W) Check for updates

e s
TRANSACTIONS OF THE
INSTITUTE OF
MEASUREMENT & CONTROL

Special Issue: Advances in measurement and control for unmanned systems

Transactions of the Institute of
Measurement and Control

1-13

© The Author(s) 2023

Article reuse guidelines:
sagepub.com/journals-permissions
DOI: 10.1177/01423312231154194
journals.sagepub.com/home/tim

®SAGE

Disturbance observer-based neural
adaptive fault-tolerant control for
flexible air-breathing hypersonic
vehicles with multiple model
uncertainties
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Abstract

One of the critical problems for flexible vehicles is how to simultaneously address the multiple uncertainty compensation and flexible vibration suppres-
sion. This paper focuses on the smooth adaptive fault-tolerant control design problem of a two-layer framework for flexible air-breathing hypersonic
vehicles subject to contingent actuator failures and multiple model uncertainties. The first layer provides a disturbance observer—based neural adaptive
fault-tolerant controller overcoming actuator failures and multiple model uncertainties. The second layer relies on the tracking differentiator and filter
combined with the controller seamlessly, generating smooth reference information, which is highly desirable for flexible vibration suppression. Then,
the analysis by the Lyapunov theory strictly proves the uniform ultimately boundedness of all the control and filter state variables. Finally, the simulation

results demonstrate the dominant tracking control performance of the proposed control method.
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Introduction

In the past several decades, air-breathing hypersonic vehicles
have been one of the major topics to be investigated in the
aerospace field for the dramatic advantages of the fastest
reached and large flight envelopes (Guo et al., 2020; Xu et al.,
2004). The capability of air-breathing hypersonic vehicles
(AHVs) plays an important role in completing rapid near-
earth orbit transportation, space exploration emergency, and
global attack Guo et al. (2019a, 2019b). However, AHVs con-
front external disturbances and aerodynamic uncertainties
due to the harsh flight environment. What’s worse, the distin-
guishing flexible characteristic and strong coupling caused by
the slender geometry is inevitable, degrading the performance
of the flight control system An et al. (2021) and Ding et al.
(2019a). Therefore, it is evident that the control system design
of flexible air-breathing hypersonic vehicles (FAHVs) with
multiple model uncertainties is not easily tackled.

The high-fidelity longitudinal model of FAHVs for the
control system design has been proposed in Parker et al.
(2007), where the complex dynamics functions are superseded
by precise curve-fitted. Based on this model, many significant
results focusing on the controller design of FAHVs have been
achieved. To compensate for the vibration induced by the
elastic dynamics, Wang et al. (2014) developed a coupling dis-
turbance observer—based composite control method for
FAHVs, where the generalized elastic mode coordinates are

estimated accurately. In An et al. (2016), a linear disturbance
observer—based control method has been developed by utiliz-
ing the feedback linearization methodology to effectively sup-
press the influence of multiple uncertainties and elastic
dynamics. Nevertheless, the feedback linearization model is
established depending on the model parameters of actuators,
which may not be available in practice. Recently, the non-
linear backstepping framework has been employed to design
the tracking controller by constructing a strict-feedback
model of FAHVs (Sachan and Padhi, 2020). In Shao et al.
(2021a), a neural network-based controller has been proposed
to handle the total disturbances summarized by the influence
of elastic dynamics, multiple uncertainties, and actuator fail-
ures. A similar method has been presented in Shao et al.
(2021b), where the influence of elastic dynamics is regarded
as a part of the lumped disturbances addressed by a conveni-
ent parameter tuning tangent function. In Ding et al. (2019b),
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the sliding mode control method has been used for designing
the controller of FAHVs to deal with the multiple uncertain-
ties, including the elastic dynamics and external disturbances.
From the short review above, the flexible vibration problem
caused by elastic dynamics is addressed acquiescently as a
part of the lumped disturbances. It should be noted that, in
addition to treating the elastic dynamics as a part of the
lumped disturbances for compensation, many studies have
shown that the smooth control process is highly desirable for
the suppression of flexible vibration (Hu et al., 2019; Shi
et al., 2020). As stated above, it is more efficient to suppress
flexible vibration using active compensation combined with a
smooth control process.

However, the actuator failure is considered as the primary
factor for practical control system performance degrading,
which even leads to instability Wang et al. (2018b) and Wang
and Yuan (2019). In order to achieve reliable flight control, it
is necessary to design a fault-tolerant controller for FAHVs to
ensure excellent stability and control performance in the pres-
ence of contingent actuator failures. In general, the effective
fault-tolerant control (FTC) method can be roughly categor-
ized into the passive and the active control method (Argha
et al., 2019; Wang et al., 2022). Different from the passive
FTC method adopting the immutable control structure, the
active FTC method ensures the excellent performance and sta-
bility of the considered system using the adaptive reconfigur-
able controller Wang et al. (2018a) and Zhang et al. (2022),
which can actively compensate for actuator failures. In He
et al. (2015), an output feedback adaptive control method has
been proposed to compensate for the influence of actuator
failures by updating the associated parameters. In Zhang
et al. (2020), a second-order sliding mode observer has been
constructed to estimate the lumped disturbances composed of
external disturbances and actuator failures, and the higher
accuracy tracking control is achieved by the observer-based
nonlinear control strategy. In He et al. (2022), an adaptive
feedback control method has been investigated for flight state
stabilizing and vibration elimination by adaptive fault estima-
tion. The active adaptive FTC has shown superior perfor-
mance in handling actuator faults. Therefore, the adaptive
FTC methodology will be inherited and carried forward for
the flight control system design of FAHVs.

In this paper, a disturbance observer—based neural adaptive
fault-tolerant control method is developed for FAHVs subject
to contingent actuator failures and multiple model uncertain-
ties. The neural networks are seamlessly combined with the
adaptive control to compensate for actuator failures and mul-
tiple model uncertainties. The mismatched disturbances are
effectively handled by introducing the nonlinear disturbance
observer in this scenario. Moreover, the tracking differentiator
and filter provide smooth reference information for flexible
vibration suppression while reducing the complexity of the
recursive control framework. To be more specific, the pro-
posed method in this paper possesses the following features:

® A two-layer framework-based smooth neural adaptive
control method is proposed to handle the complex

control problem of actuator failures, multiple model
uncertainties, and elastic dynamics. The analysis by
the Lyapunov theory strictly proves the uniform ulti-
mately boundedness of all the state variables of the
controller and filter.

e Unlike existing adaptive methods in He et al. (2015,
2022), this paper develops a novel neural adaptive con-
trol method to estimate the upper bounds of unknown
uncertainties. Thus, strong robustness and excellent
transient tracking performance are guaranteed despite
time-varying actuator failures and multiple model
uncertainties.

¢ Different from previous studies Ding et al. (2019b)
and Shao et al. (2021a, 2021b) that regard the influ-
ence of elastic dynamics as a part of the lumped distur-
bances to compensate, this paper adopts a composite
strategy to address the flexible vibration problem. The
proposed design features a smooth control action that
can effectively avoid exciting the major elastic
dynamics by the smooth reference combined with the
tangent control function. On this basis, the residual
flexible vibration will be compensated by the adaptive
controller.

The structure of this paper is organized as follows. The
dynamic model of FAHVs subject to actuator failures and
multiple model uncertainties is formulated in “Problem state-
ment and preliminaries.” The control method and its stability
analysis are given in “Main results.” The numerical analysis is
given in “Simulations” to verify the dominant tracking con-
trol performance of the proposed control method. Finally,
the conclusion is summarized.

Problem statement and preliminaries

Dynamic model of FAHVs

The basic structure of FAHVs is shown in Figure 1, depicting
the components and variables used for attitude control. The
dynamic model of generic FAHVs considered in this study is
given by Parker et al. (2007), the specific form can be
described as

. Tcosa—D .
V= ——"——gsiny
h=Vsiny
. L+ Tsina gcosy
Y mv v (1)
a=q-y
g M i i
1 1 1

il = = 26wi7; — wim; + N+ g, i=1.2

where the definition of related nomenclatures can be found in
Appendix A. The thrust, drag, lift-force, pitching torque, and
elastic force have the following expressions
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Figure I. Geometry of FAHVs.

T= T()(Ol) + Tq;(a)CD + AT + dTe

D = Dy + Dy(a) + AD + dp,
L=1Lo+ Lea + AL + d,

M =My + My + Mo(@) + M58, + AM + dy, ()
N, = C,C\’/Zaz + Cfa+ CY )

Ny =Cya? + Chat CY + Cyde

The related variables can be further obtained according to
the following equations formulated as

To(a) = (Bya® + Byo? + Bga + Byg)

To(a) = (B1a + Bsa® + Bsa + B7)

Dy = gSCY%, Do(@) = gS(C% o® + Cia)

Lo = gSCY, L, = gSC2 )
My = zrT, Ms, = gSeC;, My = gSeCy,

Me(@) = gSe(C§y o + Clar)

Problem statement

In practical engineering, contingent actuator failures are an
unavoidable problem for the flight control system, which can
be decomposed into the loss of effectiveness and deviation
faults Wang et al. (2018a). Thus, the time-varying actuator
failures in this paper are formulated by

b = rcp(t)uq> + dq)(l‘) (4)
de = r5(Hus + ds(t)

where uqg(t), us(¢) denote the real elevator deflection and fuel
equivalence ratio of FAHVs; re(f),75(f) € (0,1] denote the
coefficient of the remanent control effectiveness, which are
changing with time; and dg(f), ds(f) denote the time-varying
deviation faults.

Moreover, the mass and inertia of FAHVs are changing
with fuel consumption, which may lead to degradation of the
control performance. The time-varying mass and inertia can
be described as

m = I’m(t)Wl()
I = rj(t)l() (5)

where r,,(t) denotes the ratio of the real mass m to the initial
mass my; r;(t) denotes the ratio of the real inertia / to the ini-
tial inertia /.

Combine the velocity dynamic model of FAHVs in equa-
tion (1) with the actuator fault of the fuel equivalence ratio in
equation (4) and the varying mass in equation (5), the velocity
subsystem of FAHVs is derived as

V = gy/)tq;uq) +f[/ + d[/ (6)

where Ag = re/r,; the known input function gy, the
unknown model function f;, and the lumped disturbances dj
have the following expressions

gy = Ty cosa/my
fr = (Tycosa — Dy — Dy(@))/m — gsiny
dy = (Tede + AT + dr,)cosa — AD — dp ) /m

Define the state variables x; = h,x; = y,x3 = 0,x4 = q,
and combine the altitude dynamic model of FAHVs in equa-
tion (1) with the actuator fault of the elevator deflection in
equation (4) and the varying inertia in equation (5), the alti-
tude subsystem of FAHVs is derived as

X = gix +d
Yo = gox3s T oty (7)
X3 = x4

X4 = @alsus t fo + dy

where As = r5/r;; 6 = a + vy denotes pitch angle; the known
functions gi,g2,84,/2; the unknown model function f4; and
the lumped disturbances d;,d,,ds have the following
expressions

g1 =V,d =V(siny—v)

& = Lo/(moV),fo = —gcosy/V

d = (L + Tsina)/(mV) — (Lae)/(moV)

&= M, [1o.fa = (Mo + Mo(@))/T .

dy = (Mr + Ms,ds + AM + dy, + 43y, + §7y) /1

For the integration influence of the effectiveness loss faults
and model uncertainties A¢, As, the deviation faults ds, de,
and the lumped disturbances dy,d;,d»,ds, the following
assumptions are made.

Assumption 1. Dgﬁne I =1 /)\,»_, i=06,® . It is assumed that
Fi is bounded. EIF, € R+ 5 |Fl| = F,‘.

Assumption 2. For i=1,2,4,V, 5’,(D+ it is assumeditha.l d; @d
their derivatives d; are bounded. 3d;, d; eR + , |d;| < d, dl-| <d,;.

Remark 1. I';, i =8,® denotes the combined effect of the
actuator failures, varying mass and inertia. Assumption 1 is
reasonable as long as the system is not completely ineffective,
which is the research premise of this paper. Moreover,
Assumption 2 conforms to the fundamental laws of physics.

Preliminaries

For achieving a smooth transition process, the digital track-
ing differentiator in Han (2009) is used for the flight control
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Figure 2. Structure diagram of the proposed method.
system of FAHVs to provide sufficient reference instruction J\H;Hz
. . . . —_ 2 LR
information. The specific form is p;x)=e ¥ ,i=12,...1 (11)

A=t v s

(8)

v’2‘ = v’{ + Sa*
where v; and v, denote the design desired and its derivative,
respectively; k represents the step index of the tracking differ-
entiator; and S denotes the calculation step length. a* is calcu-
lated as

—rsign(a)
—a/S
vE + nsign(y)

{
{V§+y/S
(

v’l‘ — v) + Své
= 0.5(\/r2S2 + 8r|y| — rS)

where v denotes the desired step command; r denotes the con-
vergence rate to v.

According to Lavretsky and Wise (2013) and Wang et al.
(2020), the radial basis function neural networks (RBFNN5)
OTdyy(x) on a compact set x € R can be utilized to approxi-
mate any unknown continuous function f(x). The approxima-
tion results satisfy inequality as

la| > rS
la| <rS
ly| > rS?
ly| < rs?

&
a
y
n

1/ () — O Dy @) < ey (10)

where eyy > 0 denotes the approximation error; ® € R’ is an
unknown constant vector denoting weights; / denotes the
number of neurons, which are related to the accuracy of the
approximation; and  ®yy(x) = [0, (), 92(x), ..., o))"
denotes the radial basis function (RBF), which is a Gaussian
process in the form as

where ¢; and o; denote the center and the standard deviation
of the isotropic Gaussian RBF components, respectively.

Lemma 1. The unknown models caused by the mass and inertia
uncertainties fy and fy can be approximated by the following
RBFNNs

fr=0Ld, + ¢y

12
fi =0, + ¢ (12)

Lemma 2. An et al. (2020)For any { >0 and m € R , the fol-
lowing inequality

<

0$|m|—mtanh<%)\f<§ (13)

holds, where k=0.2785.

Main results

In this section, the structure diagram of the proposed method
is shown in Figure 2, where the control scheme can be
described in three parts. The first part uses the tracking differ-
entiator and first-order filter (FOF) to provide smooth refer-
ence information for controller design while reducing the
complexity of the recursive control framework. Hence, the
smoothness and stability of tracking control are guaranteed.
The second part is the disturbance observer—based recursive
control, ensuring the stability of the altitude, flight path angle
(FPA), and pitch angle loop by compensating for the mis-
matched uncertainties. The third part is the neural adaptive
fault-tolerant control, achieving the stable control of the pitch
angular velocity (PAV) and velocity loop subject to actuator
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failures and matched uncertainties. Finally, the dominant
tracking control performance is guaranteed.

Controller design for altitude subsystem

The altitude subsystem contains matched and unmatched
uncertainties. To deal with the altitude control problem while
avoiding the high complexity, we design the recursive neural
adaptive fault-tolerant controller combined with a distur-
bance observer in the framework of the dynamic surface
method with four steps.

Step 1. Define the altitude tracking error as z; = x| — A,, the
derivative of z; can be calculated as

n=gxmtd —h (14)
The control is designed to make Step 1 stable as
Xoo =—hizi —gy'dy + g hy (15)

where k; >0 denotes the control gain; d, denotes the estima-
tion of d;, obtained by the disturbance observer with the gain
[; as follows

di =pi + Lz
. ~ . 16
p1=—hd, — i (gix2— hy) (16)

Moreover, the desired for the next step x,, is obtained by
the first-order filter with the positive filter parameter 7,

x24(0) = x2¢(0) (17)

Define &'1 = Ell — d1, Y2 = X2d — X2¢, and Zy) = X3 — X24.
Combining equations (14)—(17), we can get the error dynamics
of z;,d;, and y, as

TaXoqa + Xoq = X2 — T2Z1,

z = —gihiz —di + g1(z2 + )
dy =—hd, —d, (18)
R ) .
Yy =z — e
T2

Consider the following Lyapunov function candidate of Step 1

1,

1-
*dlz + EJ’z

2
z7 +
L)

(19)

L_l
1 2a1

According to equation (18), the derivative of L; can be cal-
culated as

. 1 1 5\-~, =2
Lis—|bh-—=S-1)2+-2-(L-2)d+d
1 <1 4gf )21 422 (1 4>1 1
% nlal’
27’2 2

(20)

Step 2. Following the similar procedure of Step 1, take the
derivative of z, as

21

= gx3 + o tdy— Xy

The stable control and disturbance observer of Step 2 are
designed as

e == ka7 —& ' (h+dy) + g %
dy =p> t bz
Dy = —hdy — b(goxs + o —%24)

(22)

where k, > 0 denotes the control gain; d> denotes the estima-
tion of d,; and /; is the disturbance observer gain. The desired
for the next step x3; is obtained by the first-order filter with
the positive filter parameter 73
T3X3q + X30 = X3c — 322, X34(0) = x3.(0) (23)
Define 512 = &’2 — dz, V3 = X3d — X3¢, and Z3 = X3 — X34.
Combining equations (21)—(23), we can get the error dynamics
of z,dp, and y; as

= —logzn — dy + g(z3 + 3)
82 =7126~112 *dz
V3= gz =

(24)

Consider the following Lyapunov function candidate of
Step 2

1 1-, 1
Ly = —22 + =d* + =)? 25
2 2g22 2 2 2y3 ( )

According to equation (24), the derivative of L, can be cal-
culated as

. 1 1 5\ ~ =2
L=< - (k —4—2—1)23 + Zzg— (ZZ—Z)dg +d,
53 26
2 e (26)
_ 73 [%3|
27‘3 2

Step 3. Following the similar procedure of Step 1, take the
derivative of z3 as

23 = X4 — fC3d (27)
The control is designed to make Step 3 stable as
X4e = — k3Z3 + J'C3d (28)

where k3 > 0 denotes the control gain. The desired for the next
step x44 1s obtained by the first-order filter with the positive
filter parameter 74
TaXaq + Xag = Xae — Taz3,  X4q(0) = x40(0) (29)
Define y4 = x40 — x40 and z4 = x4 — x44. Combining equa-
tions (27)—(29), we can get the error dynamics of z3 and ys as

Z3 = —kyzz + (21 + 1)
(30)

. .
Vg T T 23— Xye
T4
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Consider the following Lyapunov function candidate of
Step 3

1 1
L3 = 7Z§ + Eyi

; (31)

According to equation (30), the derivative of L3 can be cal-
culated as

; 1 vi o, Talal
< — (ks — + o4y el
Ls (k3 1)Z§ 4Zzzt 274 2 (32)
Step 4. Take the derivative of z4 as
Z4 = Qahsus +ﬂ + dy — Xg4g (33)

According to Lemma 1, the unknown model f4 caused by
the inertia uncertainty can be approximated by the RBFNNs
fa= ®,{<I>h + ¢&,. Thus, the control is designed to make Step 4
stable as

up = — kazq — Dh tanh (;—4) — é);q)h + X4q (34)
“Dyy

where D, = dj, dy = dy + ns and Dh,G)h denote the estima-
tion of Dy, ®,, and D, = D, — D, and ©;, = G)h — ©;, denote
the estimation errors, respectively.

Substituting equation (34) into equation (33), the z4 can be
written as

Zy =  —kyzq — Dh tanh (%) + dy + gahsus — up — éi‘bh
(35)

Finally, the actual control action of the altitude subsystem
is designed as

) r
us = — 2 ganp [ Z2 01 (36)
84 &r,
with the adaptive laws are designed as
bh = Kp,z4 tanh (:—4) — UD;,Dh
. Dy
fa = — Kféz4u;, - (7'1’~5 Fs (37)

éh = K@,,Z4q)h — U'G)hé)h

where T5 denotes the estimation of T, and T5 = T's — T
denotes the estimation error; ¢p, and e, are the design posi-
tive constants; op,, op,, and gg, are the positive modifying
constants of the adaptive laws; and Kp,, Ky, and Ke, are the
gain of the adaptive laws.

Consider the following Lyapunov function candidate of
Step 4

Lo 1

b ) 1
2Kp, 2K7, T

2Ko,

1 - o
Li= 374+ I+ e’'e, (38)

According to equation (35), the derivative of L4 can be cal-
culated as

L4 = — k422 — Z4Dh tanh( ) + zgd), + z4gaAsus

epy,

Duby | Tl 076 (9)
— ZqUp — 24®Z(I)h + h=h + 5 76 + —h h
Kp,  KpTs Ko,
Using Lemma 2, it is easy to obtain that
z4dy < Djz4 tanh (Z—4> + kDyep,
. (40)
Z4gadslsy < 1 zaty + j
Furthermore, we can get
~ Z4 ~ Zy
z4d), — z4Dy, tanh (7) < — z4Dj tanh <—) + kDpep,
Epy, epy,
= (41)
N T's L ke
Z, Us — Zallp = = Z4l,
484A5Us 4Up l_,54h Fs

Substituting equation (41) into equation (39), we can
obtain that

b £ (T
ho_ z4 tanh (z—4> + 2224 Z4ly,
Kb, €D, Ts Kl}

- Ke
+ @Z <K ho_ Z4(I);,> + KD;,SDh + T:‘r“
O, 8

Ly< —k42i+l~)h<

(42)

According to the adaptive laws in equation (37), equation
(42) can be formulated into

. DD, o Tsl 6’6 Kep
i< —k4zﬁ—UD" Woh OT,1 818 00,9 h+KDhED,, L KEn,
KDh Kfaré K@h FS

(43)

Using Young’s inequality Young (1912) we can get

_O'D,,Dh[)h - O'DhDh + O-DhDh
Kp, 2Kp, 2Kp,
_(Tfﬁféf’s < — Ufﬁl} + Ufj,‘% (44)
Kfa I's 2Kf5 I's 2Kf§ I's
_O‘@h(“D;@h - _0’@}1®Z®h U(-)h@;@h
Ko, 2Ke, 2Ke,

Substituting equation (44) into equation (43), we can
obtain that

- => .
L4 < _ k422 _ O—DhDil _ O-f‘éliﬁ _ ‘TG;,@;@}: O—DhD%
4 2KD;, Zl(f*5 F5 2K@h 2KD;, (45)
T2 T -
L onls | 00,90 kDyep, + —Xo
2Kl’~5r5 2K@h I's
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Theorem 1. For the altitude subsystem in equation (7), let the
recursive controller in equations (15), (22), (28) and (36),
and the adaptive laws in equation (37) be applied. Then the uni-
form ultimate boundedness of the altitude subsystem is
guaranteed.

Proof. Consider the following Lyapunov function of the alti-
tude subsystem

(46)

Lh= i:Li
i=1

where L; is defined in equations (19), (25), (31), and (38).
According to the derivative calculation results of the
Lyapunov candidate functions in equations (20), (26), (32),
and (45), the derivative of L; can be calculated as

. 1 1 5 5
bh<—-h-—-1)2-lb—-—5—-2)2—(k—->)2
" (1 4gt )1 (2 4g3 4)2 (3 4)3
1 5\ ~
- (k fz)zﬁf (ll 71>d12

4 2 2 27’3 27’4 2KD;, 2Kf,5 Fg
o
(oxc) 0,0
_ZOh + e,
2Kg,
(47)
where
-2 =2 X '2 X 2 Y .2 2
e, = dl +d2 4 T2|X2c| + T3|);3c‘ + 74‘);4(‘ 4 Oéi/(,Dh
Dy,
-T2 T .
n UF5 ,8 0'@,1@}1@}, " KDhEDh " K7F5
ZKr5 Is 2K, Is
(48)
Furthermore, we have the following conclusion
Lh = — ,LLth + &, (49)

where

= mm<2g1(k1 — - 1).22(k - —1).2(k 3),2(k4;)>
21 -3).2(k~ . L. L. Loov,.0p,.00,

(50)

It is clear that Vt=0,0<L,(t)< max{i’; ,L;,(O)}.

Therefore, the uniform ultimate boundedness of the altitude
subsystem can be guaranteed.

Controller design for velocity subsystem
Define the velocity tracking error as zy = V — V,, the deriva-

tive of zy can be calculated as

21/ = gy/)\q)u(p +fy + dV — f/,.

(51)

According to Lemma 1, the unknown model f;r caused by
the mass uncertainty can be approximated by the RBFNNs

fr= ®,€‘DV + &p. Thus, the virtual control of the velocity

subsystem is designed as

uy = — kyzy — Dy tanh (j—V) - (:),CQDV + ¥, (52)
EDy
where Dy = dy,, dy, = dy + ¢y, Dy, ®) denote the estimation
of Dy,®y, and DV = DV — Dy, (:)V = é)V — Oy denote the
estimation errors, respectively.
Substituting equation (52) into equation (51), the z;- can be
written as

21/ = — kVZV — DV tanh(é)—”y) + dy, + gV)\q>llq> — Uy — @qu)[/
(53)

Finally, the actual control action of the altitude subsystem
is designed as

r r
up = — 2 anh [ 2 (54)
gr e,
with the adaptive laws are designed as
éV = KDVZV tanh <6207[> — UDVDV
.
fq, = — KF(I]ZV”V — O'fq)f‘q, (55)

Oy = Ko,zy®y — 00,0y

where 'y denotes the estimation of I'y, and Ty = T'p — e
denotes the estimation error; ¢p, and er, are the design posi-
tive constants; op,, or,, and ge, are the positive modifying
constants of the adaptive laws; Kp,, Kt , and Ke, are the gain
of the adaptive laws.

Theorem 2. For the velocity subsystem in equation (6), let the
controller in equation (54) and the adaptive laws in equation
(55) be applied. Then the uniform ultimate boundedness of the
velocity subsystem is guaranteed.

Proof. Consider the following Lyapunov function of the velo-
city subsystem

1
2Kp,

1
2Kp, T

|
oTe,

=2
Iy +
® " 2Ke, V

Ly = 25 +

5 D} + (56)

According to equation (53), we can obtain the derivative
of Ly as

LV = — kVZ%/ — ZVDV tanh (Zl> + ZVdV, + ZVgV)\(I)M(I)
SDV
— Zyuy —Z;/C:)g(by (57)

DVbV + r(pf(l)
KDV KF¢F(D

676,
Ke,

+

Using Lemma 2, it is easy to obtain that
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z
Zy/dyl = DVZV tanh (—V> + KDVSDV
ED,
f ’ (58)
[ Kgflp
Zygrloup < =zyuy + —
F(I) F(I)
Furthermore, we can get
~ z ~ z
ZVdV, —zyDy tanh (—V) = —zyDy tanh (—V) + KDVSDV
Epy Epy
r K
ngV)upuq) —zZyuy = ﬁzVuV + ﬁ
F(I) ()]
(59)

Substituting equation (59) into equation (57), we can
obtain

: (b
LV :*kVZ%, +DV r —Zy tanh(z—V)
Kp, €py
~ i éV
+ 07 —zp®
4 (KG)V Zy V)

According to the adaptive laws in equation (55), equation
(60) can be formulated into

60)
+ —— + (
To Kf® Zyuy

KET
+ KDVSDV + l:rd)

D

O'DVDVDV _ Uflbl:‘DFID _ U'@,,@i@y

T 2
= — —
LV = kVZV

Kp, Kfmrq; Ko, (61)
Ker,,
+ KDVSDV + —
Te
Using Young’s inequality we can get
. U'DVDVDV < _ UDVD%/ O'DVD%,
Kp, 2Kp, 2Kp,
= ay :2 ,2
Conlofs _only | onl -
Kfm Fcp 2Kf¢ rq> ZKFm Fq;
70'@,,@5@;/ - 70'@»@5@(/ 0'@,,@5@1/
Ko, 2Ke, 2Ke,

Substituting equation (62) into equation (61), we can get
the following inequality

= .
. D2 opT 0re
Ll/s —kVZ%/ _UDV v _ I'p :D _Uev v + e, (63)
2Kp,  2Kp,To 2Ko,
where
2 -T2 T e
e, = O'D,,DV 0Ty fb U®V®V®V T KDVE;DV i K7Fd>
2Kp, 2Kp, T 2Ke, I'p
(64)
Furthermore, we have the following conclusion
Ly< — myly + &, (65)

where

wy = min{2ky,op,, 07,00, } (66)

It is clear that Vi=0,0<Ly(f)< max{%,LV(O)}.

Therefore, the uniform ultimate boundedness of the velocity
subsystem can be guaranteed.

Simulations

This section presents several simulations to demonstrate the
effectiveness and robustness of the proposed neural adaptive
fault-tolerant controller(NAFTC). To be more persuasive,
the feedback linearization-based linear quadratic regulator
(FLLQR) and the disturbance observer-based controller
(DOBC) in An et al. (2016) and Shao et al. (2021a) are
applied in simulations for comparison. The LQR controller is
among the most used controller of vehicles for its simplicity
and applicability. The DOBC method and so on mentioned
above repeatedly is widely used to deal with actuator faults
and multiple uncertainties of FAHVs. Both methods rely on
the linearized model as

¥ =Ax + Bu +d, (67)
where the state variable x, state matrix A, and control matrix
B are defined in An et al. (2016).

The specific form of the LQR is
Uygr = — Klqrx (68)

with the optimal feedback gain Kj,, calculated to minimize the
following energy function

L= %r [x"Qx + u” Ruldt (69)

0
where @ and R are the diagonal positive definite weight
matrices. The larger the weight matrices, the smaller the

desired error of x and control energy u, respectively.
The specific form of the DOBC is

Ugope = — Kyx — Kudy
d=p+ Lx
p=— Ld(p + de) — L;(Ax + Bu)

(70)

where K., K;, and L, are the control gain matrix, the distur-
bance compensation gain matrix, and the disturbance obser-
ver gain matrix, which are both calculated by pole
assignment, respectively; and d; is the estimation of the
lumped disturbance d,.

Control parameters setting

The vehicle parameters and the aerodynamic coefficients of
simulations can be found in Parker et al. (2007). The initial
and desired conditions of the system states are given in
Table 1. The initial values of angle of attack (AOA) and
FAYV are set as random values to verify the robustness of
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Table I. Initial and desired conditions of the system states.

Velocity, V (ft/s) Altitude, h (ft) FPA, v (deg) AOA, « (deg) PAV, q (deg/s)
Initial value 7700 80,000 0 | 4
Desired value 8500 90,000 - - -
FPA: flight path angle; AOA: angle of attack; PAV: pitch angular velocity.
Table 2. Parameters of the proposed control method.
Altitude subsystem Velocity subsystem
Parameter Value Parameter Value Parameter Value
k| O4/g| KD;, | k\/ 0.4
k2 07/g2 Kl:,s | KDV |
k3 1.1 Ko, 10 K, 0.5
k4 100 O—Dh70—F5 0.2 K®v 10
I| 0.1 ge, 05 UDV’UF(p 0.1
h 0.2 ép, 0.005 oo, 0.5
p, 0.01 T 0.5 €Dy €, 0.1
T3 0.1 T4 0.03 ry 0.1
In 1.5 Ohp 0.2 Oy |
Ch [-0.2, — 0.1,0,0.1,0.2] cy [=2, = 1,0,1,2]

the proposed method. The references of 7., V, and h,, h, are
derived from filtering step commands by the tracking differ-
entiator, with the parameter r, for the velocity subsystem,
and r;, for the altitude subsystem. The number of neurons
for two subsystems is five, with the RBFNNs parameters ¢y
and oy for the velocity subsystem, and ¢; and o for the
altitude subsystem. All parameters of the proposed control
method are given in Table 2. In addition, the control
parameters of LQR are Q = diag(10,1,1,1,1,1,1) and
R = diag(1,0.1); the control parameters of DOBC are
K - {0.68 342 775 0 0 0 0 }

i 0 0 0 0034 1.62 153 943}

Kd:|:3.42 77510 0 0 0} and
0 0 0 1.62 153 943 1|

L - {diag(lO,lO,lO) 054 }

d 0453 diag(6,2,2,2) |

Simulation results

In order to analyze the control performance of the proposed
method and the comparison methods, the simulations are
implemented in two cases. In Case 1, the simulation results of
FAHVs with fixed actuator failures and multiple uncertain-
ties are given to illustrate the excellent tracking performance
of the proposed method. In Case 2, the simulation results of
FAHVs with more complex time-varying actuator failures,
multiple uncertainties and measurement noises are given to
illustrate the superior robustness of the proposed method.

Case 1: The fixed actuator failures occur at ¢+ = 100s with
parameters rs = 0.79,r¢ = 0.75,ds = 0.09,dp = 0.08, and
change at 7= 300s with parameters r; = 0.74,rp = 0.71,
ds = 0.15,dp = 0.11. The multiple model uncertainties
include —30% deviations of aerodynamic parameters and
—10% deviations of mass and inertia. The external distur-
bances and measurement noise are not considered.

The simulation results of Case 1 are presented in Figures
3-8. The velocity and altitude tracking performance are
depicted in Figures 3 and 4. It is clear that the velocity and
altitude of NAFTC rapidly convergence to the reference
when the climbing flight is beginning. In contrast, the conver-
gence rate of the two other comparison methods is relatively
slow. In other words, NAFTC has the best transient control
characteristics. Moreover, whether before or after actuator
failures, the velocity and altitude errors of NAFTC are less
than 0.3ft/s and 3.5ft, respectively. When it comes to the
velocity and altitude errors of FLLQR are 18.1ft/s and 89ft,
and DOBC are 9.7ft/s and 25.8ft. The attitude states are
depicted in Figure 5. When actuator failures occur, the atti-
tude states of FLLQR and DOBC fluctuate violently, and
NAFTC remains stable. The elastic mode coordinates are
depicted in Figure 6. Due to the impact of the first actuator
failure, it is obvious that the elastic mode coordinates of
FLLQR and DOBC oscillate for the excited flexible vibra-
tion. In contrast, owing to the smooth control, the oscillation
amplitude of NAFTC is less than the treble of the two other
comparison methods. The control actions are depicted in
Figure 7, the estimation results of the disturbance observers
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and adaptive laws are depicted in Figure 8. From Figures 7
and 8, it is interesting to note that the quick control action
and the accurate estimation of the unknown terms are impor-
tant for the excellent control performance of the proposed
control method.

In general, in terms of the control accuracy, the response
agility for contingent actuator failures, and the flexible vibra-
tion suppression, NAFTC ensures the highest degree, DOBC
followed and FLLQR worst.

Case 2: The time-varying actuator failures occur at ¢ = 100s
with parameters 75 = 0.79 + 0.05sin(0.1¢), re = 0.75 +
0.03co0s(0.2¢), ds = 0.09 + 0.06sin(0.1¢), dep = 0.08 + 0.02cos
(0.2¢). The multiple model uncertainties include —30% devia-
tions of aerodynamic parameters, the time-varying mass and
inertia with parameters m = my(0.8 + 0.2¢70%%), =1,
(0.8 + 0.2¢7%9%) and the external disturbances with para-
meters dr, =30 + 6sin  (0.03f), dp, =26sin (0.05¢)e 0%,
dr, =30 + 15cos (0.045¢), and dy, = 300 + 65 cos (0.045¢).
The measurement noises are injected into the measurement
signals.

The simulation results of Case 2 are presented in Figures 9-14.
The velocity and altitude tracking performance are depicted in

:
j i il
hblyaso ~ o
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}
. |
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Time (s)
Figure 6. Elastic mode coordinate in Case |.
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Figure 7. Control action in Case |.

Figures 9 and 10. It is clear that the velocity and altitude of
NAFTC accurately converge to the reference despite the time-
varying actuator failures and multiple model uncertainties, while
the two other comparison methods continue to fluctuate due to
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Figure 9. Velocity tracking performance in Case 2.

these adverse effects. Moreover, the velocity and altitude errors of
NAFTC are less than those of the two other comparison methods.
Specifically, the errors of NAFTC are less than 0.9ft/s and 2.8ft,
respectively, when it comes to FLLQR are 13.8ft/s and 64.9ft,
and DOBC are 8.9ft/s and 10.2ft. The attitude states are depicted
in Figure 11. When time-varying actuator failures occur, there are
fluctuations in the attitude states of FLLQR and DOBC, espe-
cially the fluctuation of FLLQR is violent, but NAFTC remains
stable. In addition, from the third part in Figure 11, it can be
observed that the measurement noises have a certain effect on the
pitch angular velocity of NAFTC and DOBC, while FLLQR has
almost no effect. But these negative effects can be ignored by con-
sidering the overall control performance. The elastic mode coordi-
nates are depicted in Figure 12. The control actions are depicted
in Figure 13, the control actions of all three methods are time-
varying to compensate for time-varying actuator failures and mul-
tiple uncertainties. Nevertheless, according to the overall control
effects, we can infer that the control actions of NAFTC are more
effective and accurate. The estimation results of the disturbance
observers and adaptive laws are depicted in Figure 14.
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Figure 1. Attitude state in Case 2.
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Figure 12. Elastic mode coordinate in Case 2.

In general, the simulation results verify that the NAFTC is
capable of dealing with time-varying actuator failures and
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Figure 13. Control action in Case 2.

multiple model uncertainties. Moreover, the proposed method
ensures uniform ultimate boundedness despite the actuator
failures and multiple model uncertainties, which is consistent
with the theoretical analysis.

Conclusion

In this paper, a disturbance observer—based neural adaptive
fault-tolerant control method is proposed for FAHVs subject
to contingent actuator failures and multiple model uncertain-
ties. Based on the tracking differentiator and first-order filter,
the smooth reference information for controller design is gen-
erated and the complexity of the recursive control framework
is reduced. Then, the smooth reference information is com-
bined with the smooth adaptive compensation control action
using the tangent control function, ensuring that the flexible
vibration is suppressed more effectively. Moreover, the time-
varying actuator failures, aerodynamic deviations, and exter-
nal disturbances are addressed utilizing the capable adaptive
laws. Meanwhile, the neural networks are seamlessly com-
bined with the adaptive control to handle the unknown mod-
els caused by the mass and inertia deviations. Finally, the
simulations assess the tracking performance and robustness
of the proposed method. The analysis indicates that NAFTC
has more advantages than other control methods in terms of
control accuracy, response agility for contingent actuator fail-
ures, and flexible vibration suppression ability.
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Appendix A

Notation

Cg:;, B; aerodynamic coefficients by curve fitting

dr,,dp,,dr,, dy, external disturbance force and torque

h altitude (ft)

m, 1 mass and inertia

M pitching torque

q pitch angular velocity, PAV (rad/s)

q.g dynamics pressure and gravitational
acceleration

S,c reference area and mean aerodynamic
chord

T,D,L,N,N, thrust, drag, lift-force and elastic force

Vv velocity (ft/s)

|x| absolute value of x

X upper bound of |x|

x>~ norm of vector x

zr coupling between T and M (ft)

@ angle of attack, AOA (rad)

y flight path angle, FPA (rad)

O, elevator deflection (rad)

A(H) unmodeled and uncertainties of the aero-
dynamic force and torque

IR generalized elastic mode coordinate

&6 damping coefficient of elastic dynamics

o fuel equivalence ratio

AR rotational coupling coefficient of elastic
mode

w1, 0 frequency coefficient of elastic dynamics



