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Abstract: In this paper, an adaptive interval type-2 fuzatpot feedback control (AIT2-FOFC) scheme is devetbfor
flexible air-breathing hypersonic vehicles (FAHMs) the presence of unknown flexible dynamics andapeter
uncertainties. After calculating the derivativeshs velocity and altitude repeatedly, a stateliaed dynamic inversion
controller is formulated as the basic nominal coligr. Then, an adaptive interval type-2 fuzzy togystem (AIT2-FLS)
is constructed to approximate the unknown uncditaiin the FAHV longitudinal model. Furthermoreyanlinear high
gain observer is designed to estimate the highrateiévatives of the velocity tracking error antitetle tracking error
which are unavailable in practice. Based on thersdipa principle, the overall AIT2-FOFC scheme igafly obtained
through combining the state feedback controllertarchonlinear high gain observer. Simulation stt éeemonstrates the

effectiveness of our proposed control scheme.
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1 INTRODUCTION

Since hypersonic vehicles are intended to becomera

Fuzzy logic systems (FLSs) have been widely utiifer
dealing with uncertainties. Compared with type-Zzju
logic systems (T1-FLSs), which use only type-1 fuzgets

reliable” and cost efficient way to access spacé!1-FSS), type-2 fuzzy logic systems (T2-FLSs),akhise

investigations have raised various interests a#rothe
world. Recently, the flexible air-breathing hyperso

at least one type-2 fuzzy set (T2-FS), have stmonge

capability of modeling vagueness and unreliabildf

vehicle (FAHV) model was explored by Bolender andnformation [6]. Considering the computational costreal

Doman [1]. This model focuses on the flexible dyienof
the vehicles, which may severely affect the flighfety.

time control, interval type-2 fuzzy logic systerif3-FLSSs),

which use interval type-2 fuzzy sets (IT2-FSs)eaast, have

Besides, due to the complex design and severet flighttracted more attention than general T2-FLSs.

conditions, FAHVs are sensitive to changes in tightf
conditions as well as the aerodynamic parametéré\f?a
result, the control system design for FAHVs becomesal
challenge.

In this paper, an adaptive interval type-2 fuzzypot

feedback control (AIT2-FOFC) scheme is proposed for

FAHVs in the presence of unknown flexibilities and
parameter uncertainties. After calculating the\ggives of

Recently, several control strategies based on fesdb the velocity and altitude repeatedly, the FAHV liadinal

linearization technique have been proposed for tsyéc
vehicles. Xu et al. developed an adaptive slidingden
controller based on an input-output linearized Iainal
model [2]. Pu et al. proposed an advanced inveisioitrol

model is completely input-output linearized. Due the
unmeasurable high order derivatives of the outpiits,
design can be separated into two tasks based eplagate
principle. First, a state feedback dynamic inversio

for hypersonic vehicles based on PSO and arranggantroller is formulated as the basic nominal coligr to

transient process [3]. Although feedback linearrat
technique is an efficient way for nonlinear contsgktem
design, high order derivatives of the outputs areally hard
to obtain in real applications, which few papersehtaken
into consideration. Li et al. employed linear highin

observer to estimate the auxiliary error signalthefhyper-
sonic vehicles [4]. He et al. applied linear highing
observer to formulate an adaptive output feedbacit-f
tolerant control system [5]. However, they did nobsider
the side effects of the flexible dynamics.

This work is supported by NNSFC No. 61421004, 6B&13
61603384, and NDBSR No. B1320133020.

stabilize the system. An adaptive interval typer2zi logic
system (AIT2-FLS) is further constructed to appnoaie
the unknown uncertainties in the FAHV longitudinaddel.
Then, a nonlinear high gain observer is applieditectly
estimate the unavailable high order derivatives thue#
velocity tracking error and altitude tracking ertrdrhe

whole AIT2-FOFC scheme is finally achieved through

combining the state feedback controller and thdinear
high gain observer. Simulation

flexible dynamics as well as parameter uncertantie

The rest of this paper is organized as follows.tiSec2
briefly states the preliminaries of this study. iAr6ection 3

results validate the
robustness of our AIT2-FOFC scheme against unknown



to Section 5, we introduce our design process iilde

Moreover, the canard deflectiah is set to be ganged with

including output feedback formulation, state feedkba o elevator deflectiom, , with the relationship 0B, =

control design and AIT2-FOFC design. Simulatiorutess

are presented in Section 6, after which we draw ol =~

conclusions.

2 PRELIMINARIES

2.1 Longitudinal Dynamics of FAHV

In this paper, the following nonlinear longitudiminamics
of the FAHV, which contain five rigid-body statesdasix
flexible states, are considered [7]:

V =(T cosa -D)/m-g siny (1)
y=(L+Tsina)/mV - g cosy/V 2)
h=Vsiny (3)

a=q-y (4)

q=M, /1, (5)

if, = =2¢ i, —afm + N, i=12,2 (6)

(c&/ct)a. 18]

The engine dynamics can be described by a secalat-or
system using a new control inpgt:

9=-2{, 09~ Lo+ g, (19)

For detail information about each parameter, tielee can
refer to [9].

2.2 Brief Description of IT2-FLS

In this study, IT2-FLS is employed to approximake t
flexibilities as well as the unknown uncertainties the
FAHV longitudinal model. The structure of IT2-FLS i
displayed in Fig 1. It mainly consists of four affuzzifier,
rule bases, inference and output processing. [eifteirom
T1-FLS, at least one IT2-FS is employed in the balses of
IT2-FLS, which enhances the ability of handling qbex
uncertainties. Besides, in the output processim, piae

whereV denotes the velocityy denotes the flight path type reducer first maps the IT2 fuzzy output set® i
angle, h denotes the altitudey denotes the angle of T1-FSs, and then the crisp outputs can be obtearfied

attack, q denotes the pitch rate, arﬂlz[/]l/71/72/72

A /73]T stands for the first three flexible modés.D, T
and M,
pitching moment, respectively, whild,, N, and N, are

the three generalized forces. The approximate ssmes
of the above terms are given as follows:

represent the lift, the drag,

L=0.50v?sC_(@.0 /) (7)
D =0.50V’sC, @.5.77) (8)
T=0.50V°s[C, , @)p+C, @)+Cin | (9)
M, =zT+0.50V*sC,, (@.d/7) (10)

N; = 0'510\/23|:Ni02a2 +Na+N™o, + N 4,
(11)

+N° + N,’Uﬂ

where 5—[ - e] represents the canard deflection and
elevator deflection respectivelyy denotes the throttle

setting, and
Cr (@) =CF a*+Cf a’ +CFa+Cy  (12)
C,(a)=Cia*+Cla*+Cla+C’° (13)
C.(a,8,7)=Cla+Ck*3,+C%3 +C’+Cln (14)

C,(a,8.7)=CZ a*+Cla+CE 32 +CE 3, +CT o2
+Cpd, +Co +Cln

C, (@,0.7)=C% a*+Cla+CXa, +CEJ, +C°
+Cun

c/=[cr 0 Cr 0CF 0], j=TLDM(@7)

N7=[N" 0 N 0 N* 0], i=123 (18)

°(15)

(16)

defuzzification.
For a Mamdani IT2-FLS withp inputs x,, O X, ...,

X, DX, and one outpuulU , the sth rule can be

the thrust and the "

expressed as follows:
R°:IF x,,isF’ and ...and X, is F;,
THENuisG® s=1,2,..M
where Ifnf (m=1,2,...,p)is the antecedent IT2-FS, with

the upper membership function (UMF) and lower
membership function (LMF) oft. (x,) and 4. (X,)

(20)

respectively , whileG*® is the consequent IT2-FS, with the

corresponding centroid of®. Then, if we use singleton
fuzzification and product inference, the degreefinhg

f*(X;1 -+ X;, ) CaN be written as follows:
f5(Xpps e s X )I:I[is Kipseoe Xgp ) &y s Xip j
] o (21)
:|: m:l’l;l.,f‘ (Xfm)v |_I mzllulfr: (Xfm ):| .
Define the fuzzy basic function (FBF) as follows:
S — S M S
E = 5 Xy oo X Y Do 5 g X ) (22)

Finally, by applying center-of-sets type reductaom center
average defuzzification, we can obtain the crisjpatuof
IT2-FLS:

=(076+6°¢)[2=6"(§+£)/2=6F (23)
where 6=[¢', ...,6" T and & =(& +¢&)/2 . Besides,
&=[&,..&"] and &=[&,...&"] are the

boundary FBF vectors which can be calculated thidhg
Karnik-Mendel algorithm [10].

For the IT2-FLS’s capability of approximating a Irea
continuous function on a compact domain, we hawe th
following IT2-FLS approximation theorem:
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Fig 1. The structure of IT2-FLS.

Theorem 1 [11]: The IT2-FLS can uniformly approxtma
any function f (x) which is continuous irC'[-1, 1] to any
degree of accuracy. In other words, fog >0, there exists
an IT2-FLS as (23) such that

sup |f (x)—HT{(xj<£.

xdC'[-1,1]

(24)

3 OUTPUT FEEDBACK FORMULATION

The control objective of this paper is to designoarput
feedback control scheme which can make the vel¥cityd
altitude h of the FAHV track the reference commands
andh; respectively in the presence of unknown flexitaiit
as well as parameter uncertainties. In the follgwihree
sections, we will introduce our proposed contrdiesoe in
details, including output feedback formulation, teta
feedback control design and AlIT2-FOFC design.

The overall control scheme is depicted in Fig 2r fe
FAHV longitudinal model, the control inputs ane=

[, 3.]", while the system outputs age= [V, h]" . Besides,

since the measurements of flexible dynamics ariéculif
and costly, here we treat them unknown.

It is not difficult to find that the nonlinear loitgdinal

dynamics of the FAHV (1)-(6) satisfy the relativegiee
condition [12]. Therefore, the system can be coteple
input-output linearized. After differentiating andh three
times and four times respectively, the FAHV londihal

dynamics can be transformed into the following refi
nonlinear form:

V — fv bll b12 Q:
MR
where
f, = (@, +X'Q,x)/m (26)

f, = (a)lxo + XTQZX)siny/m+V (7115<0+ X Zx) coyy
+3Vycosy—- ¥y siry+ 8y cop
-3V yysiny-Vy’* coy

(27)

«f aT

b, =H”a—¢cosa (28)
2 kX
b, =M[0—Tcosa—T sim—a—Dj Cx —C—;Cﬁc (29)
2ml, 0a oa Cr
b,, :%g—Tsin(y+a) (30)
2 —_
b,, = NV [a—Tcosa'—T sim—a—Dj siry
2ml |\ da oa
oL aT c’ &)
+| —+——sing+T coxr | coy || CF ——--CZ
(aa da j y}( ocr j

in which x=[V yagh] and X, =[V yaoq)ohJ :
Although input-output linearization makes the cohtr
problem less complicated, the accurate model irdgion is
needed during the control development. In additligh
order derivatives of the velocity and altitude apzessary
as well, which are not measurable from the on-bsargors.
When complex nonlinear uncertainties exist, theslees
even become incomputable. Motivated by the resulfs,
13], we can separate the design into two tasksdbaisehe
separation principle. First, a state feedback odietr is
developed to stabilize the system, which will bedduced
in Section 4. Then, a nonlinear high gain obseis/applied
to estimate the high order derivatives of the wvigjoc
tracking error and altitude tracking error, whiegmde seen
in Section 5.

4 STATE FEEDBACK CONTROL DESIGN

4.1 Dynamic Inversion Controller Design

Considering the effects of unknown flexible dynasnand
parameter uncertainties, we rewrite (25) in théofwihg

form:
MR e
b21 b22 a-e Ah
fv + Av b12:| , (33)

{hm)
i) -l
F, fh+Ah b21 bzz

where
A, and A, denote the total unknown uncertainties,

including flexibilities and parameter uncertaintiés the
velocity channel and altitude channel, respectiviedy

e =(80 e e,) =(e.4.8)

fV

f }=F+Bu (32)

(34)

FoFd . F
AIT2-FLS
by, by b, 05, Flexibilities | | Uncertainties
: v
F Dynamic FAHV y=lv h
Vah+ e i i 00808, Y 5.0 -
—(X)—> High Gain | & & 52 Inversion » Longitudinal | [, I
Observer |& & & ya
_ Gor Ghar Grz: G Controller Model
] 7y

Fig 2. The block diagram of the AIT2-FOFC scheme.



& = (80 8080 83) =(6.6.8.8) (39
wheree, =V -V, ande, =h-h, are the velocity tracking

error and altitude tracking error respectively. ageB is
invertible, then the dynamic inversion controliehich can
lead to the exponentially stable dynamics, carobadlated
2
_Fv _Zi=0k1iali +Vc

as the basic controller:
:|1
3
TR ke 8 Y

u{g}{ﬁlqz .
=0,1 2) andk;; (j =0,1,2, 3) are set as the

6)

Je bZl b22
wherek; (i
coefficients of Hurwitz polynomials.

4.2 AIT2-FLSDesign

Since F =[F,
ties A, and A, , the accurate values Bfis unavailable in

reality. Thus, here we use AIT2-FLS to estimate th
uncertain ternf, and (36) becomes:

- z 2
u=|:¢°:|=[bll b12:| ' _FV_ZizoklieVi +Vc
) b,, by, —FAh —ZT:O |(2jenj +h®

where lfv and Ifh denote the outputs of IT2-FLS.
According to the detail
longitudinal model (1)-(18), a two-inputs two-outpu
IT2-FLS can be constructed, with the rule bases of:
R:IF x,,isFSand x,,isF;,
THEN F, isG? and F, isGS, s=1,2,...M
whereV and a are chosen fox,, and x,, respectively.

T . .
F] contains unknown model uncertain-

37)

(38)

The antecedent fuzzy ses and F; are set as Gaussian
IT2-FSs, whose LMFs and UMFs are:

m ™ Mk /272;)
/zﬁmsj, m= 1, Z (40)

respectively, while the consequent fuzzy $8fsand G;
are Gaussian T1-FSs, with the corresponding celstrof

e (%) = exp( (39)

He: (Xi) = exp(

g’ and &; respectively. Then, if we use singleton fuzzifi-

cation, product inference, center-of-sets type cédn and
center average defuzzification, the estimatiofroéndFy
can be obtained:

=6,§, F=6¢. (41)
Let
0 1 0 0
A= 0 0 1 |,b =| 0], (42)
ko ki kg, 1
0 1 0 0 0
A = 0 0 1 0 b = 0 . (43
0 0 0 1 0
Ky Ky Ky Ky 1

Then substituting (41) into (37), we can obtainftilmwing
state feedback control algorithm:

=m =[bu blzy OEX e |
%) Lby bol |-gl&-3" kg +h"|
The adaptive laws fog, and 8, can be designed as:
8, = velRh&, -0,(6,-8)) (45)
4, = e R, ~0,(6,-6)) (46)

wherey, >0, y, >0, g,>0 andg, >0. & and & are

the predefined consequent centroid vectors. Bedrjesd
Pr are the positive definite matrix solutions of fhkbowing
Lyapunov functions:

AR *RA=-Q, AR+RA=Q, (47
where Q, and Q, are appropriate positive definite square
matrices.

Remark 1: The o-modification terms of the form
-0, (BV —BVO) and -o, (Bh —Hﬁ) in the adaptive laws (45)
and (46) can keep the adaptive paramegbrand 8, in

bound in the presence of model uncertainties. Bssithe
better approximation of the optimal estimation vestwe

make & and &’ , the less tracking errors will be.

4)

expressions of the FAHV

4.3 Stability Analysis

This subsection will explore the stability of theocae state
feedback control scheme. First, we defgjeand g, as the
optimal estimation vectors, whilg, and &, as the minimal

estimation errors. Thefk, andFy in (33) can be written in
the following form:

Fv:a/va +£v’ Fh :ghT{h +£h' (48)
Next, combining (32), (44) and (48), the overalfoer
dynamics of the system can be obtained:

& =Ag +b, (87 +s,)
& =Ag +h,(67& +¢,)
where 8, =6,-6, and 8, =8, -4, . Finally, the stability

characteristic is explored through the followingdhem.

Theorem 2: Consider the state feedback closeddgsigem
consisting of the FAHV longitudinal model (1)-(6he
control algorithm (44), together with the adaptiaes (45)
and (46). Then, both the velocity tracking errod aftitude

(49)
(50)

tracking error are uniformly ultimately bounded (Bl

Proof: Choose the foIIowing Lyapunov function'

V——evPe\, ehPeh+—9T9+ BTB. (51)
"y, %,
Taking the time derivative of, we can obtain
V=-_dQe +ePhs, +e PREE ~e RRE,
g, 1
-8/ (8,-6)) -8 Qe +elRb, (52)

+%&mﬂ¢—%am@¢—%ﬂﬂ%—$)

\



=-2dQe, +e[Rhs 56 Q6+l DS
-2eglg-(g-6)]-2q(8-(a-a)]

Y. Y
Since

ala-(e-a)]<-;a8,

& -4

v

2

., (53)

8 6-(6-6)]s-2ga+2|¢-a]. ©4

the last equality of (52) is derived as

. 1 1
V< __eJQVQ/ +e Phe, __e;Qheh +e Pbe,

ng
2y,

+2—;h||es—e;u

O 575
g
2 h Oh

(55)

__ 1 O, ar Oh G754
- - - W
ZeVQVeV etheh % 6 2 6,6, +

v h
where

W =g Pbe, +e Rb.e,

g, «[|2
gl
Y

v

+i 6\? -9
2y,

2

(56)

is a bounded term. By choosing = A(Q, )//T(P) M, =

AQ)/A(R,), i, =0, and y, =0, , where A and A
denote the minimum and maximum

respectively, we have
V < —N +W

with g =min(z, f4,, i1, 14,) . Therefore, both the velocity
tracking error and altitude tracking error are UUBhis

completes the proof.

5 AIT2-FOFC DESIGN

where §, (j =0,1,2,3)is the estimation of, , ¢, is a
small positive constant, ., is set as the coefficient of

Hurwitz polynomial. The stability analysis of thdave
nonlinear high gain observer can refer to [13]. eAft
replacinge, and g, in (44) by &, and§, respectively,
we finally obtain our AIT2-FOFC scheme based on the
separation principle:

_ 2 ~ e
u :[q)c:| =[b11 b12:| ' _6VT£V _Zizokliq'i +VC

0.

_ R . . .(65)
b, by, -6, & - j:okzjenj +hc( )

e

6 SIMULATION

To validate the effectiveness of our AIT2-FOFC sabe
the results of the numerical simulation are presbim this
section. The trimmed cruise conditions of the satiah are
selected asV, =7846.4ft /s, y,= @ad ,h,= 8500&

a,=0.0219ad , q,= @ad &, 17, =0.5%4/dlug .7,
-0.0976ft\/slug /7, = 0.033%./slug and 7},=r7,=17,=0
ftw/slug/s. 300t/s step signal and 18@0step signal are

chosen as the velocity reference command and dstitu
reference command respectively. In order to arrartetter
transition process, we employ the tracking difféisgors as
follows [14]:

f8,(N) ==, (A, (4, (V.(N) =V, ) + 3V, (N)) + 37, (N)
V(N +1)=V,(N)+7*V_(N)

(66)
eigenvalueg Ve(N +1) =V, (N)+7*V,(N)
V.(N+2) =V, (N)+7* f(N)
57 .
o) f5,(N) ==, (4, (4 (4, (n(N) =R ) + 4R, ()
+6f (N)) + 4, (N)
h(N+1)=h (N)+7*h(N) (67)

As mentioned in Section 3, it is very hard to obthie high
order derivatives of the velocity and altitude imalr
applications. Thus, we employ the following nonéindigh
gain observer to directly estimate the unmeasurstaliees

e, and e, which are used in (44):
é/o =&, +av1(q/o_é/0)/£v
& =&, +av2(q,0—é,o)/svz

€2~ evT‘»(v +b11¢% +b120; +av3(q/ o_é/ o)/“:\?
where €, (i =0,1, 2) is the estimation o€, , &, is a small
positive constantg, ., is set as the coefficient of Hurwitz

polynomial. In the same way,
G0 =&u + (80— 80)/4,
6,=8, +0,,(80—80)/ &
€2 = 8o+ s eno-ého/fﬁ
=6, &, +byp +0,0, +a, (60~

&d/a

(58)
(59)
(60)

(61)
(62)
(63)
(64)

R(N+D)=h (N)+7*R(N)
h(N+1)=h (N)+7*h(N)
h(N+1)=h (N)+7* f5(N)
where N is the number of iterationd, and A, are the

“velocity factors” which are related with the speefdthe
arranged transition process, ands the time step. Here,
we choosed,=0.18, A,=0.18 and r=0.01.

The parameters of our controller are given as ¥ailo
k10 =1, k11 k12 =3 kzo 81k 21~ 108k 2= 4{ 25 1
¥, =12,y,=0.02Q,= 200 Q, =1 ¢,= 0.0y, = 0.04
while the parameters of the nonlinear high gaireoker are
selected aso,, =3,0,,=3,0,,=10a,,= 44a,,= 64, ,=
4,a,,=1,¢&,= 0.065¢, = 0.0¢ Besides, each of the

antecedent fuzzy sets of our AIT2-FIES and FS has 5
MFs, namely NB, NS, ZO, PS and PB, with the paramet
details shown in Table 1. The predefined consequent
centroid vectorsd® and & as well as the initial values of




the adaptive parameter vectafls and g, are set as the the basic controller. Besides, the AIT2-FLS is ¢anged

desired ones of the nominal model.

To verify the robustness of our proposed AIT2-FOF

scheme, additional uncertainties are added toahenpeters

in (7)-(10), with the dradp being 20% and the other three

being -20%. The simulation results are displayed-ig
3-Fig 6. From Fig 3 we can see that both the vitaad
altitude present a good tracking performance irfdlce of

unknown flexible dynamics and parameter uncersnti

Although there exist small tracking errors, Figtdl shows
the effectiveness and convergence of our nonliégtn
gain observer. Fig 5 depicts the control inputdhefsystem,
including elevator deflection and throttle settivje can
see that in the transition process both the comtpoits have
a little vibrations due to the existence of largedel
uncertainties, while in the steady state procetis become
smooth and stable. At last, the outputs of the AFLS are
shown in Fig 6, which demonstrates its strong céipabf
approximating uncertainties.

7 CONCLUSIONS

This paper mainly proposes an AIT2-FOFC schemedase
on nonlinear high gain observer for FAHVs. After

calculating the derivatives of the outputs repdstede
formulate the state feedback dynamic inversionrodiet as

Table 1. Parameters of the Antecedent Fuzzy Sets

Mees Mee | Tee | T | My M, e O
NB 7846.4 18| 32 0.0219 0.0012 0.0022
NS 7921.4 18| 32 0.0270 0.0012 0.0022
Z0 7996.4 18| 32 0.0322 0.0012 0.0022
PS 8071.4 18| 32 0.0374 0.0012 0.0022
PB 8146.4 18| 32 0.0426 0.0012 0.0022

o T 0 10 20 . 4
) Time(s) B Timels)

Fig 3. Velocity and altitude responses.

0 1 2 0 4 s 6 70 8 e 100 o 1 2 %
2 T

o % w ™ 8 % iw
) Time(s) b Time(s)

Fig 4. Outputs of nonlinear high gain observer.

——— e proposed method

5 70 8 % 10 o 10 » % 50 @ % 10
a) Timels) b Time(s)

Fig 5. Control inputs.

Outputs of IT2FLS
PR
g

Fig 6. Outputs of AIT2-FLS.

to approximate the unknown model uncertaintiedugiog
exible dynamics and parameter uncertainties. oee,
e nonlinear high gain observer is applied toneste the
unmeasurable high order derivatives of the outplite
overall output feedback control scheme is finaliained
based on the separation principle. Simulation cotetliat
last validates the effectiveness of our proposethoak In
our future work, measurement noises will be taketo i
consideration, which leads to a further researcimaise
reduction property of our AIT2-FOFC scheme.

REFERENCES

[1] M. A. Bolender and D. B. Doman, Nonlinear longitudina
dynamical model of an air-breathing hypersonic elehi
Journal of Spacecraft and Rockets, vol. 44, pp. 34-
2007.

H. J. Xu, M. D. Mirmirani, and P. A. loannou, Adajst
sliding mode control design for a hypersonic fligiehicle,
Journal of Guidance, Control, and Dynamics, vol. @,
829-838, 2004.

Z. Q. Pu, X. M. Tan, J. Q. Yi, and G. L. Fan, Adevead

inversion control for a hypersonic vehicle basedP&©O and
arranged transient process, International Conferemte
Mechatronics and Automation, 359-364, 2011.

[4] X. D. Li, B. Xian, C. Diao, Y. P. Yu, K. Y. Yang, and.
Zhang, Output feedback control of hypersonic velsidased
on neural network and high gain observer, SciencaaCh
Information Sciences, vol. 54, pp. 429-447, 2011.

J. J. He, R. Y. Qi, B. Jiang, and J. S. Qian, Adaptiutput
feedback fault-tolerant control design for hypeisdiight
vehicles, Journal of the Franklin Institute, vob23 pp.
1811-1835, 2015.

M. Wagenknecht and K. Hartmann, Application of fugets
of type 2 to the solution of fuzzy equations sysefuzzy
Sets and Systems, vol. 25, pp. 183-190, 1988.

L. Fiorentini, A. Serrani, M. A. Bolender, and D. Boman,
Nonlinear robust adaptive control of flexible anehthing
hypersonic vehicles, Journal of Guidance, Controld a
Dynamics, vol. 32, pp. 402-417, 2009.

M. A. Bolender and D. B. Doman, Flight path angle
dynamics of air-breathing hypersonic vehicles, AIRAper
2006-6692, 2006.

L. Fiorentini, Nonlinear adaptive controller desidar
air-breathing hypersonic vehicles, Ph.D dissentatio
Electrical and Computer Engineering Department, Ch®
State University, 2010.

[10] J. M. Mendel, On KM algorithms for solving type12zfy set
problems, IEEE Transactions on Fuzzy Systems,2lglpp.
426-446, 2013.

[11] H. Ying, General interval type-2 Mamdani fuzzy syst are
universal approximators, North American Fuzzy Infation
Processing Society Conference, 1-6, 2008.

[12] J. J. E. Slotine and W. P. Li, Applied Nonlinear @oh
Prentice Hall NJ, 1991.

[13] H. K. Khalil, Nonlinear Systems,"Bed. Prentice Hall NJ,
2002.

[14] J. Q. Han, Active Disturbance Rejection Control Téghe-
the Technique for Estimating and Compensating the
Uncertainties. National Defense Industry Press Bgjji
China (in Chinese), 2008.

(3]

(5]

(6]

(7]

(8]

9]



