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Abstract—In this study, a novel state-estimator-integrated robust adaptive tracking control law is proposed for flexible air-breathing
hypersonic vehicle (FAHV), with consideration of noisy measurements, parametric uncertainties, and unknown flexible dynamics. First,
to reconstruct the states contaminated by the measurement noises, a continuous-model-based state estimator is designed, which can
avoid severe phase lag problem brought by low-pass filter (LPF) and greatly improve the estimation accuracy in the transition process.
Then, based on noise-free measurements, an ideal state feedback robust adaptive tracking controller is formulated to deal with the
parametric uncertainties as well as unknown flexible dynamics, where interval type-2 fuzzy logic systems (IT2-FLSs) are employed to
approximate the unknown dynamics of FAHV online. Lyapunov theorem is utilized to analyze the stability properties of the state
estimator and the ideal state feedback tracking controller. By synthesizing the above two parts, the whole state-estimator-integrated
robust adaptive tracking control law is finally developed. Comparative numerical simulations of four scenarios demonstrate the

effectiveness and superiority of the proposed integrated control law.

Index Terms—hypersonic vehicle, measurement noises, robust control, state estimator, type-2 fuzzy logic system

[. INTRODUCTION

IR-Breathing hypersonic vehicle (AHV), which can reach a speed over five Mach, has raised numerous attention all over the
world for more than 60 years [1]. Since it is a promising way of accessing to space as well as prompt global strike, AHV
technology reveals tremendous values in both military and commercial applications [2]. Recent successful flight tests include
X-43A brought out by NASA and X-51A by US Air Force [3]. Owing to the complicated configuration of the vehicle as well as
large flight envelope where atmospheric conditions significantly vary, AHV will suffer severe parametric uncertainties, which may
directly affect the flight safety. Besides, the couplings between the scramjet engine and airframe will generate unknown structural
flexibilities, which pose higher requirements on controller’s robustness and thus should not be neglected in the design stage [4]. All
of these features make the flight control design of flexible air-breathing hypersonic vehicle (FAHV) a real challenging work.
Facing the above challenges, numerous efforts have been made and great progress has been witnessed. In 2007, a nonlinear form
of longitudinal truth model for FAHV was proposed by Bolender and Doman, which was widely employed in the subsequent
investigations [5]. Based on this nonlinear longitudinal model, three typical control frameworks, including small-perturbation-
based control [4], [6], input-output-linearization-based control [53], and back-stepping-based control [10], were further
investigated. Among these three control frameworks, input-output-linearization-based control and back-stepping-based control
became more and more appreciated due to the advantages of dealing with system nonlinearities. Recently, various advanced
nonlinear control techniques, such as sliding mode control, adaptive control, fuzzy logic system, neural network, and their
combinations, have been integrated into the above control frameworks to improve the flight performance [7]-[22]. In [9], a
quasi-continuous high-order sliding mode controller together with a high order sliding mode observer was proposed to realize
robust tracking performances of velocity and altitude against different fuel levels. Based on Lyapunov stability analysis, Fiorentini
et al. developed a nonlinear robust adaptive controller for FAHV [10]. Considering parametric uncertainties and fuel level changes,
Gao et al. proposed a novel indirect adaptive interval type-2 fuzzy sliding mode controller to keep all the signals in close-loop
system bounded [14]. In [16], wind effects were taken into consideration, while a disturbance observer based adaptive controller
was formulated using neural approximation. Bu et al. constructed two low-pass filters based on model transformations to handle
non-affine problems, and proposed a novel improved neural back-stepping control strategy for FAHV [19]. With consideration of
non-minimum phase behavior of FAHV longitudinal dynamics, Ye et al. established an output-redefinition-based dynamic
inversion controller, in which output redefinition was used to make modified zero dynamics stable [20]. Besides, Hu et al.

developed a robust adaptive fuzzy tracking controller to simultaneously deal with parametric uncertainties and unmodeled
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dynamics [21]. Moreover, considering the difficulties in measuring flight path angle and angle of attack in practice, several output
feedback control strategies were brought out, where in the first step the unmeasurable states were reconstructed through specific
designed observers and then fed into the controller, as done in [23]-[27].

Nevertheless, in the existing literature, most results for FAHV assume that noise-free measurements are available for control
design, which is actually impractical in real engineering. Due to high speed operation as well as extreme flight environment,
mechanical and electromagnetic vibrations inevitably exist, which can generate considerable measurement noises in both
pneumatic height sensor’s and Mach sensor’s outputs [28]-[30]. Directly utilizing these noise-contaminated signals for FAHV
tracking control can result in extra high-frequency control actions, which means more actuator abrasions and energy wastes,
performance degradation, and even flight failure. Although some verification simulations of system stability in presence of
measurement noises are conducted in recent investigations [23], [26], and [31], seldom of them specifically consider the effects of
measurement noises on FAHV responses in the control design stage, which motivates this study.

Generally, there are four common ways for control applications to cope with measurement noises in literature. The first one is
low-pass filter (LPF), which is the most popular method in real engineering. Usually LPF is employed in cascade with a controller
to filter out high-frequency components of the noises [32]-[34]. However, severe phase lag phenomenon will be brought by LPF,
which is not considered in the design stage. For tracking problems where reference signals are not static, this phenomenon will lead
to large tracking error in the transition process, which we do not expect for. The second is Kalman filter, including linear Kalman
filter, extended Kalman filter (EKF) [35], and unscented Kalman filter (UKF) [36]. For nonlinear estimation issues, UKF, which
can deal with the nonlinearity approximation problems of EKF through a probabilistic approach, shows a higher order of accuracy
in state estimation and is easier for implementation in practice [37]. Various Kalman filters have been proposed and applied in
different occasions, such as motion tracking, orientation estimation, and so on [38]-[42]. Nevertheless, Kalman filter is highly
sensitive to modeling errors, such as unmodeled dynamics, parametric uncertainties, external disturbances, and so on. For those
highly nonlinear and uncertain systems, such as FAHYV, it is very difficult to obtain the whole precise model information, thus a
serious deterioration of Kalman filtering performance may occur. The third way is the desired compensation adaptive control
strategy, as introduced in [43]-[45]. This strategy aims to construct an additional noise-free adaptive model-based feed-forward
control law such that the feedback gains in the controller can be correspondingly chosen small, which can alleviate the effects of
measurement noises on system responses to some extent. In fact, the robustness of this control strategy depends on enough
compensation brought by the adaptive feed-forward control law. Thus, learning ability of the designed adaptive system must be
guaranteed, which requires extensive experiments and tests. Besides, high-frequency noises cannot be filtered out with this strategy,
which acts as another drawback. The last one is called state-estimator-based control design, which was recently investigated in [46]
and [47]. Since the state estimator can reconstruct the exact states from noisy measurements, it seems to be a promising way for
noise suppression. Following this idea, Tao et al. proposed an adaptive interval type-2 fuzzy logic control scheme for FAHV,
where state estimator is employed to restrain the noises of velocity and altitude measurements [48]. However, the effects of
parametric uncertainties are not evaluated in their simulations. Furthermore, this control scheme is constructed based on a dynamic
inversion controller, with which strong robustness are hard to obtain.

Based on the above observations, we propose a novel state-estimator-integrated robust adaptive tracking control law for FAHV
in this study. Different from the issues in [23]-[27], additive measurement noises in the velocity channel and altitude channel are
taken into consideration, thus for the velocity and altitude states, only noise-contaminated states can be utilized for control design,
while other rigid-body states are assumed to be available and noise-free. First, a continuous-model-based state estimator is
designed to estimate the exact states of velocity and altitude. Especially, the superiority of the state estimator over first-order LPF

is stressed on. Then, an ideal state feedback robust adaptive tracking controller is formulated to deal with the parametric
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uncertainties and unknown flexible dynamics based on noise-free measurements, where interval type-2 fuzzy logic systems
(IT2-FLSs) are adopted to approximate the unknown dynamics of FAHV online. By synthesizing the state estimator and the ideal
state feedback tracking controller, the whole state-estimator-integrated robust adaptive tracking control law is finally developed.
Extensive numerical simulations are conducted to verify the effectiveness and superiority of our proposed integrated control law.
The highlights of this study can be organized as follows. First, different from the most existing robust control designs for FAHV,
which only consider the parametric uncertainties and model disturbances, the proposed integrated control law specifically deals
with the measurement noises in the velocity channel and altitude channel, and the effectiveness is demonstrated through extensive
simulation results. Second, compared with first-order LPF, the proposed state estimator can greatly improve the estimation
accuracy in the transition process. Besides, it also shows a stronger robustness property against modeling errors than UKF so that a
better tracking performance can be realized. Last, since the state estimator is a continuous-model-based one, Lyapunov theorem
can be directly utilized for stability analysis. Moreover, the state estimator can be easily integrated into the robust adaptive tracking
controller, which is appreciated for implementations in real engineering.

The rest of the paper is organized as follows. Section II briefly states the FAHV longitudinal model and formulates the main
problem. In Section III, the proposed state-estimator-integrated robust adaptive tracking control design is described in detail.

Comparative simulation results are presented and discussed in Section IV. Finally, we draw our conclusion in Section V.

II. PROBLEM FORMULATION

A. FAHYV Longitudinal Model

This study mainly investigates the tracking control design for FAHV in cruise flight stage, where the longitudinal motion
problem becomes the main issue. The geometry of FAHV longitudinal model is depicted in Fig. 1. With the achievements obtained
by Bolender and Doman, the FAHV longitudinal dynamics adopted in this study can be described by the following differential

equations [10]:

Forebody Aftbody

Center of gravity

=

Fig.1 Geometry of FAHV longitudinal model.

Free stream

V =(Tcosa—D)/m—gsiny 1)
h=Vsiny (2)
y=(L+Tsina)/(mV)-gcosy/V 3)
a=q-y “4)
g=M, /I, )
i =2 wn -’y +N,, i=1273. (6)

This model is comprised of five rigid-body states x, =[V hy & q]T and six flexible states 17 =1, 7, n, 1, 1, 17, ]T corresponding

to the first three bending modes of the fuselage, where V' is the velocity, 4 is the altitude, y is the flight path angle, « is the angle
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of attack, while ¢ is the pitch rate. Besides, m, g, Iy, ¢, and @, are the mass, acceleration of gravity, moment of inertia, damping

i

ratio, and flexible-mode frequency, respectively. The lift L, drag D, thrust 7, pitching moment M,,,, and generalized force N; can be

approximated by
L(x,,6,,6,.7) ~ 0.5pV*sC, (,5,.5,.7) %)
D(x,,8,,8,,m) = 0.5pV*sC,(a,5,,5.,1) (8)
T(x,.¢.m) = 0.507’s| C; ()¢ + Cp () + Cly | ©)
M, (x..4,5,.6.,1m) = z,T +0.5pV*scC, (a,6,,5,,17) (10)

N (%,,6,,6.,m) = 0.50V s | Ni“ @ + Nf@+ N['8, + NJ*8, + N/ + N/ | (11)
where p, s, z,, and ¢ represent the air density, reference area, thrust moment arm, and aerodynamic chord, respectively. o,
stands for the elevator deflection, §, stands for the canard deflection, while ¢ represents the fuel equivalence ratio. The

aerodynamic coefficients, which are obtained through curve-fitted method, can be expressed as follows:

C,(a,5,,6,,1)=Cla+C} 5, +C)s, +C)+Cln (12)

C,(2,5,,5.,7)=CE a* +Cla+CE 5> +C45 +CES +Cx5. +CL+Cly (13)

Cry(@)=Cl o’ +CI* a* + C o+ C} (14)
C(a)=Ca’ +C}a’ + Cra+C;) (15)

C, (2,8.,6..0)=Co a’ +Cla+Ch:5, +C:5 +C +Cly (16)
ci=[cy o cp oo o] j=T.LDM a7)
N =[N 0 N 0 NP 0], i=123. (18)

By introducing a new throttle commanded value ¢, , the engine dynamic can be modeled by the following second-order system
[49]:
§=-20,0,0- 04+, (19)
where £, represents the engine damping ratio, and @, stands for the nominal engine frequency. To increase the fidelity, the limits
on the actuator outputs in this study are set as
S [—20°, 200], pe [0.05, 1.5]. (20)
For more detailed information about the aerodynamic coefficients of the FAHV, readers can refer to [50].
B.  Control Objective
Since the flexible states # are hard to obtain in practice, we treat the flexible dynamics as unknown disturbances in our design
stage, while the effects of them will be evaluated in simulations [4], [26]. Besides, to cancel the lift-elevator coupling, the canard
deflection o, is set to be ganged with the elevator deflection &, through an interconnect gain k, =— c / Cy . Then,
.=k, 0, = —(Cf” /o )5{), which indicates that we do not need to treat the canard deflection o, as a separate input [57]. Take (1)

and (2) as FAHV model outputs. Then, considering measurement noises in the output dynamics, (1)—(5) can be rewritten as

follows:
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o - V :_¢v(x,,’7,u) _ (Tcosa—D)/m—gsiny @
h| |9,(x,.nu) Vsiny

7| [(L+Tsina)/(mV)-gcosy/V

% =|d|= g7 (22)
= q - L M}')’ /IV,V
_V;n V+w, 23)
= =x_+w=
y _h’n out h + Wh

T T r |’ T
where x,, =[V h] represents the output state vector, x, = [y « ¢] ,and x, = [x”m,xl. ] .u=[5, ¢.] stands for the control

inputs, y=[V, h, ]T represents the measured outputs, and w =[w, wh]T stands for the measurement noises in the velocity

channel and altitude channel, respectively.

Focusing on the tracking problem in FAHYV cruise flight stage, the control objective of this study is to develop a robust control
law u(y,x,) such that in case of noisy measurements y and unknown disturbances, the output states /" and / can track the given
reference signals V. and 4., respectively.

Throughout this paper, the following assumptions hold:

Assumption 1: w, and w, are bounded functions of ¢. In other words, there exist unknown positive constants w; and w, such
that [w,(1)] < w; and |w, (0)] < w,.

Assumption 2: V. together with its derivatives up to the 3™ order and /. together with its derivatives up to the 4™ order are

bounded.

III. STATE-ESTIMATOR-INTEGRATED ROBUST ADAPTIVE TRACKING CONTROL DESIGN

In this section, we will describe our robust adaptive tracking control design for FAHV with noisy measurements in detail. First,
a continuous-model-based state estimator will be given to estimate the exact states of the velocity and altitude, which are
contaminated by measurement noises. Then, based on the noise-free measurements, an ideal state feedback controller will be
constructed to fulfill the tracking mission. After combining the state estimator and the controller, the whole robust adaptive

tracking control law is finally developed, which is shown in Fig. 2.

State-Estimator-Integrated Parametric Uncertainties
Robust Adaptive Tracking Control Law +
. o Sliding Surfaces Fo— FAHV Longitudinal Model
o _>®_h> §,=(dfdr+a) [[oar Lyl ~ACEPIVERAWS - ]
4 . . g 6,=75¢,. 6,=75¢, Flexible Dynamics
A S, =(dfdr+a,) [ o,

/ n=[nnm 0]
v v

Robust Tracking Controller

Rigid-body Dynamics
":m:"”“{ 68, 9, +7. ~kysar(S, [K ) kS, } > o _[hraql

s ’0/,75/, =% +hf4‘7k2|5at(§/./K/.)’kzz§h
* T
State Estimator .t vx"“’ =]
R N - A - y= [Vm hm] w= [w\, w,,]l
V:(Tcosa—D)/m—gsmy—q(V—Vm) -t ®:
IR A ~+ Measurement Noises
h= Vsin;/—o‘,,(h—hm)

Fig.2 Overall control scheme.
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A. State Estimator Design

To overcome the side effects brought by the measurement noises in the output dynamics, we design the following

continuous-model-based state estimator:

V=4 (&.m-0,(P-7,)

:(fcosa—f))/m—gsiny—o-v(I}—Vm) 4

h=¢(&w) =0, (h=h,)=Vsiny-o,(h-h,) ©5)

A L L . A AT 7 A oA T o

where x,, = [V h] is the estimate of the output states, X, = [xgm,xi ] = [V hya q] , o, and o, are positive constants,
¢v0(fc,,u)=(fcosa—ﬁ)/m—gsiny (26)
o (X, 1) = VSin7/ (27)

are nominal models of (21), with

T =T(%,,$,0)=0.50V 5[ C, ,(a)p+Cp(a) ] (28)
D =D(%,,6,.5,,0)=0.5pV*sC,y (a0, 8,,—(C}" /C} ) 5,,0) (29)
while u =u(x,) is the control input which will be developed later. By calculating the integrals of V and #, the estimate of the

A AT .
output states x,, = [V h] can be obtained.

Define the estimate error vector as X, = [17 };JT =x,,—X,., = [V ~Vh —l;JT . Then, according to (21), (24) and (25), the
estimate error dynamics can be written as follows:
y=v-v
= ¢V(x,.,7],u) - ¢v (fc,,u)—o", I}_Vm
=4.(xm%)+0,(V =V -w,)
= _O-VV + ¢Zv (xr 1, ’Qr ) —oW,
h=h-h
= 4,5, 7.0 ~(d0 () =0, (=, )|
(3D

=4, (x,..%,)+0, (ﬁ—h—wh)

= —O',ﬁ + ¢Zh (x,,1m1,x,)—0,W,
where @,(x,,7,%,)=@,(x,.9,u)—$,,(%,,u) and @,(x,,7, %) =@, (x,,7,u)—¢,,(X,,u) represent the lumped modeling errors,
both of which are globally bounded in x,,; and %, . Thus, there exist unknown positive constants ® and ®,, such that
14.(x,.m. %) <®,.
Now we are going to analyze the stability properties of the state estimator.

Theorem 1. Consider the FAHV longitudinal model (1)—(6), (19) and the state estimator (24) and (25). Then, both the estimate

<@, and [§,x,.7.5)

errors V and h are semi globally bounded.

Proof: Consider the following Lyapunov function candidate:
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V=W, +W, =V + 1. (32)
Differentiating ¥, along the system trajectory, we can obtain
V=V +V,,
= 27V +20h
= 217(—o-vl7 +4,(x,.n,%)—o,W, )

+2};(_6hh~+¢Z‘h(xr’ﬂ’)2r)_o-hwh)

Y N (33)
= _2o-vV2 + 2V¢v (xr ’ 777 'Qr) - ZGVVWV
_20}1};2 +2};¢Zh (xrana'%r) _2O-hﬁwh
<207 +2||®, +20,|7|w, - 20,1 +2|i| @,
+20, |ﬁ|w2.
If we let
20,7 +2|P|®, + 20, [7|w, <-o ¥, (34)
20,1 +2|h|d, +20, i w, <o, (35)
then
vV, <-oV, (36)

can be satisfied, where o = min(O'v,O'h ) Solving inequalities (34) and (35), we have
7, 2(28, /o, + 2w ) 37)
v, 2 (20, /0, +2w,) . (38)

Therefore, the estimate errors ¥ and 4 are invariant to the following sets

3, ={|7]<2®, /0, +2m} (39)
3, ={|i| <29, /o, +2w,} (40)
respectively, which indicates the semi global boundedness of ¥ and 4 . This completes the proof. O

Remark I: According to (39) and (40), it can be found that with fixed o, and o, , both the boundaries of the estimate errors 14

and & consist of two parts: one is the modeling error between the nominal model and the truth model corresponding to the terms
@, and @ ,» » which mainly results from the unknown flexible dynamics, parametric uncertainties and other model disturbances.

The other is the effect of the measurement noises. In the case where the measurement noises are absent, we can obtain

lim || < lim (2, /o, ) = 0 (41)
lim || < lim (20, /o, ) =0 (42)

which means that we can minify the estimate errors ¥ and / by choosing larger gains o, and o, respectively in this case.
Remark 2: When measurement noises exist, for the proposed state estimator (24) and (25), if we choose ¢,,(x,,u) =0 and

@,0(x,,u) =0, after Laplace transformation, we can obtain the relationships between 1% R h and V., h, inthe Laplace domain as

follows:
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A0
H,()= V.(s) (o,)s+1 “43)
Hys)=20 | (44)

H,(s) (/o,)s+1
which are common first-order LPFs. In this case, ¢1(xr ,17,X,)=¢,(x,,n,u) and ¢Zh (x.,n,x,)=¢,(x,,m,u), which mean the
derivatives of the velocity and altitude of FAHV, respectively. In the steady-state process, ¢1 (x.,m,x,) = ¢Zh (x,,1,x,)=0,which
indicates no modeling errors exist so that the estimate errors V and / are only affected by the measurement noises. However, in
the transition process where the reference signals change, larger bounds of <i>v and @ , Will be brought in by LPFs (43) and (44).
Compared with (24) and (25), if we choose the same o, and o, , larger estimate errors will emerge, which will greatly deteriorate
the tracking performances and even make the close-loop system broken down. Therefore, for LPFs, we need to choose larger o,

and o, to reduce the effects of &)v and ® , although it actually leads to a sacrifice of high-frequency filtering property.

B. Ideal State Feedback Tracking Control Design
1) Brief Description of IT2-FLS

To identify the unknown nonlinear dynamics of FAHV, we employ IT2-FLS which was brought out by Zadeh in 1970s [51] in
this study. A typical IT2-FLS is usually composed of the following five parts: fuzzifier, rule bases, inference, type reducer, and
defuzzifier, which can be seen in Fig. 3. As an extension of type-1 fuzzy logic system (T1-FLS), IT2-FLS is more appreciated in
dealing with uncertain parameters and unmodeled dynamics due to the extra degree of freedom provided by interval type-2 fuzzy

sets (IT2-FSs) (Fig. 4), which means a better capability of IT2-FLS in modeling unreliable information.

Fig.3 Interval type-2 fuzzy logic system.

1 1

0.9 0.9
08 08
07 07 {MF
0.6 06
05 05
0.4 04 LMF
0.3 03
0.2 0.2

0.1 0.1

-40 20 0 20 40 40 20 0 20 40
a) b)

Fig. 4 a) Type-1 fuzzy set and b) interval type-2 fuzzy set.
Considering an n-inputs-one-output Mamdani IT2-FLS, the sth rule of the rule bases has the following form:
Rule s:1f x, is F* and X, IS E ..and X, IS E

N (45)
Thenuis G* s=L2,..,.M

where X, = [xfl, Xpses xﬁlJT € R" is the input vector and u € R is the output of the IT2-FLS. Besides, I:"f @i=12, ..,n)is
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the antecedent IT2-FS, with lower membership function (LMF) u., (x;) and upper membership function (UMF) £, (x,), while

G’ is the consequent IT2-FS, with corresponding centroids of [9,5, A ] Then, if we apply singleton fuzzification and product

inference, the degree of firing f*(x,) satisfies the following relationship:
L) el £, 1 (x))]
= |:H/;lﬁ’v (xﬁ) > Hﬁﬁ;v (x/i) :|‘
i=1 i=1

(46)

Let
M
&(x))=1"(x)) 21 (x)) (47)
s=1
denotes the fuzzy basic function (FBF). Then, the left and right boundary FBF vectors & (x,) = [5} (x,), f,z(xf ) (xf)JT and

& (x,)= [5) (x,), £ (x/), . ,f,f'(xf)]r can be obtained through Karnik-Mendel algorithm [55], which can be further used to

calculate the left and right end points of the type-reduced interval type-1 fuzzy set u, and u, under center-of-sets type reduction:
u(x,)=6/&(x,), u(x,)=6/&(x,) (48)

where 6, = [49,1 ,07,...,6" JT and 6, = [49,1 ,07,...,0" JT - Finally, the crisp output u(x,) can be obtained through center average

defuzzification:

u(xf) = 05(“[ (xf)+ur(xf))

(49)
=0.5(6/&(x,)+6] &.(x,))=0"&(x,)

T
where =05[6,,6,] and &(x,) =[&(x,).&.(x,)] .
The following lemma demonstrates the Mamdani IT2-FLS’s capability of approximating a real continuous function on a
compact domain.

Lemma 1 [52]: The Mamdani IT2-FLS can uniformly approximate any real continuous function f(x): R" — R in a compact

set E € R" to any degree of accuracy. In other words, for V¢ > 0, there exists a Mamdani IT2-FLS as (49) such that
sup| /(x) - 8" &(x)| < &. (50)
Therefore, the real continuous function f(x) can be expressed as follows:

f(x)=0"&(x)+e,, (51)

where 8" denotes the optimal parameter estimation, which can be defined as follows:
@ =arg gnig {sup|f(x) - 0T§(x)|} (52)
<R | xez

while ¢ . represents the minimal estimation error.

min

2) Ideal Robust Adaptive Tracking Control Design

Facing the control objective, an ideal state feedback tracking control law u = u(x,) will be developed for FAHV to tackle the

tracking problems in this part. Based on differential geometric control theory [53], the FAHV longitudinal model can be

transformed into the following affine nonlinear form by differentiating /" and 4 three times and four times separately:
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V b b
.\ — ﬁ + 11 12 ¢c (53)
h( ) f‘2 b21 b22 59

fi=(m%, +5cT§225c)/m (54)

where

fr = (0%, + X' Q,%)siny m+V (7%, + £' T, %)cos y
+3Vycosy—3Vy siny+3Vjcosy (59)
—3Vyysiny =V’ cosy

b, =2 Z—gcosa (56)
m
2 = s,
2ml |, oa o Cr
o oT .
b,, = m” 6—¢sm(7/+a) (58)
), _
b,, :w (a—Tcosa—Tsina—a—Djsiny
2ml, |\ oa oa
oL T o CF s e
+(—+—sina+Tcosajcosy Cy ——=Cy |.
da  Oa ¢

The detailed expressions of x,X,,®,,Q,,7, and II, are given in the Appendix.

However, large flight envelope and severe environmental changes will inevitably cause aerodynamic parametric uncertainties,
which may directly affect the system stability as well as the flight safety. Thus, taking parametric uncertainties into consideration,

we have
V — fl + Afi + bll + Abll b12 + Ab12 ¢c
h(4) f‘Z + Af‘Z b21 + AbZl b22 + Ab22 5@

BRI

=F(x,)+B(x,)u

~ 1 | LA Aby Aby, || 4,
F("")_[ﬁHmAAHA@I Aszu o

is an uncertainty-embedded vector,

b (x,) by(x,)
b, (x,) by(x,)

is the input gain matrix which is supposed to be invertible [54], while Af,, Af,, Ab,

where

B(x,)= { (62)

Ab

> Ab, and Ab,, are corresponding

19
lumped uncertain terms.
Define the velocity tracking error and altitude tracking error as e, =V -V, and e, = h—h_, respectively. Then, the sliding

surfaces of the velocity and altitude can be designed as follows:

S, =(dfdt+2,) [ edi (63)
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S, =(d/dt+2,)" [ et (64)

where A, and A4, are positive constants. Differentiating (63) and (64), we can obtain the following relationship:

S\’ vV - ‘.V‘;'
{a}:waw}+F””+Bu”" )
where
v, =Ae, +342¢, +348, (66)
v, = Ale, +44)6, + 6126, +44%, (67)

are two terms associated with the velocity tracking error and altitude tracking error, respectively.

Since the precise expressions of f, and f, are both unavailable, here we utilize two IT2-FLSs to approximate these two terms
respectively. Then we have
f:} = gvrgv (xr)’ f;l = 9[5]1 (xr ) (68)
The ideal state feedback tracking control law can be designed as follows:

—H,Tf, -V, + V( —k,, sgn(S,)—k,S,

u=B"(x, v 69
o) ~0,&, —v, +h —ky sgn(S,) ~ kS, ©)

where k,,, k,, k,,, k,, >0, and the adaptive laws are
6, = 756, 0;, = 71SiSh (70)

where y,, 7, > 0. Then, the stability properties of the proposed state feedback control law are given as follows.

Theorem 2: Consider the FAHV longitudinal model (1)—(6), (19) together with the state feedback control input (69) and the

adaptive laws (70). Then, the sliding surfaces in the state feedback system S, and S, are semi globally bounded.

Proof: According to (51), the uncertain terms f, and f, can be expressed as follows:
f; = 0:T§V +gmin,v’ fh = O;Tgh + gmin,h' (71)
Then, substituting (69) and (71) into (65), it becomes

S‘, _ évTé:V + &y —hyy 880(S,) — kS,
6,¢,+¢

] (72)
S, —k,, sgn(S,) —ky,S,

min,h
where , =6’ —6, and 6, =6, -6, .
Consider the following Lyapunov function candidate:
leo T 1 ss 1 55
V,==8+=8,+—6,0,+—6,0,. (73)
2 2 2y, 2y,
The time derivative of ¥, along the system trajectory is
. . . 1 sr & 1 P
V,=8_S+8,8,+—6,6,+—6,0,
v Vi

=S5, (_ku sgn(S,) =k, S, + &, )
+5, (_k21 sgn(S,) —ky,S) + € )

'HgvT [S\fv _Lévj‘*'é[ (Shgh _Lghj'

h

(74)

v
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Substituting (70) into (74), V2 becomes

Vz = _kn S,|- klZSf - k21 |Sh | _kzzS/? + Svgmiu,v
+ Shgmiu,h
75
< Sv (_kIZ Sv _kll +|gmin,v ) ( )

+|Sh|(—k22 IS, — &y +

).

Therefore, S, and S, are invariant to the following sets

)fkas0f) (6)
7

gmin, h

[1]

gmin, v

L= {|S‘,| < max {(—k“ +

[1]

W= {lShl < max{(_kﬂ +|8‘“i“'h

respectively, which completes the proof. (]

Remark 3: Although Theorem 2 has analyzed the boundedness of the sliding surfaces S, and §,, it is still a conservative result

can be actually very small. Thus, if

because with favorable design of IT2-FLSs, the unknown terms |gmin,v and |g

min,h

, then we can obtain

and k, > |g

comparatively large positive k,, and k,, are taken, which satisfy &, > |gmin!V

min,h
g, ={ls,|=0}, E,={5,|=0} (78)
which indicates that the tracking errors of the velocity and altitude can converge to zero in the ideal state feedback case.

Remark 4: To avoid chattering problems brought by the discontinuous function sgn(x) , here we replace sgn(x) with a

continuous saturation function sat(x) , where

, } <1
sat(x) = * if |x| . (79)
sgn(x), otherwise
Then the control law (69) becomes:
e . ~
u= B—l (x’) ev gv Vv + VE‘ kllsat(sv /Kv) klZSv (80)
~0,&, —v, +h —kysar(S, /K,) ~ kS,

where K, and K, are positive constants.

C. Control Synthesis
In the previous subsections, we have separately finished the design of the state estimator and the ideal state feedback tracking
controller. In this subsection, we will combine these two parts through substituting the noise-free measurement vector x, in (80)

by its estimate one x, [9], [53], and [56]. Finally, the whole state-estimator-integrated robust adaptive tracking control law can be

written as follows:

u=[¢, o]

_ B-l()% ) _0VT€2V -7, +I/<‘ _kllsat(Sv/Kv)_kuSv (81)
_ahTé:h -9, +hr(,4) —kysat(S, /Kh)_k22Sh

S, =(dfdt+2,) [ &t (82)

S, =(dfdt+2,)" [ é,ar (83)
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b= A% +3226,+30.6, (84)
D, = Ao, +42)6, + 6126, + 44,8, (85)

V=400, (7-7,)

:(fcosa—f))/m—gsiny—ov(I}—Vm) (%0

h=¢ (&)=, (h=h,)=Vsiny—o,(h-h,)  (87)

T=0501’s[C; y(@)p+Cr(a)] (88)
D=05pVsC,(a.5,.~(C} [C})6,.0) (89)
g'v = }/vgvév’ e'h = 7h‘§héh (90)

T ~

where ée‘f-:gv(&) ’ éhth(kr) ’ -’%y:[iorwx,qrz[l}hAVO‘Q} e, =V=V, éh:hA_hc' ks ki ks ey, K K A

A,,0,,0,,7, and y, are positive constants.

IV. NUMERICAL SIMULATIONS
In this section, four scenarios are considered to verify the effectiveness of the proposed state-estimator-integrated robust

adaptive tracking control law (81)—(90). The trim conditions of FAHV are listed in TABLE I. Reference signals V. and /. together
with their high-order derivatives are generated by passing step signals 91.44 m/s and 1219.2 m through the following tracking

differentiators, respectively:
S (N) ==k, (x, (%, (V.(N) =V, ) +3V.(N)) + 37, (V)

V.(N+1) =V, (N)+7*V,(N) 1)
V.AN+1)=V,(N)+7*V.(N)
V.(N+1)=V.(N)+7* f5,(N)

S5z (V) ==, (5 (5 (<, (B (V) =, )+ 45, (V)
+6ii,(N))+4i, (N))

h(N+1)=h (N)+7*h (N) (92)

h (N +1)=h (N)+7*h (N)

h (N+1)=h (N)+7*h (N)

h (N +1) = h,(N)+7* fs,(N)

where N is the number of iteration, x, and «, are the “velocity factors” which are related with the speed of the arranged transition

process, and 7 is the time step. Here we choose x, =x, =0.2 and r=0.01.

For both two IT2-FLSs, ¢, and é, are chosen as the inputs. All the antecedent fuzzy sets are set as Gaussian IT2-FSs, with the

following LMF and UMF:

1;.(2)=0.9x exp(-(é, ~m,, )2 / (2a;f )j

i o=oo{{an, o)

1=v,h (93)
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respectively. ¢, and ¢, each have five antecedent fuzzy sets, with their centers m,, being evenly spaced in [—60, 60] X [—80, 80] .

Besides, 0, = 10.5 is taken. Thus, in each IT2-FLS, there are 25 rules in total. Other control parameters are given in TABLE II.

TABLE I
TRIM CONDITIONS
Rigid-body Value Flexible Value
states states
vV 2391.58 m/s 7 0.594
h 25908 m 7, -0.0976
y 0 rad 74 —-0.0335
o 0.0219 rad 7 0
q 0 rad/s 1, 0
/A 0
TABLE I
CONTROL PARAMETERS
Parameters Value Parameters Value
kn 6 ki2 11
kz[ 55 kzz 10.5
K, 1.5 K 2
Ay 2.35 An 1.05
o, 0.8 o 0.02
7, 500 Vi 150

To better show the superiorities of our proposed robust adaptive control system (labeled as “RAC-Sys” in the figures), other four
counterparts with different state estimators are evaluated in the first three scenarios, while in the last scenario the method in [48] is
taken as a comparison. The first counterpart uses no state estimator (labeled as “No-SE-Sys” in the figures), which means that the
noise-contaminated states will be directly fed into the controller. The second and third ones take two sets of specified LPFs as (43)

and (44) in the feedback channel. For the second counterpart (labeled as “LPF1-Sys” in the figures), o, =0.8 and o, =0.02 are

chosen, which are the same as the ones in the proposed state estimator, while for the third (labeled as “LPF2-Sys” in the figures),

o, =20/3 and o, =2.5 are taken, which are actually larger ones. The fourth counterpart utilizes an UKF for state estimation

(labeled as “UKF-Sys” in the figures). Moreover, according to [29], the measurement noises are generated by Simulink’s
“Gaussian Noise Generator” block, which guarantees that in each scenario, the measurement noises can keep the same for all the
comparisons.

Scenario 1: In the first scenario, the measurement noises are absent. The simulation results are shown in Fig. 5-7. From Fig. 5 we
can find that, LPF1-Sys breaks down at about 10s. Besides, both the velocity and altitude tracking errors of UKF-Sys cannot
converge near 0. Except for LPF1-Sys and UKF-Sys, all the other three systems can successfully track the given reference signals.
In addition, No-SE-Sys has the best tracking performances in both the velocity channel and altitude channel. Although our
proposed RAC-Sys has small tracking errors in both two channels in the steady-state process, which are brought by the modeling
errors in the state estimator, in the transition process they are explicitly smaller than those of LPF2-Sys. Fig. 6 depicts the results of
the velocity and altitude estimates. We can see that, because of fast changing of the reference signals, small o, and o, in
LPF1-Sys can lead to large estimate errors at the start of the simulation, which finally result in a flight failure, while for LPF2-Sys,

large o, and o, are able to keep the close-loop system stable, which is consistent with the analyses in Remark 2. Besides, a severe
deterioration of UKF performance occurs due to the unknown flexible dynamics. Moreover, due to the embedded nominal model
terms @,,(x,,u) and ¢,,(x,,u), our RAC-Sys has the smallest estimate errors in the transition process. The control inputs are

presented in Fig. 7, which indicates that when the measurement noises are absent, the actuators of No-SE-Sys, LPF2-Sys, UKF-Sys

and RAC-Sys perform almost the same.
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Furthermore, integral of square error (ISE) and integral of the absolute value of the error (IAE) are utilized here to evaluate the
tracking performances, while root mean square error (RMSE) is employed to evaluate the estimate performances. The results can
be seen in TABLE II1. It is easy to see that, No-SE-Sys shows the best tracking performances, while our proposed RAC-Sys has the

best estimate performances in this scenario.
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Fig. 5 Responses of a) velocity, b) altitude, c¢) velocity tracking error and d) altitude tracking error in Scenario 1.

4

x 10
2500 2.74
2480 272
@ z 27 <
E 2460 = /
° 2 268
g £
E £
= 2440 Z 2,66
u r
z € 264
g 2420 —— LPF1-Sys E / —— LPF1-Sys
g LPF2-Sys < 262 LPF2-Sys
2400 7 ——— UKF-Sys 2 / ——— UKF-Sys
——— RAC-Sys £ ——— RAC-Sys
2380 - = 2.5 - =
20 40 60 80 100 0 20 40 60 80 100
Time (s) Time (s)
a) b)
4 T T T 0 T T
—— LPF1-Sys —— LPF1-Sys
z, LPF2-Sys = 25 LPF2-Sys
£ ——— UKF-Sys < 20N\ ——— UKF-Sys
8 — —— RAC-Sys 3 / —— RAC-Sys
ik o 15 :
2 | 5 0.4
£ B o E
52 AN i o
w
z Ch \ 0
z S o
3 0 - £ o 100
o -4 <
> 66 68 Fb\ \
0 20 40 60 80 100 ~o 20 40 60 80 100
Time (s) Time (s)

o)

a)

Fig. 6 Results of a) velocity estimate, b) altitude estimate, c) velocity estimate error and d) altitude estimate error in Scenario 1.
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Fig. 7 Control inputs in Scenario 1.
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TABLE III
PERFORMANCE CRITERIA IN SCENARIO 1

Control Velocity Channel Altitude Channel

System ISE IAE RMSE ISE IAE RMSE
No-SE-Sys 0.1433 0.9197 - 3.7015 9.3589 -
LPF1-Sys - - - - - -
LPF2-Sys 7.1408 13.9584 0.2665 7947.9 482.6429 8.6421
UKF-Sys 931.3804 265.5022 3.0515 6.3943 17.7482 0.1424
RAC-Sys 2.7864 15.9852 0.1549 4.3471 12.8116 0.0389

Scenario 2: In Scenario 2, weak measurement noises are added into the velocity channel and altitude channel, with variances of
0.37 m?/s*> and 9.29 m?, respectively, which can be seen in Fig. 8. Since LPF1-Sys has a fail tracking performance in the first
scenario, here we only test the performances of No-SE-Sys, LPF2-Sys, UKF-Sys and our proposed RAC-Sys.

The results are given in Fig. 9-11. Although No-SE-Sys has the best tracking performances in the noise-absent scenario, weak
measurement noises can bring severe high-frequency chattering of the actuators and make the close-loop system broken down,
which indicates a high sensitivity to measurement noises of the FAHV control system. Fig. 10 presents the velocity and altitude
estimates. We can see that, compared with measurement noises, unknown flexible dynamics pose more severe side effects on UKF
estimate performance, which demonstrates the sensitivity to modeling errors of UKF. In addition, besides the smaller tracking
errors in the transition process of our RAC-Sys, it is obvious that under the influence of measurement noises, both the velocity and
altitude estimates of RAC-Sys have smaller chattering than those of LPF2-Sys, which demonstrates a stronger filtering property of
our proposed state estimator. Fig. 11 shows the control inputs of the four systems. We can see that, both the elevator deflection and
the fuel equivalence ratio of our RAC-Sys are smooth and efficacious. As the comparison, although LPF2-Sys can also tackle the
tracking problems, there exists small chattering in both control inputs, which will not only cause extra control actions and waste of
energy, but also bring vibrations in the FAHV velocity and altitude responses, which can be seen in Fig. 9 c¢) and d). The

performance criteria are shown in TABLE IV, from which we can find that, in this scenario, our RAC-Sys performs the best.
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Fig.8 Measurement noises of a) velocity and b) altitude in Scenario 2.



>REPLACE THIS LINE WITH YOUR PAPER IDENTIFICATION NUMBER (DOUBLE-CLICK HERE TO EDIT) <

x 10
2500 274
272
2480 —
27 ~
- 2460 — 268 /
£ E*
2 2440 € 26
H / No-SE-Sys P No-SE-Sys
> 2420 LPF2-Sys 1 / LPF2-Sys
/ ——— UKF-Sys 262 ——— UKF-Sys
2400 / ——RAC-Sys |1 2 / —— RAC-Sys
------ Ref L —--—- Ref
2380 258
0 20 40 60 80 100 0 20 40 60 80 100
Time (s) Time (s)
a) b)
6 T T 30 T T
No-SE-Sys No-SE-Sys
5
o 4 LPF2-Sys H - LPF2-Sys
E ——— UKF-Sys £ 2 ——— UKF-Sys
g 2 ——RACSys H 2 I —— RAC-Sys
u S 15 T ———
£ 0 Mmoo Aafann AAA £
% LaA e ]
g £ 0 WA
SN
<1 E] -
£ S. g, / N 60 80\ 100
5 5 I
0 20 40 60 80 100 0 20 40 60 80 100
Time (s) Time (s)

c)

d)

Fig. 9 Responses of a) velocity, b) altitude, c¢) velocity tracking error and d) altitude tracking error in Scenario 2.
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Fig. 10 Results of a) velocity estimate, b) altitude estimate, c) velocity estimate error and d) altitude estimate error in Scenario 2.
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Fig. 11  Control inputs in Scenario 2.
TABLE IV
PERFORMANCE CRITERIA IN SCENARIO 2
Control Velocity Channel Altitude Channel
System ISE TAE RMSE ISE T1AE RMSE
No-SE-Sys - - - - - -
LPF2-Sys 10.5863 24.6287 0.2981 7973.1 495.5179 8.6573
UKF-Sys 931.9384 265.0472 3.0525 6.1311 16.8342 0.1780
RAC-Sys 3.1236 16.3133 0.1628 4.2479 13.4896 0.0485

18
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Scenario 3: In this scenario, the velocity and altitude states are contaminated with strong measurement noises, whose variances
are 3.34 m*s* and 83.61 m?, respectively, which can be seen in Fig. 12. Only LPF2-Sys and our proposed RAC-Sys will be
evaluated here due to the fail tracking performances of No-SE-Sys and UKF-Sys in Scenario 2, and the results are presented in Fig.
13-15. From Fig. 13, we can see that LPF2-Sys gradually loses control since 35s and totally breaks down at about 62s. Fig. 14
depicts the velocity and altitude estimates. Due to large o, and o, in LPF2-Sys, the low-pass filtering property of LPF2 is

weakened, which results in a huge chattering in those estimates. Fig. 15 shows the control inputs, which demonstrates the failure of
the actuators in LPF2-Sys under the effects of strong measurement noises. However, our RAC-Sys can still successfully track the
reference signals, with smaller tracking errors, more accurate state estimates as well as smoother control inputs. Thus, it can be
concluded that, with such severe measurement noises, our proposed integrated control law can still exhibit a satisfying tracking

performance, which verifies the effectiveness and superiority over other comparisons.
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Fig. 13 Responses of a) velocity, b) altitude, c¢) velocity tracking error and d) altitude tracking error in Scenario 3.
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Fig. 14 Results of a) velocity estimate, b) altitude estimate, c¢) velocity estimate error and d) altitude estimate error in Scenario 3.
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Fig. 15 Control inputs in Scenario 3.

Scenario 4: In the last scenario, a quite intractable case in reality will be simulated, where measurement noises and parametric
uncertainties will be simultaneously considered in our proposed integrated control law evaluation. The measurement noises are
taken as the same in Scenario 3. Three different levels of constant parametric uncertainties, as 5%, 10% and 15%, are added to the
lift L, drag D, thrust 7, and pitching moment M,,, where D takes the positive levels while L, 7, and M,,, take the negative ones.

The simulation results can be seen in Fig. 16-20. From Fig. 16, we can find that, our proposed control law shows a strong
robustness against all the three levels of constant parametric uncertainties as well as strong measurement noises and unknown
flexible dynamics, despite the fact that with the level of the parametric uncertainties being higher, the tracking errors become a little
larger. Compared with the results of the method in [48] shown in Fig. 17, our method can realize smaller tracking errors in both the
velocity and altitude tracking, which verifies a stronger robustness property of our proposed control law. The velocity and altitude
estimates are given in Fig. 18, which indicates the convergence of our designed state estimator against parametric uncertainties. Fig.
19 depicts the control inputs of the three cases, while the convergence and effectiveness of the IT2-FLSs are demonstrated by Fig.
20. Detail performance criteria can be seen in TABLE V, which intuitively shows the superiority of our proposed method. To sum
up, even with severe measurement noises, large parametric uncertainties and unknown flexible dynamics, the proposed control
system can still successfully track the given reference signals with satisfying performances, which verifies the robustness of our

proposed integrated control law.
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Fig. 16 Responses of a) velocity, b) altitude, c) velocity tracking error and d) altitude tracking error in Scenario 4.
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Fig. 19 Control inputs in Scenario 4.
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TABLE V
PERFORMANCE CRITERIA IN SCENARIO 4
Parametric Control Velocity Channel Altitude Channel
Uncertainties System ISE TAE RMSE ISE TAE RMSE
59 RAC-Sys 11.7685 28.4470 0.3202 10.9587 23.5535 0.1257
° Method in [48] 77.5483 65.7819 0.3555 213.3594 143.7989 0.1396
10% RAC-Sys 27.9356 40.4877 0.5105 22.2492 33.0928 0.1880
? Method in [48] 167.0802 93.4502 0.5535 451.9345 210.4690 0.2067
15% RAC-Sys 62.5677 58.4932 0.7744 40.4964 44.5555 0.2751
0 Method in [48] 338.4849 132.5538 0.8185 833.6954 286.2299 0.2970

V. CONCLUSION

22

A novel state-estimator-integrated robust adaptive tracking control law is proposed for FAHV to simultaneously deal with

measurement noises, parametric uncertainties as well as unknown flexible dynamics in cruise flight stage. The

continuous-model-based state estimator is designed to reconstruct the exact states of the velocity and altitude which are

contaminated by measurement noises. Based on noise-free measurements, the ideal robust adaptive tracking controller is then

constructed, where IT2-FLSs are employed to approximate the unknown dynamics of FAHV online. The stability properties of the

state estimator and the ideal state feedback tracking controller are explored through Lyapunov method. Finally, the

state-estimator-integrated robust adaptive tracking control law is developed by combining the state estimator and the ideal state

feedback tracking controller. Comparative simulations of four scenarios show the robustness and superiority of our proposed

integrated control law. Since few investigations of FAHV control design specifically consider the effects of measurement noises on

FAHYV responses, we believe this study can greatly promote further developments of FAHV applications. In our future work,

measurement noises in all the rigid-body states will be considered, and a novel full-order-state-estimator-integrated robust adaptive

control system will be investigated.

APPENDIX
The detailed expressions of x,X,,®,,Q,,7, and II, are given as follows:
x=[Vyay¢ h]T, X, =[I7 v d, ¢, HT where
Gy = (2T +0.507*57(Cy @ + Chrar+ ))/]W _y

b =-20,0,6- ¢
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