y = [¢),¢Y,...,¢Y]T € R™ is a weight vector and
X = [V,h,v,0,Q]" € R5 is an input vector. The estimation
error ey satisfies ey | < e with a positive constant £ . zo (X))
has the same formulation as © s (x ).

We define
V=V~ Ve (12)
Invoking (10), we obtain f/
V=ay + 0, + & — V. (13)

We design @, as follows:

t

By = —y1 T — v / Vdr—05Vey @ (X)w(X)+ Vet
0

(14)
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where ki1 € RT and ko € R are constants, and @y is the
estimation of oy = ||¢/||>. We devise the following learning
law for @y :

ov = 05ly V3w (X)w (X) — 2ky1py (15)

where [y, € RTis a constant.
The Lyapunov function is defined as follows:

Ly = 0.5V 4 0.5ky+ </Ot f/dT> 2 +0.5¢% /Iy (16)
with @y = oy — py. )
Utilizing (11) and (13)—(15), Ly ; is reduced as
Lvi= —knV2+V¢hw (X) - 05V2ppw! (X)w (X)
+05V2eyw? (X) w (X) — 2kv1py oy /Iy
+Vey +VO* (17)

Because of~ 2kviovoy > —~le<,0%,, VEV <0.5V2 +
0.5(e¥)? and V¢Tw(X) < 0.5V2pyw’ (X)w(X) + 0.5,
]:V,l becomes

Lvi < — (kvi —0.5) V2 4 0.5+ kyig? /Iy +0.5(e)

WA

+ Vo, (18)
S

The existing work [8] shows that E%, can be stabilized. For

Z%,, we will develop an optimal controller based on SACD.
We give the following dynamics:

V= o,

19)
We define the following cost function:
Jo= [ [@un)+ ovien)a (20)
0

where Qv (V) = qyV? and 9y (®) = ry (®*)? with positive
constants gy and ry/.

We further obtain the Hamilton—Jacobi-Bellman (HJB)
equation

Hy(V, 0", Jy) = Qv(V) +9v(2) + VJyd*  (21)
with V.Jy = 8.y /OV.
We design * as follows:
®* = —0.5r,' VJy. (22)

Since V.Jy is an unknown term, we use FHM to construct the
critic network via adaptively estimating Jy- as follows:

Jy = Agtanh(KgV) + e (23)
where Ay € R, Ky € RT, and €y, is an estimation error.
From (23), we have V.Jy as follows:
VJy = Ay Ay + e JOV (24)

with Ay, = Otanh(Ky V) /OV.
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Substituting (24) into (21), we have
Hy(V, 0", Jy) = Apoy + Qv (V) + 0v (D) — effyp (25)

where o, = A ®@* and e}y = ©*dey;/OV means the residual
error of HIB. The sustained incentive condition can ensure the
boundedness of cyjB, where EK’JB is
a positive constant.

Then, the optimal control ®* becomes

' = 05 (AgAg + 0 /7). (26)

Because A\? is an unknown variable, we define its estimation
as Ay,. Furthermore, we use Ay to replace Ay, leading to

Jy = Aptanh(K;V) 27)
VJiy = Ay Ag. (28)
Finally, we obtain ®* as follows:
&' = —05y! [Ky - Kptanh® (Ko V)] A 29)
The HJB equation becomes
ey £ Hy(V, 0", Jy) = Sy + Qu(V) + 9y (®)  (30)

with X = Ay Ay @*.
Defining Ey, = e%// 2, we develop the following regulation
law to minimize EYy;:

A‘*/ = —a‘*/aE(//aA“/

= —agoy [opdp +QuV) +ov(@)] 6D
with 0y = Ay ®* = [Ky — Kptanh?(KyV)]®* and ay €
Rt

Defining fl‘; Ay — Ag and using (25), we get

‘Zlf/ = —Qyoy; (O’VAV + é‘KJB) . (32)
We chose the Lyapunov function candidate as follows:
Ly2=A2/(20p) + V? + 2Ty Jy. (33)
Lvyz is derived as follows:
Lyo= —02A%2 —2 v oo A L eVin + 2V P
> Vv 204‘"/ m HJB
+20y [-Qu (V) - oy (@")] (34)

. o ~ 1 e ~ 1
Using -2 \/LUVAV MEKJB < Tva‘%/A%/ + s
(eHJB) (34) becomes

: 1 VM 2
(@) V2 + [1 = 2Ty Amin (9v)] (®7)%.
(35)
Combining (16) and (33), we have the total Lyapunov function
Ly =Ly1+Lyps. (36)

+ [1 - 2IWV)\mm

We further have LV

Ly < —ky V2= (0‘7 — avov/Z)

+ [2 - 2]-—\V)"min (QV)] V

4+ [1.5 = 20y Amin (90)] (D)2 + Ty (37)

with Wy, —05+kv1(p1/l1+05(€1) 5(€HJB) /OLV
Let T'y > max{1/Amin(Qv), 3/4Amin (%)}, kyv1 > 0, and
oy < 2. Then, (36) becomes

Ly < —ky V2 — (02 —apoi/2) A2 + Wy (38)

It can be seen that V and A(, are convergent, that is,
V =y and Ay —Qz  when ¢ — oo, where Q; =

{Agll Ayl < |/ Oy /(0% — 0.5a50%)} and Qp = {V]|V]

VO [y}
Remark 3: The sustained incentive condition leads to that
|02y OV || < Aeg 5, with a constant Ay, € RT. From

(22) and (26), we know |P* — &*| = 057! (Ap A
— 02 /OV)] < 0.5r [|Ap [(AM) (A )7, where AY is
the upper bound of fl‘;.

IA

B. Altitude Controller Design

In this subsystem, we will develop a fuzzy optimal con-
troller for altitude subsystem (2)—(5) via back-stepping such that
h—h,er and makes cost function (64) minimal.

We define yq = arcsin(—kn1h/V — kpa f(f hdr |V + heet /V),
where h = h — hret is the altitude tracking error, kp; € R
and kpo € RT are constants, and 7q is the command of ~.
Then, ‘we can conclude that h — 0 (when t— o0) if v — 4
since hh = —kp1h? — kps f(f h2dr < 0 and hh = 0 only when
h = 0. The subsequent design goal becomes 7 — 4.

We formulate (3)—(5) as follows:

a'syzav—f—:cg,:te:xQ,mQ:aQ—l—ée 39)
with a, = L/(mV)+ Tsin(d —)/(mV) — gcosy/V — 0,
ag = (M + 111 + afie) /Iy — des x4 =7, 9 =0, and
T = Q
Similarly, we use the fuzzy system (8) to approximate un-
known functions a., and ag.
ay =l (X) + ey, ley < e
ag = Cow (X) +eq.leql < &l

where (., = [¢7,¢9,. .., ¢t 63?” and CQ—[Cl,C2,...7

¢Q]T € R are weight vectors; s and sQ are the upper bounds
of €, and £, respectively.

Step 1: Define

(40)

€y = Ty —Vd- 41
Utilizing (39), ¢, is given by the following:
by =ay+ 2o —Fa=0y+eg+5s9+0s+0 =55 (42)

where 0, is a main virtual controller and §* is an optimal virtual
controller. eg and sy will be defined subsequently.
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We define 6, as follows:

t
1 .
0s = —ky1eq — k,yg/ e,dr — 56790.wa (X))@ (X) + A
0
(43)
where k1 € RT and ko € R are design constants. (-, denotes

the estimate of ¢, = [|¢,[|*. We select the following adaptive
law for ¢ as follows:

Gy = 0.5l 2w” (X) @ (X) — 2ky1y (44)

where [, € R is a design parameter.

We define ¢ as the estimate of § and introduce the following
filter:

Toig = 0 — x3,0(0) = 23(0) (45)
where 79 € Rtis a constant.
Step 2: Define
eg = Tg — T4, (46)
Based on (39), ég is given by the following:
bp =109 —Fg=eqt+sg+Qs+Q —if  (47)

where eq and sg will be defined subsequently. @5 is a main

virtual controller and Q* is an optimal virtual controller.
Define @), as follows:

t
Qs = —koreg — k92/ epdT — ey + i (48)
0
where kg1 € RT and kgo € R are chosen constants.

To obtain the time derivative of Q,, we give the following
filter:

TQif = Q — 2, Q(0) = 2§ (0) (49)
where ;1:% is the estimation of Q.
Step 3: Define
eQ =1 — TH. (50)
Invoking (39), ¢ is formulated as follows:
ég=aqQ+0.—ih=ag+6+0; -2, (5D

where ¢7 is amain altitude controller and §7 is an optimal altitude
controller.
We design J; as follows:

t
53 = — leeQ - ng/ eQdT - O.56Q@QWT (X)w (X)
0

— ey + i (52)
where kg1 € BT and kgo € R are constants. ¢¢ is the es-
timate of v = ||¢ol|?, and its learning law is developed as
follows:

$q = 0.5lgepw” (X) w (X) — 2kqidq (53)
with the constant I € R™.
Define

s ="04—0,50 =Qq — Q. (54
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According to (45), (49), and (54), we get

SQZ—SQ/Tg—é,éQZ—SQ/TQ—@. (55)

The previous study [8] proves that there exist constants

BM and BMsuch that| — 0] < B} and | — Q| < Bg.
We further define

@7:@’7_@77@@:@@_@@' (56)

Select the Lyapunov function as follows:

Ly = LZ,1+L§L71+L§,1 (57

with

t 2 ~2
Ly, = 0.5¢2 + 0.5k42 </ ewdr) + ;pT’Y +0.5s3
0 2l
t
LZ’1 = 0.5¢3 + 0.5kg2 (/ 69d7’>
0
=2

t 2
LY, = 0.5¢2 + 0.5kqg2 / codr) + 29
' 0 2l

Using (42)—(44), (47), (48), and (50)—(56), we have

2
2
+0.55%

L)y = —knped + e, (Lo (X) + eqey +eqeq
+eyS9 — 0.56,2y<ﬁ,wa (X)w (X) +e,0°
+ 0523, (X) @ (X) — 2ky15yPy/1y
— 53/75 — 540 (58)
L‘Z’l = — kpres + epeq + €sqg — egey + e — Sé/TQ

_ SQQ

Li?,1 = chgw (X) +egeg — leeé — 0.5eé¢QwT (X)

(59)

x @ (X) —eqgep + eqd, + 0.5¢QB?QWT (X)w (X)

—2kg190¥q/lo- (60)
Based on (58)-(60), we further obtain

Lpi= — kﬂei — kgre2 — leeé —s2/19 — S2Q/TQ

+ellw (X)+05e23,w" (X)w (X)

—0.5e2 @ " (X) @ (X) + eqey + €Qeq + €450

+egsq — 500 — 5QQ — 2ky19,94 /1y —2k0100¢q /g
+ eQng (X) — 0.5€2QQ5QWT (X)w (X)

+ O.B@QeéwT (X)w (X) + 0" + epQ* + eqd:.
(61)
Since e,¢Tww(X) < 0.5e2p, @’ (X)w(X) +0.5,e0lhH
w(X) < 0.562Q<pQwT(X)w(X) + 0.5, 2ky 199y > —ky1
(p%, Qle@QgﬁQ > —legaé, eyEy < 0.569/183/—"-0.554%, €qQ
eg < 0.58&46% + 0.5551, ey59 < 0.56%4— 0.533, 69862 <
0.565 + 0.5322, —s90 < O.SBéV[sg + O.5Bé\4, and —soQ <
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0.5Bgfs?Q + 0.5Bg, (61) becomes
Lna < = (kg1 — 0.56M —0.5) €2 — (kg1 — 0.5) 3

1
— (kg1 — 0.5eyy ) €3y — <T€ —-05— 0.535,”) S5

1 - x
— (m—05—05BQ)sg+:h+z{Uh (62)
with Zp= 0.5} + 0.5¢) + 0.5B) + 0.5 + ky1¢3 /Iy +
legoé/lQ, Zh = [ew, 6.9, eQ]:.F, and U* = [9*7 Q*, (52]T.

In what follows, we will devise an optimal controller to handle
the last term in (62).

Z,= U}, (63)
The cost function is given by the following:
o= [ @@ o @ia o
0

with Qy(Z1,) = ZT anZy, and 9y (U},) = (U;,)Tr,Uj,, where
qz = qp and rg = 71}, are positive definite.
We obtain the HIB equation as follows:

Hyz, (Z,,U3}, Jy) = Qn(Zy) + 9y (Uy) + VJRU;,  (65)
withV.J, = 6Jh/8Zh.
The optimal control law is as follows:
5 =—0.57, 'V J,. (66)

To deal with the unknown term V., we apply FHM to
approximate the critic network

J, = AL (67)

where Az, is a matrix with unknown elements and €z, is the
estimate error.
It is derived from (67) that

htanh(KZhZh) + €z,

VJ, = AL, Az, + ez, |0Zy, (68)
WithAZh = 8tanh(KZhZh)/8Zh.
Then, the HIB equation (65) becomes
Hz, (Zn, U}, Jn) = Ay, 07, + Qun(Zn) + 0v(U}) — eiip
(69)

with O'Zh:A%h h,EHJB—(aEZh/aZh)TU and |E}I}IJB|§

hM o h,M . i tant
€1jp> Where gy} is a positive constant.

Equation (66) becomes

* _\T
U, =-05(r,") (A7, Az, + ez, /0Zy) . (70)
Define Az, as the estimation of Az, , and we obtain
- o7
Jn = Ag, tanh(Kz, Zy) (71)
VI, =A% Ag,. (72)

Finally, the optimal altitude controller is given by the
following:
A~ % _a\T ~
Uh = —0.5(1‘,11) [th — th tan h2(thZh)] Azh.
(73)
Substituting (72) into (65) yields

L2 Hy, (20, U, Jn) = Sz, + Qu(Zn) +9v(U}) (74)

with £z, = (A7, Az,)TU;.
To minimize Eyz, = 0.5Z{Zh, we devise the following
adaptive law for Azh:

= —az,07, {U%,LAZ;L + Qn(Zn) + ﬂv(U’Z)} (75)

with oz, = Ap®* = [Ky — K tan h?(K V)]
§R+, and A‘} =Kz, — Kz, tan hQ(thzh).
Defining Az, = Az,,,

*
h Qzy, €

— Az, and using (69), we have
Az, = —az,02, |0h, Az, + Qu(Zs) + v (U})]

= —az,02, (05, Az, + ¢l (76)
Define the Lyapunov function as follows:

Lnz=tr (AghAzh) /(20z,) + ZXZy + 204 Jn.  (77)

Lh72 is given by the following:

. - < az, T % L
Lho= —AL 07 0L Ay —2 Lo, A €
2 Z,92,97, AZy \/M Znt 2y \/M HJB
+ 221U + 20, [ Qn(Zy) — 9v(U3)). (78)
Because —2\/&ﬁ zhAZh \/—gﬁJB a;,L U%hAZh 2

1 h,M
+ 20z, (EHJB)

(78) becomes

. ~ 2
inz < = (loz.|? - az, lloz,*/2) | Az,

+ (i) /(202,) + (1~ 20k (Qu)] 12

+[1 = 20 min (9)] U5 (79)
The total Lyapunov function is formulated as follows:
Ly =Lpi+ L. (80)

The time derivative of L;, is described as follows:

r ]‘]W 1 2
Lh,S—<k71—2,y _2>6’y

3 #
+ [2 - 21_‘h,)"min (Qh)] ||Zh||2 + |:2 - 2Fh)‘-min (ﬂh):| ||Uh||2

(e%/4 ~ 2
= (lozl* = =*lloz.°) || Az,
2

. _ 2
with Uj, = 5, + (efoih)” /(20z,,).

Let kp1 >0, az, <2, and T'p > max{1/Anin(Qn),
3/(4Amin (V1)) }. Then, (81) becomes

Ly < = (ky1 — 0563 = 0.5) €2 — (kg1 — 0.5) €}

81)
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— (kg1 — 0.5 ) edy — (1/79 — 0.5 — 0.5By") 55 + ¥,
— (1/7q —0.5—0.5BY) s

2

= (lloz,|” - 050z, lloz,|*) | Az, (82)

We conclude that e, — Q. , eg — Qe,, eqg —
Sg — QSQ, SQ — 0

€Q>

sgrand Az, — QAz, when ¢t — oo, where

O, ={eslles] < \/Un /iy — 0.5 —0.5)}
Qe,={eollea] < /Uy /(kgr —0.5)}

Qe ={eqlleql < \/‘I’h/(kQ1 —0.5¢)}
Q5= {s0lls6] < \/\I/h/(l/Tg —0.5—0.5B)")}
Qso={sellsel < \/\Ifh/(l/TQ ~0.5-0.5BY)}
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Remark 4: The sustained incentive condition guar-
antees that ||Oeg, /0Zy|| < Aez, p with the constant
Aez, m € Rt. Based on (70) and (73), we have

o -

10, = Uil = |-05(3)" (A7, Az, — 0z, /%) <
0.5||(r,_11)||[||A£}LU(A¥,L) +(A€zh,M)2], where Al\z/[h is the
upper bound of ||Az, ||.

Remark 5: In (11) and (40), each fuzzy approximation only
contains one online learning parameter. Undoubtedly, the com-
putational load is low. Moreover, the developed critic network
also has only one adaptive parameter. This guarantees satisfac-
tory real-time performance.

Remark 6: Traditionally, to ensure that the cost function is
finite, the steady-state value of control input must be zero [30]-
[32]. Unfortunately, most of actual systems do not satisfy this
condition. In this article, we decompose the controller into two
parts, namely, the main controller and the optimal controller.
Only the optimal controller ultimately converges to zero, while
the total control input converges to a constant instead of zero.

Remark 7: 1In this article, the vehicle dynamics is assumed to
be unknown and it is approximated by a fuzzy system. Hence,
the addressed method has the possibility of extending it to time-
varying dynamic systems since the unknown vehicle dynamics
can be time-varying or time-invariant.

IV. SIMULATION STUDY

The proposed controller is compared with a neural-
approximation-based back-stepping control (NBC) [38] to val-
idate its effectiveness and superiority. The values of model
coefficients and parameters adopted in the simulation are ref-
erenced from [35]. The initial trim condition for HFVs is
chosen as: V = 7700 ft/s, h = 85 000 ft, v = 0°, 6 =
1.62°, Q = 0°/s%,m; = 0.97 and 7, = 0.80. Design parame-
ters are chosen as: kv, = 10, kyo = 5.5, Iy = 0.05, qy = 5,
rv =1,Ky =02,ap5 = 0.5,k = 35, kpe = 1.5,ky1 = 1.9,
k,yg = O.Q,Z,Y = 0.05,7'9 = 0.2, k‘@l = 25, k‘@g = 1.2,7‘Q = 0.2,
kg1 =45, kge = 15, lg = 0.05, Kz, =1[0.2,0.2,0.2], q), =
diag{5,5,5} and r;, = diag{1,1,1}.

The obtained simulation results are presented in Figs. 1-8. Ve-
locity tracking performance and altitude tracking performance,
depicted in Figs. 1 and 2, reveal that the proposed controller can
provide better tracking of reference commands in comparison

with NBC (see Table I). Especially, the responses of f(f |V |dr

4
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Fig. 3. Response of fg |V |dr.
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TABLE I
COMPARISON OF TRACKING ERRORS
Tracking error NBC Proposed method
v —“1ft/s<V <04ft/s —1ft/s<V <035ft/s
i —6ft<h<10ft 2fi<h<3fi

and fot |h|dT obviously show that the developed control ap-
proach’s tracking precision is higher compared with NBC (see
Figs. 3 and 4). Moreover, it can be seen from Figs. 5 and 6 that
the control inputs of both methods are smooth and their values
are reasonable. Finally, all the critic weights are convergent, as
shown in Figs. 7 and 8.
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Fig. 8. Responses of |AZh, (2)] and |AZh, (3)].

V. CONCLUSION

This article investigated an optimal tracking control problem
of HFVs subject to unknown dynamics. The vehicle dynamics
consisted of the velocity subsystem and the altitude subsystem.
Fuzzy approximations were applied to develop a robust tracking
controller for the velocity subsystem via SACD. Furthermore,
a back-stepping-based nearly optimal controller was devised
for altitude dynamics. Advanced regulation algorithms were ex-
ploited for fuzzy approximations to construct a low-complexity
control framework. Finally, the effectiveness and advantage of
the addressed method were verified by simulation results.

REFERENCES

[1] J. Liu, H. An, Y. Gao, C. Wang, and L. Wu, “Adaptive control of hy-
personic flight vehicles with limited angle-of-attack,” IEEE/ASME Trans.
Mechatronics, vol. 23, no. 2, pp. 883-894, Apr. 2018.



278

(2]

[3]

(4]

[3]

[6]

(71

(8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

J. Sun, C. Li, Y. Guo, C. Wang, and P. Li, “Adaptive fault tolerant control
for hypersonic vehicle with input saturation and state constraints,” Acta
Astronautica, vol. 167, pp. 302-313, Feb. 2020.

X. Bu, Y. Xiao, and H. Lei, “An adaptive critic design-based fuzzy
neural controller for hypersonic vehicles: Predefined behavioral nonaffine
control,” IEEE/ASME Trans. Mechatronics, vol. 24, no. 4, pp. 1871-1881,
Aug. 2019.

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, Oct. 2019.

Z. Guo, J. Guo, J. Zhou, and J. Chang, “Robust tracking for hy-
personic reentry vehicles via disturbance estimation-triggered control,”
IEEE Trans. Aerosp. Electron. Syst., vol. 56, no. 2, pp. 1279-1289,
Apr. 2020.

X. Yu, P. Li, and Y. Zhang, “The design of fixed-time observer and finite-
time fault-tolerant control for hypersonic gliding vehicles,” IEEE Trans.
Ind. Electron., vol. 65, no. 5, pp. 4135-4144, May 2018.

X. Shao and H. Wang, “Active disturbance rejection based trajectory
linearization control for hypersonic reentry vehicle with bounded uncer-
tainties,” ISA Trans., vol. 54, pp. 27-38, 2015.

X. Bu, X. Wu, R. Zhang, and J. Huang, “Tracking differentiator de-
sign for the robust backstepping control of a flexible air-breathing hy-
personic vehicle,” J. Franklin Inst., vol. 352, no. 4, pp. 1739-1765,
2015.

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

Y. Ma and Y. Cai, “A fuzzy model predictive control based upon adaptive
neural network disturbance observer for a constrained hypersonic vehicle,”
IEEE Access, vol. 6, pp. 5927-5938, Dec. 2017.

X. Tang, D. Zhai, and X. Li, “Adaptive fault-tolerance control based finite-
time backstepping for hypersonic flight vehicle with full state constrains,”
Inf. Sci., vol. 507, pp. 53-66, Jan. 2020.

J. Zhang, C. Sun, R. Zhang, and C. Qian, “Adaptive sliding mode control
for re-entry attitude of near space hypersonic vehicle based on backstep-
ping design,” IEEE/CAA J. Automatica Sinica, vol. 2, no. 1, pp. 94-101,
Jan. 2015.

C. Liu, C. Dong, Z. Zhou, and Z. Wang, “Barrier Lyapunov function
based reinforcement learning control for air-breathing hypersonic vehicle
with variable geometry inlet,” Aerosp. Sci. Technol., vol. 96, Jan. 2020,
Art. no. 105537.

Y. Yu, H. Wang, N. Li, H. Zhang, Z. Su, and X. Shao, “Finite-time
model-assisted active disturbance rejection control with anovel parameters
optimizer for hypersonic reentry subject to multiple disturbances,” Aerosp.
Sci. Technol., vol. 79, pp. 588-600, 2018.

Y. Meng, B. Jiang, R. Qi, and J. Liu, “Fault-tolerant anti-windup control for
hypersonic vehicle in reentry based on ISMDO,” J. Franklin Inst., vol. 355,
pp. 2067-2090, 2018.

X. Bu, X. Wu, M. Tian, J. Huang, R. Zhang, and Z. Ma, “High-order track-
ing differentiator based adaptive neural control of a flexible air-breathing
hypersonic vehicle subject to actuators constraints,” ISA Trans., vol. 58,
pp. 237-247, 2015.

X. Bu, X. Wu, D. Wei, and J. Huang, “Neural-approximation-based
robust adaptive control of flexible air-breathing hypersonic vehicles with
parametric uncertainties and control input constraints,” Inf. Sci., vol. 346,
pp. 29-43, 2016.

H. Gao, J. Zhang, and W. Tang, “Offset-free trajectory tracking control for
hypersonic vehicle under external disturbance and parametric uncertainty,”
J. Franklin Inst., vol. 355, pp. 997-1017, 2018.

Q. Zhou, H. Li, C. Wu, L. Wang, and C. K. Ahn, “Adaptive fuzzy control
of nonlinear systems with unmodeled dynamics and input saturation using
small-gain approach,” [EEE Trans. Syst., Man, Cybern., Syst., vol. 47,
no. 8, pp. 1979-1989, Aug. 2017.

N. A. Sofianos and Y. S. Boutalis, “Stable indirect adaptive switching
control for fuzzy dynamical systems based on T-S multiple models,” In.
J. Syst. Sci., vol. 44, no. 8, pp. 1546-1565, 2013.

N. A. Sofianos and Y. S. Boutalis, “Robust adaptive multiple models based
fuzzy control of nonlinear systems,” Neurocomputing, vol. 173, no. 3,
pp. 17331742, Jan. 2016.

X. Bu, Y. Xiao, and K. Wang, “A prescribed performance control approach
guaranteeing small overshoot for air-breathing hypersonic vehicles via
neural approximation,” Aerosp. Sci. Technol., vol. 71, pp. 485-498, 2017.
L. Hu, R. Li, T. Xue, and Y. Liu, “Neuro-adaptive tracking control of a hy-
personic flight vehicle with uncertainties using reinforcement synthesis,”
Neurocomputing, vol. 285, pp. 141-153, 2018.

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

IEEE TRANSACTIONS ON FUZZY SYSTEMS, VOL. 30, NO. 1, JANUARY 2022

X. Long, L. Lv, P. Liu, X. Liu, and G. Huang, “A novel adaptive gauss
pseudospectral method for nonlinear optimal control of constrained hyper-
sonic re-entry vehicle problem,” Int. J. Adaptive Control Signal Process.,
vol. 32, pp. 1243-1258, 2018.

R. Xia, M. Chen, Q. Wu, and Y. Wang, “Neural network based integral
sliding mode optimal flight control of near space hypersonic vehicle,”
Neurocomputing, vol. 379, pp. 41-52, 2020.

C. Mu, Z. Ni, C. Sun, and H. He, “Air-breathing hypersonic vehicle
tracking control based on adaptive dynamic programming,” /EEE Trans.
Neural Netw. Learn. Syst., vol. 28, no. 3, pp. 584-598, Mar. 2017.

R. Li and Y. Shi, “The fuel optimal control problem of a hypersonic
aircraft with periodic cruising mode,” Math. Comput. Modelling, vol. 55,
pp. 2141-2150, 2012.

N. Dhar, N. Verma, and L. Behera, “Adaptive critic-based event-triggered
control for HVAC systems,” IEEE Trans. Ind. Informat., vol. 14, no. 1,
pp. 178-188, Jan. 2018.

B. Luo, D. Liu, and H. Wu, “Adaptive constrained optimal control design
for data-based nonlinear discrete-time systems with critic-only structure,”
IEEE Trans. Neural Netw. Learn. Syst., vol. 29, no. 6, pp. 2099-2111,
Jun. 2018.

D. Wang and C. Mu, “Adaptive-critic-based robust trajectory tracking of
uncertain dynamics and its application to a spring-mass-damper system,”
IEEE Trans. Neural Netw. Learn. Syst., vol. 65, no. 1, pp. 654-663,
Jan. 2018.

D. Wang, C. Mu, X. Yang, and D. Liu, “Event-based constrained robust
control of affine systems incorporating and adaptive critic mechanism,”
IEEE Trans. Syst., Man, Cybern, Syst., vol. 47, no. 7, pp. 1602-1612,
Jul. 2017.

D. Wang and D. Liu, “Learning and guaranteed cost control with event-
based adaptive critic implementation,” IEEE Trans. Neural Netw. Learn.
Syst., vol. 29, no. 12, pp. 6004-6014, Dec. 2018.

Z. Wang, L. Liu, Y. Wu, and H. Zhang, “Optimal fault-tolerant control
for discrete-time nonlinear strict-feedback systems based on adaptive
critic design,” IEEE Trans. Neural Netw. Learn. Syst., vol. 29, no. 6,
pp. 2179-2191, Jun. 2018.

H. Jiang, H. Zhang, G. Xiao, and X. Cui, “Data-based approximate optimal
control for nonzero-sum games of multi-player systems using adaptive
dynamic programming,” Neurocomputing, vol. 275, pp. 192-199, 2018.
J. Parker, A. Serrani, S. Yurkovich, M. Bolender, and D. Doman, “Control-
oriented modeling of an air-breathing hypersonic vehicle,” J. Guid., Con-
trol Dyn., vol. 30, pp. 856-869, 2007.

B. Chen, X. Liu, and K. Liu, “Direct adaptive fuzzy control of nonlinear
strict-feedback systems,” Automatica, vol. 45, pp. 1530-1535, 2009.

H. Zhang and Y. Quan, “Modeling, identification, and control of a class of
nonlinear systems,” IEEE Trans. Fuzzy Syst., vol. 9, no. 2, pp. 349-354,
Apr. 2001.

X. Bu, X. Wu, Z. Ma, R. Zhang, and J. Huang, “Novel auxiliary error
compensation design for the adaptive neural control of a constrained
flexible air-breathing hypersonic vehicle,” Neurocomputing, vol. 171,
pp. 313-324, 2016.

Xiangwei Bu was born in 1987. He received the
B.S., M.S., and Ph.D. degrees in control science and
engineering from Air Force Engineering University,
Xi’an, China, in 2010, 2012, and 2016, respectively.

He is currently an Associate Professor with the Air
and Missile Defense College, Air Force Engineering
University. His research interests include advanced
hypersonic flight control.

Dr. Bu is an Expert of the Chinese Association
of Automation (CAA). He was an Elsevier Chinese
Highly Cited Scholar of Aerospace Engineering in

2019. He is an Editorial Board member of Advances in Mechanical Engineering.
He is supported by the Young Talent Support Project for Military Science and
Technology from 2018-2021.

Qiang Qi is currently working toward the master’s
degree in control science and engineering from the Air
and Missile Defense College, Air Force Engineering
University, Xi’an, China.

His research interests include advanced control
theories with their applications to flight vehicles.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /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 /sRGB
  /DoThumbnails true
  /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 true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 900
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00111
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 1200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00083
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00063
  /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 "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


