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ABSTRACT This paper proposes a novel prescribed performance fault tolerant control for hypersonic flight
vehicle nonaffine models with actuator failures. First, the hypersonic flight vehicle longitudinal model is
decomposed into two subsystems: the altitude subsystem and the velocity subsystem, which are expressed
in non-affine forms to design the controller. Second, a novel performance function is used to design the
backstepping controller, considering the actuator failures of the altitude subsystem. Different from previous
studies, the backstepping controller designed in this paper reduces the steps and computational load. For the
velocity subsystem, a prescribed performance fault-tolerant control law is also designed for the nonaffine
velocity subsystem with actuator failures. The novel performance function not only guarantees the transient
performance and steady-state accuracy of the system but also greatly reduces the overshoot of tracking
error. Finally, the Lyapunov functional is used to prove the stability of the designed control system, and
the effectiveness and superiority of the method are verified by simulation.

INDEX TERMS Hypersonic flight vehicles, prescribed performance, actuator failures, nonaffine model,

backstepping control.

I. INTRODUCTION
After the successful flight test of X-43A and X-51A powered
by scramjet engines at the NASA Center in the United
States, hypersonic flight vehicle (HFV) has been considered
as the most threatening and most trustworthy aircraft in
the 21st century [1]-[5]. In principle, HFV can now fly as the
speed of ballistic missiles in the atmosphere, but unlike the
latter, the trajectory of HFV is complex and difficult to pre-
dict [6]-[7]. The development of HFV is a sophisticated,
multi-disciplinary and complex project, which combines
basic research with engineering test. It involves hypersonic
aerodynamics, scramjet technology, new composite materials
and thermal protection technology, control technology and
integrated technology [8]-[10].

Due to its tightly integrated plane structure, complex and
variable flight environment, the HFV dynamic model has
the characteristics of uncertainty, nonlinearity, nonaffine and
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strong coupling, which poses a huge challenge to the design
of control system [11], [12]. The advanced aircraft design
method enables HFV to possess many undesirable complex
dynamic characteristics such as the design of flat and slender
fuselage and the use of a large number of light flexible mate-
rials increase the flexibility of HFV, which makes it easy to
excite flexible modes and cause undesirable body vibration in
high-speed flight [13], [14]. The integrated configuration of
HFYV fuselage engine also requires super-combustible impact.
Integrating pressure engine and fuselage make the engine
located at the bottom of HFV fuselage produces an additional
lift moment while generating thrust, which increases the bur-
den of HFV actuator in starting control to a certain extent.
Furthermore, the complex and changeable external environ-
ment disturbance and high dynamic pressure caused by high
speed in large airspace flight make the actuator very easy
to appear failures which lead to stricter control constraints
for HFV. Meanwhile, due to the hypersonic flight mission,
HFV’s control system needs to have satisfactory transient
performance and less computational load [15]-[17].
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In recent ten years, flight control research of HFV emerges
in endlessly [18]-[22]. By combining terminal sliding mode
control and second-order sliding mode control approach,
the second order terminal sliding control is proposed for the
velocity and altitude tracking control of the HFV, but it is
difficult to ensure the convergence of the system while intro-
ducing disturbance [23]. An anti-disturbance backstepping
control approach with extended state observer is proposed
for tracking control of HFV which considers the large uncer-
tainties, the external disturbances and especially the lack of
aerodynamic knowledge, but the boundedness of the tracking
error is not explained [24]. Although some achievements
have been made in the above research, the actuator mech-
anism damage and aerodynamic parameters uncertainty of
HFV under input saturation state have not been considered.
Meanwhile, most of the above researches adopt rigid body
model of HFV. Therefore, in order to reduce the crash disaster
caused by actuator failures, realize its safe flight and effec-
tively complete the established tasks, it is of great significance
to strengthen the research of fault-tolerant control of HFV
flexible model [25], [26]. An adaptive fault-tolerant compen-
sation controller with “switching change” is designed for
HFV with damage faults, but the design process of controller
is complex, and the calculation is large [27]. When there are
both failures and input saturation problems, a fault-tolerant
control method of HFV is designed by reconstructing a new
feasible trajectory and transforming saturation into input con-
straints based on predictive control theory [28].

Most of the existing research results of HFV tracking
control are focused on the accuracy of tracking error but
ignore the transient performance of the system [29], [30].
A novel constraint approaches variable is used to construct
virtual control that guarantees the tracking error within the
transient and steady-state performance envelopment [31].
Wei et al. study a new adaptive attitude control method which
is suitable for target combination of post-capture space robots
with unknown inertia and external disturbance to achieve pre-
scribed performance [32]. In order to solve the mismatched
uncertainties and differential explosion problems as well as
guarantee the steady and transient performance of the track-
ing error of the original system, Song et al. propose a robust
dynamic surface controller with given performance for a
class of nonlinear feedback systems [33]. Based on these,
the prescribed performance control method has been applied
to the tracking control of HFV [34], [35]. Zhao et al. study
the control design of HFV system with unknown direction
control and introduce the fully tuned dynamic radial basis
function (RBF) neural network to approximate the unknown
term, but the control method is complex form and poor adap-
tive adjustment ability of parameters [36].

Despite the above research results on HFV flight control,
further research has not stopped. Most of the existing studies
have not considered the nonaffine control problem of HFV
with actuator failures. In fact, for the HFV control inputs, the
controller designed for it should be nonaffine one [37], [38].
In this paper, considering the actuator failures, a novel
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nonaffine model is proposed. Firstly, the HFV model is
decomposed into subsystems of altitude and velocity which
are expressed as nonaffine forms to design controllers
respectively. Second, on the basis of considering the actuator
failures of the altitude subsystem, a novel prescribed perfor-
mance function is used to design the backstepping controller.
Unlike previous studies, the backstepping controller designed
in this paper reduces the steps and computational load. For the
velocity subsystem, a prescribed performance fault-tolerant
control law is also designed for the nonaffine velocity sub-
system with actuator failures. The use of the novel prescribed
performance function not only ensures the transient perfor-
mance and steady-state accuracy, but also reduces the over-
shoot of tracking error greatly. Finally, Lyapunov functional
is used to prove the stability of the designed control system,
and the effectiveness and superiority of the proposed method
are verified by contrast simulation. The main contributions of
this paper are summarized as follows:

1. The control method designed in this paper is based on
the nonaffine models of HFV, which are closer to the actual
flight situation than previous studies. The novel prescribed
performance function is introduced to ensure the transient
performance and steady-state accuracy of small overshoot
control system.

2. Considering the actuator failures of HFV altitude and
velocity subsystem, the failure model is also considered as
a nonaffine model. RBF neural network is introduced to
approximate the fault term which simplifies the controller
design.

3. The uncertainties in HFV flight control are realized by
using backstepping control method to meet the requirements
of matching conditions. There are less steps in backstepping
design and low computational load.

4. In order to verify the robustness of the system, per-
turbations are added to the aerodynamic parameters. Com-
pared with existing three control methods, the control method
proposed in this paper has better tracking performance and
robustness. Meanwhile, the HFV model initial value is
changed and simulated again. From the simulation results,
the method presented in this paper has certain effectiveness.

The rest of this paper is outlined as follows. Section 2 intro-
duces the motion model of HFV and the novel prescribed per-
formance function. Section 3 studies the controller and proves
its stability. The contrast simulation results are presented in
Section 4. The final conclusion is proposed in Section 5.

Il. MODEL DESCRIPTION AND PRELIMINARIES
A. HFV DYNAMICS MODEL AND PRELIMINARIES
In this paper, the control-oriented nonlinear model of HFV
from Parker [37-38] is adopted, and its longitudinal plane
stress is shown in Fig. 1. The longitudinal dynamic model
of HFV derived from the standard Lagrange equation can be
expressed as follows:

. Tcosa—D

V i

= ———— —gsiny ey
m
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FIGURE 1. Force map of a hypersonic vehicle model.
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The above vehicle model has five rigid body states
(velocity V, altitude A, flight path angle y, pitch angle 6, pitch
rate Q) and two flexible states (n; and 7). Moreover, m and
I,y denote the mass of HFV and moment of inertia.

The attack angle « = 6 — y. L, T, D, M, N;, ¢;, w; and
tﬁi denote lift force, thrust force, drag force, pitching moment,
the ith generalized force, damping ratio for flexible state n;,
natural frequency for flexible state n; and constrained beam
coupling constant for flexible state n;. Their details are as
follows:

T~[B1 (h.q) ®+p2 (h. Ple’
+ (B3 (h,q) D+ B4 (h, )] o
+[Bs (h,q) ® + P (h, )]«
[B7 (h,q) © + B (h, 9)]
D~73S (ngaz b C%a+ CE82 4 s, + Cg)
L ~gS (Cfa+Cprs.+CP) ®)
M~ T +35¢ (Cfy o + Cf g+ Cly o + cede)
Ny = N]”‘zoe2 + N{a + Nl0
Ny = N& a® + Nfa + Ni°8, + N?
1

G= Epvz, P = poexp[(ho — h)/hs]

where g is air dynamics pressure, p, S, ¢ and z7 denote air
density, reference area, aerodynamic chord and thrust arm.
It can be seen from (1)~(8), the control inputs are fuel-to-
air ratio ® and elevator angular deflection §,, and the outputs
are velocity V and altitude 4. The control goal is to devise
non-affine prescribed performance controllers ® and §, via
backstepping for HFV such that velocity V and altitude A can
track their reference commands Vs and A, in the presence
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of parametric uncertainties. It can be seen that the control
inputs ® and §, do not occur explicitly in (1)~(7) but appear
through L, T, D, M, N1 and N,. For more detailed definitions
of other parameters and coefficients, the readers could refer
to [38].

Remark 1: Obviously, the flexible states can’t be mea-
sured for control design. When designing controllers, they
are treated as system uncertainties that are coped with by the
controller’s robustness.

From (1)~(8), it can be also seen, the flexible states of
HFV are coupled with the rigid states severely by aerody-
namic force L, T, D, M . If the effect of restraining the flexible
states is not obvious, the control of the rigid states will be
greatly affected. Therefore, the mission of the control system
is not only to ensure the stability of the rigid-body system
to track the reference inputs, but also to ensure the ultimate
convergence of the flexible states [39].

Assumption 1 (see [40]): The desired reference inputs Vs
and h,r are known and bounded, as well as their derivatives.

Lemma 1 (see [41], [42]): For any given continuous
function y on a compact set 2z, there is an RBF neural
network W7'S (Z), such that

y=Ww's ) )

where W is weight parameter vector and S (Z) is the
basis function vector which is expressed as S (Z) =
[s1 Z),5Z), -+ ,sp (Z)]T. si(2) is selected as following
Gaussian function

bi
where a; = [aj,ap,- - ,a,] € R" represents the center
vector and b; € RT is the width of the Gaussian function.
n and p denote dimension of input vector and number of
nodes.
If enough nodes are selected, there must be an ideal weight

Z—a;|?
si(Z)=exp|:—M:|, i=0,1,---,p (10)

vector W* = I:WT, w3, - ,w;‘] € R? for any nonlinear
continuous function F' (Z), such that
F@Z)=WTs@) +s (1)

where |§| < v is approximation error, 8y is the upper bound
of approximation error.

B. PRESCRIBED PERFORMANCE
Define a continuous function ¥ (¢) that satisfies the fol-
lowing two conditions simultaneously, called performance
function [29], [30].

(1) Performance function is continuously differentiable,
bounded, strictly positive and decreasing function of time.

2) tin;oﬁ () = V0 > 0.

According to the definition of performance function, this
paper chooses the following function as the performance
function.

{191 (t) = [tanhe (t) — 1/2] ¥ (¢) — tanh (e (7)) Voo

9, (t) = [tanhe (¢) + 1/2] ¥ (t) — tanh (e (1)) Voo 12)
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FIGURE 2. Prescribed novel performance function.

where 9 (f) = (99 — Vo) € ! + oo and ¥, Voo, [ € R are
design parameters. [ is related to the adjustment time, ¥y and
Yo are related to overshoot.

Define tracking error e (7) as

D1(t) < e(t) < 9,(t) (13)

Remark 1: Traditional performance function 9 (¢) has cer-
tain prescribed reliability, but it requires high accuracy of
tracking error and does not have small overshoot characteris-
tics [43]. On one hand, the probability of control singularity
is reduced, and on the other hand, the overshoot of tracking
error is reduced. The following Fig. 2 shows that the novel
performance function constructed by introducing hyperbolic
tangent function can adaptively change its shape according
to the change of tracking error. Furthermore, by reasonably
selecting the parameters of the novel performance func-
tion, the tracking error can be small overshoot or even zero
overshoot.

Since the control law cannot be directly designed via
Eq. (13), the transform error function ¢ (¢) is introduced
to transform the constrained system into an unconstrained
equivalent system.

_ T (1)

with 7 (1) = [e (1) — 91 (O]/[9, (1) — U1 ()]
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The time derivative of Eq. (14) is given by

9 () Dy (1) — Dy (1) D (1)
9 () — 01 (1)
e[ @ -5 0]
B (1) — O ()

&) =r{e(r) +

}ooads)

. . 1
with r = TI=c®) @)=t (1) > 0.

Theorem 1: If g (t) is bounded, there is () <
e(t) < U.(1).

Proof: Because ¢ (¢) is bounded, there is a positive
constant ey and |e(t)] < em. Moreover, the inverse trans-
formation of Eq. (15) is

0= O (16)
1—1()
Furthermore, there is

£

0T 4

It can be available form Eq. (17) that

—&M EM
0<— <)< <1 (18)
1+ e oM 1 + efm
Because of Eq. (18), there is
1) — v (¢

e(t) — v (1) -1 (19)

L ST
Oy (1) — 91 (1)

that is 9;(t) < e(t) < vU,(t).Therefore, the theorem is proved
completed.

It should be pointed out that the transient performance
is an inherent performance of the control system, which is
related to the composition of the control system and the
selection of design parameters. Therefore, prescribed perfor-
mance control does not improve the inherent transient perfor-
mance of the control system, but only provides a constraint
tool to select the desired transient performance through the
“squeeze” method.

Ill. CONTROLLER DESIGN

According to the timescale principle in [44], the velocity
is slower dynamics compared with altitude angles. Thus,
the HFV motion model can be decomposed into velocity
subsystem and altitude subsystem for the simplicity of con-
trol design. The HFV longitudinal model (1)~(7) can be
expressed as the nonaffine model

V=f(V, o)

h=fi(y)

y =/ (hy.0) (20)
6=0

0=f(hy,0,0,8)

where fy (V, ®) and f; (), i = 1, 2, 3 are unknown smooth
functions.
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A. ALTITUDE CONTROLLER DESIGN
Define the altitude performance function as Eq. (12) and the
reference input of path angle as

—knen (1) +hyef

Vv
00 (0) Do (1) =D (1) Do (1) —en (Fon (1) =D (1))
V @ (1)~ i (1))

Y4 = arcsin|

]
21

where kj, > 0is a design parameter, ey = h—hyer. If y — vy,
there is the corresponding dynamics for ¢, (¢) as

knén () + e () = 0 (22)

Thus, &y (¢) is bounded and then the altitude subsystem’s
control objective becomes y — Y.

Letz; = x1 =y, 20 = 21, x2 = 0, x3 = Q. From Eq. (20),

there is
h=5h
A (x,x) . | 9fa(x1,x2) .
= X X2
0x] 0x2
b , 0 ,
_ (8361 xz)f f> (x1 xz) wfl@ (3
X1 0xo

where x = [x1, x2, x3].
Assumption 2 (see [38]): For any (x,
is

Se) € 2y x R, there

of2 (x1,x2)

- >0
0x7

af3 (x, 8.)

- >0
00,

where €2, is a controllable set. And z3 = z3, from Eq. (20),
there is

(24)

ff (x) 3f1/ (x))'c n of{ (x))'c
0x] 0xo 2 0x3 3

d d
= fl( )fz( X1,x2) + fl(x)

fl()

3 =

3. 5)
2 (x, 5e) (25)

Thus, after the above transformation, the altitude subsys-
tem is transformed into the following nonaffine pure feedback
model.

i1=2
2=23 (26)
3= f 2/ (x ’ 86)

Considering actuator failures and bounded disturbance

varying with time, the system (26) becomes

1=2
=23 27
= fo () +fo (x, 8.) + do (1)

VOLUME 7, 2019

TABLE 1. Value range of HFV flight envelope.

State  Lower bound Upper bound
vV 2 286 m/s 3353 m/s
h 25908 m 41 148 m
y -5° 5°
6 -10° 10°
0 -10°/s 10°/s
q 23 940 Pa 95 760 Pa
05 0.05 1.5
e -20° 20°

where f;; (x) is unknown smooth nonlinear function, fy (x, 6)
denotes the actuator failures function and dj (¢) denotes
bounded disturbance with time. The actuator partial failures
can be expressed as W = Au with A € R™™ [28], [45].
Also, actuator failures can be expressed as W= (1= 1)y
with 0 < A; < 1 and y; denotes stuck position [46], [47].
In terms of actual flight, actuator failures cannot be described
as a linearized form, but as i/ = f,u),t > 1.t is the
time when an unknown failure occurs. This failure model
is a nonaffine form, which can also be called non-modeling
failure.

Assumption 3 (see [48]): There is an unknown positive
constant djj, such that |d (t)| < dj;.

Assumption 4 (see [49]): fo (x, §.) is differentiable for &,.
There are unknown positive constants go g1 and g7, such that
g (x,8%) = [9f0 (x. 8.) /03] |s:=s, . 87 € (0,8,) satisfies the
following inequation
g =<g(x8)<g 28)

g (x,8)] < &

According to [38] and the rigid body value range of HFV
flight envelope in TAB. 1, Assumptions 2 and 4 are valid.

Based on unconstrained transform error signal, an adap-
tive fault-tolerant control method is designed by combining
RBF neural network with backstepping control. The design
process is as follows.

Step 1: Define the flight path angle tracking error
ey = 71 — V4, and the time derivative of the corresponding
transform error is as follows

911 (1) D1 (1) = D1 (1) 901 (1)
e (1) — V11 (1)
ey (91 (1) = D11 (1))
r1 (1) — V11 (8)
where ;1 () and ¥, (¢) are the corresponding performance
functions to &1 (1), 1 (1) = TmETTIERD > *

et =ri®z2—ys+

I @9

71 (t) = [ey — O (O]/[Pr1 (1) — 911 ()]
Choose the following Lyapunov functional
2
t
b= G0,

100191



IEEE Access

S. Zhao, X. Li: Prescribed Performance Fault Tolerant Control for HFVs With Actuator Failures

Differentiation of Eq. (30) is
Ly =& (1) &1 (1) 31)

Define the pitch angle tracking error ¢9 = zp — 8,.
In combination (29), Eq. (31) can be changed to

Li=ei(0)r ()l —va
911 (1) D1 (1) — D (1) D1 (1)
U1 () — 011 (@)
e (@ =00 0)
U1 () — 011 (8)
=e1(t)r1(t)[eo + 04 — Va
911 (1) D1 (1) — D (1) D1 (1)
1 (1) — 011 (1)
€y (7‘9r1 ) — 7.911 (t))
1 (1) — 011 (1)
<er()ri(t)es + 04— ya
911 (1) D1 (1) = D (1) D1 (1)
Or1 () — 911 ()
ey (01 () =9 @) . [r1 (D) er (OF
- T 2 G2
where 6, is the first virtual control law.
Choose the following virtual control law

(ko no 1
ed__<r1(t)+ > —2r1>81(t)

O @D (1) =D (1) D1 ()
+vd —
_ P (1) = O ()
€y (ﬁrl ) —9n (t))
1 (1) — 011 (1)
where k1 > 1/2 is a design parameter.
Substituting Eq. (33) into (32), there is

(33)

. 1
Ly <— <k1 - 5) [e1 (D)% + 71 (1) &1 (1) ep (34)

Apparently, if ey is small enough, there is L; <
— (2k; + 1) L. Thus, exponential asymptotic convergence
of Ly can be guaranteed.
Step 2: Choose the following Lyapunov functional
2

=% (35)
)
Differentiation of Eq. (35) is
Lz = eeég = €y (Z3 - 9(1) (36)

Define the pitch rate tracking error eg = z3 — Qg. Then
Eq. (36) becomes

Lz = egég = €y (EQ + Qd - 9d) (37)

where Qy is the second virtual control law.
Choose the following virtual control law

Qu = —kaeg — r1 (1) &1 (1) + 64 (38)

where k; > 1/2 is a design parameter.
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Substituting Eq. (38) into (37), there is

. 1
L, < — <k2 — 5) e(% —r1(t) e (t) eg + egeg 39)

Step 3: Considering the pitch rate tracking error eg =
723 — Qq, according to Eq. (27), there is

o = fi (0) +fo (x,8.) +do () — Ou (40)

According to Mean Value Theorem, Eq. (40) can be
expressed as

eo =f3 () +fo(x,0)+g(x,8) . +do(t) —Qu (41

Thus, from Assumption 4, there are gg < g (x, 8;") < g1 and

g(x,8%) >0
Choose the following Lyapunov functional
2
e
Y
Ly = ———~ 42
3= 3 . 57) (42)
Differentiation of Eq. (42) is
. 1 . g8 ,
L3 = egeg — ————~<¢€
g (x.57) 22 (x.87) ©
1 /
=— ¢ x) +fo (x,0) + g (x,85) 8,
g(x,(?j) Q[f()() fo( ) g( L) e
. g (x, 8"
+do (1) — Qal — %) 2

262 (v, 57) ©
1 .
= egl—— (fg @) +fo (x,0) — Q4)

g (x,87)
do (1) §(x.8)

— e
g(r57) 267 (x.57) °

According to Lemma 1, applying RBF neural network to
approximate ﬁ (fg ®) + fo (x,0) — Q4)

+38e + (43)

1 , :
Fir(Z1) = ———— (fo @) +/o x,0) — Q4)  (44)

8 (x.87)
where Z| = [xT, Qd]T. Then Eq. (43) becomes
, do (¢
L3 =eo | WiTS| (Z)) + 81 + 80 + &
g (x, 8%)

_ 8(x.5) 2
26 (x.87) °

- A d
= o | WIS1 @)+ WIS @) + 61 + 8+ 2O
g(x,éj)
&> 8) o2
26 (x,87) ¢

where W = Wi — Wi. Let g = g2/2g%, and Eq. (45)
becomes

. ~ T ~T
iy < eq [ W11 Z0) + W{S1 (Z1) + 61 + 60+ gheo]

(45)

§(x,8) ,
_ o) 46
2 (o)
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Choose the following actual control law and adaptive laws

AT .
5'6 = —kseg — W81 (Z1) —eg — g/zeQ
Wl = cpepS1 (Z1) + C1W1 47
b = c2el + 38

where g is the estimation of g. k3, co, c1, c2 and ¢3 are
positive design parameters.
Substituting Eqs. (44) and (47) into (45), there is

. - T
I3 < —k3e2Q +egW 81 (Z1) +egdi — egeg

3¢ do (1)

g (x5

Theorem 2: Considering HFV altitude subsystem with
unmodeled actuator failures and bounded disturbances, on the
premise of satisfying Assumptions 1 ~ 4, the fault-tolerant
control law and adaptive laws in Eq. (47) are designed by
transform error. All signals in the closed-loop system are
bounded and the tracking error is limited to the prescribed
range.

Proof: According to the derivation process, choose the
following Lyapunov functional

1
Lo=L1+ L» +L3+—W W1+2—g2 49)

Differentiation of Eq. (49) is

1 1, -
LO—L1+L2+L;+ W W+—g’2é2 (50)

According to Egs. (34), (39) and (46), there is
Ly < —ki [e1 (O] — kae — kaeg

1 2 .
" (5 - ) o1 OF + e (W11 @) +51)
d 1 1
L L R LA % T
g(x, 8*)

Using Lemma 1 and Assumption 3~4, there is

. 1
Ly < —(/q ——) [e1 (O] — ( 2—5)e§—<k3—1>e2g
~ 1
—i—eQWlS] Z)) + —S%M
d*2 1 1.,

Substituting Eq. (47) into (52), there is

. 1
Ly < — (k1 —~ —) [e1 ()] — (kz - 5) e

1 d*2
— (ks — l)eQ"‘ SIM + —
2 2g0
Cl 5T )~
— 5W1T Wi — —g’z ) (53)
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There are inequalities as follows

~yiw, <——HW H + Lwr
9 o . 2cq ) (54)
"5 = _2_2 ”82” + 52 &

where W is a design parameter.
Substituting Eq. (54) into (53), there is

, 1
Los—(kl——)[a(t)] <2—§)€§
g’

1
— (ks = Dy + 0 + 287y
0
C1l —2 c3 A7 (12 c3 ~/ |12
—W _ -
W] W [l -
< —xiLo+ ¢ (55)
where %; = min{(kl - l) (kg - l) L3 — 1), £ 262}
~ d 2 2
6 = 2LOW1 + 52 @)% + 5 + 163, When ks > 1.the
integral of Eq. (55) is
Lo (1) < £1/%1 + [Lo (0) — €1 /7] e ! (56)

From Eq. (56), Lo (¢) is exponential asymptotic conver-
gence and tlim Lo(t) = £1/%;. It can be obviously seen
— 0

that ep and Wl are uniformly ultimately bound. Thus, ey is
bounded. And then the transform error 1 (¢) is uniformly ulti-
mately bound. From Theorem 1, the tracking error is limited
to the prescribed range as Eq. (13). Therefore, the theorem is
proved completed.

B. VELOCITY CONTROLLER DESIGN

Considering the actuator failures and bounded disturbance
in the actual flight process of HFV, the velocity subsystem
in Eq. (20) is changed into the following form:

V =fy (V,®) +fro(V, ®) +dvo (t) (57

where f;,(V, ®) is an unknown smooth nonlinear func-
tion, fyo (V, ®) denotes the actuator failures function and
dyo (t) denotes bounded disturbance with time.

Assumption 5 (see [48]): There is an unknown positive
constant dy;, such that |dyg (t)| < dy,,.

Assumption 6 (see [49]): fyo (V, @) is differentiable for .
There are unknown positive constants gy, gv1 and gy2, such
that gy (V,®*) = [dfvo (V, ®)/3®P] o= . ®* € (0, P)
satisfies the following inequation

gvo < gv (V, ®*) < gvi

(58)
lgv (V, ®%)| < gv2

According to the design method of altitude subsystem
controller, the following adaptive fault-tolerant control law
is designed for velocity subsystem.

Define the velocity tracking error ey = V — Vi,
and the derivative of the corresponding transform error is
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as follows

g (1) =@y (V. ®) +fvo (V, ®) +dyo (t) — Vi
O (1) B2 (1) — D12 () 92 (1)
Vr2 () — U2 (1)
ey (92 () =9 ()
Yo (1) — 912 (1)

(59)

where
U2 (1) = [tanh (ey) — 1/2] 9, (1) — tanh (ev) D200
Uy2 (1) = [tanh (ey) + 1/2] 92 (1) — tanh (ev) D200
e (1) =In(rz (1)/(1 = 12 (1))
72 (1) = [ey — V2 (D)]/[0r2 (1) — T2 (1)]
92 (1) = (920 — D200) €' + V200

with 0, o and /5 are design parameters.

According to the Mean Value Theorem, Eq. (59) can be
rewritten as

&) =rn®fy (V.®) +fro(V,0)+gy (V,d") @
+dyo () — Vys + 912 (1) D2 (1) — D (1) V2 (1)

‘ _ Vo (1) — V12 (1)
_ev (@ -dn®), 60)
Vo (1) — V12 ()

Thus, from Assumption 6, we may know gyo <
gv (V, ®%) < gvi, gv (V, ®*) > 0.
Choose the following Lyapunov functional

Ly [e2 (1)) (61)

1
2y (V, %)
Differentiation of Eq. (61) is
gv (V, %)

B U S

BT e 0RO T g ey 2O
1 /

- mgz O r2 @) {fy (V, @) +fvo (V,0)

+gv (V, @) @+ dvo (1) — Vier
B2 (1) Dya (1) — D () D2 (1)
B (1) — 912 (1)

ev [Dr2 () =P (], gv (V, %) )
- - 2 [82 (Z)]
B2 (1) — 012 (1) 2gy (V, @)
B 1y (V, ®) + fyo (V,0) +dyo (1)
=& (1) V? ®{ 2v (V. %)
Vi V12 (1) D2 (1) = D1 (1) B2 (1)
gy (V, %) gy (V, ®*) [ (1) — 912 ()]

ey [r2 () — D12 (1)]
gv (V, @) [9r2 (1) — D12 (1)]

gv (V, @)
+er (D) ()P — m

According to Lemma 1, applying RBF neural network to
approximate actuator failures.

15 (V, @)+ fio (V,0) — Vi
gv (V, &%)

[e2 (O] (62)

Fy (Z) =

(63)

100194

where Z,=V, V,ef]r. Thus, the Eq. (62) is changed into

Ly = e2(t)r2 (1) (W3 $2(Z) + 0 + & + —0 D _
gv (V, @%)
912 (1) D2 (1) — Do (2) D2 (1)
gy (V, &%) [V (1) — U2 ()]
ey [9r2 (1) — D12 ()]
gv (V, ®*) [V (1) — U2 ()]
oy (V, O*
— % [e2 (t)]2
= ey 12 (1) (WaS2 (Z2) + W, S5 (Z2) + 8
dyo (1) D2 () D2 (1) — D2 () D2 (1)
gv (V, @) ' gy (V, ) [0,2 (1) — D12 (1)]
ey [9r2 (1) — D12 (1)]
gv (V, ®*) [V (1) — U2 ()]

v e
— 64
2 (v on 2O (64)

+0+

where W» = W5 — W». Let g}, = gv2/2g%0, Eq. (64) is
changed into
Ly < e2(t)r2 (1) (W12 (Z2) + W1 2 (Z2)

g§/252 ()

ra (1)

912 (1) D2 (1) — D2 (1) V2 (1)

gv (V, @) [D2 (1) — U2 (1)]
ey [9r2 (1) — D12 (1)]

gv (V, @%) [D2 (t) — U2 ()]

+d+ D+

dyo (1)
Erre— t t 65
U DALIEAS (65)
Choose the following control law and adaptive laws
kyi  ra () < T
b =— — H—W,5%(Z
|:r2([)+ > 2r2(t)]82() 252 (Z2)

Cgvna () 9@ =P 0) 0 ()

@) gy (V, %) [Dn (1) — 9 (1)]
ey [Dr2 (1) = D12 (1)]

L8V (V, %) [D2 (1) — V2 (t)l
W2 = cvoea (1) S2 (Z2) + cviW2

gvo =cvalea O +cvagya

(66)

where é/ vo is the estimation of g/vz- kyr > % cyo > 0,
cy1 > 0, cya > 0 and cy3 > 0 are design parameters.
Substituting Eqs. (63) and (66) into (65), there is

: 2
b= (i + 281w

dyo (1)

~T
+(W,8 (Zo) + 0p + —————
( : gy (V, %)

) e (1) r2 (1)
(67)

Theorem 3: Considering HFV velocity subsystem with
actuator failures and bounded disturbance, on the premise
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FIGURE 3. Second-order reference model.
1
2712210
2711 TR
2708} ;
E 2706}
= | —— PPFT
2.704 — h
2.702 ¢ i NAC
57 OFT
0 20 40 60 80 ' 40 60 80
Time [s] Time [s]
FIGURE 4. Velocity and altitude tracking performance.
TABLE 2. HFV state initial values. Differentiation of Eq. (68) is
. 1 A gv (V, %) 2
State Value Lyvo=————ea M) — —S————[a@)]
v 2500.762mvs gv (V, %) 23 (V, 9%)
1 - < 1 - 2
h 27000.159 m + —WIWo + —8l,8v2  (69)
4 0 deg cvo cvz
y2l 1.5295 deg According to Egs. (60) and (67), there is
o 0 deg/s 1 [ 2
: 2 (1)]
7 0.2857 Lvo < —kvile2 OF + (5 - T) [e2 ()1
7, 0.2350 T
+ (Wahz (€2) +82) 2. (1) 72 (1)
~ dyo (1)
+Evalea (OF + =T e (0 0
of satisfying Assumptions 5 ~ 6, the fault-tolerant con- 1 72 ‘%V~ T
trol law and adaptive laws in Eq. (66) are designed for + c_W2 W,y + c—g’v2§v2 (70)
the HFV velocity subsystem. The transform error ¢; (f) in ) vo V2 )
the closed-loop system is bounded, and the velocity track- Using Lemma 1 and Assumptions 5~6, there is
ing error is limited in the prescribed range, so as to real- . 1 5
ize the prescribed transient performance and steady-state Lvo = = kvi — 2 [e2 (1)]
accuracy. ~ T I,
Proof: Consider the following Lyapunov functional tWahy () &2 (2 (1) + 582M
B d*Z
| op 1 +&valea O + Zg‘;o
Lyo=————[aa)P + —W,Wa+ —3,, 1 ~Ts e
2gy (V, &*) pran 2cya + —W§W2 — —g'va8v2 (71)
(68) cvo cv2
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FIGURE 5. Velocity tracking error.
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FIGURE 6. Altitude tracking error.

Substituting Eq. (66) into (71), there is

. 1
Lyg < — (kv1 - —) [e2 (D] + 252M

dyy  cviaTi  cvie VI g
+ Y0 WL W, — 2g08 72 - HW2H +
2800 Cvo 22T 8 v 72) 2¢cvo
cv3 |~ ” .
There are inequalities as follows 2cy2 Eva
¢ T ¢ c 2 = mbvoth
—Wa W, < -t | H Ly, vere s — i [ (ko _ 1) e
Ccyo ZCV() 2CV() 5 (73) where A = min Vi—73)>
cv3 7.2 Cv3 ”~ “ cv3 P H R
—_—— =< — —_— 0
vy Sv28v2 = T l8vall T |82 22 lgy, H 3, T 20w

where W is a design parameter.
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Lyo (1) < €a/%2 + [Lvo (0) — € /%] e ™'

. d
Lyg < — (kw - —) [e2 (0]* + 4L 5

2cyo’

80

Substituting Eq. (62) into (72), there is

gvo

CVl =72
W2

= |zl

},z

. The integral of Eq. (74) is
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FIGURE 7. Altitude angles.

0.8

Time [s]

FIGURE 8. Flexible states.

From Eq. (75), Lyo (¢) is exponential asymptotic conver-
gence and llim Lyo (t) = €2 /%,. It can be obviously seen that
— 00

W is uniformly ultimately bound. And then the transform
error &7 (¢) is uniformly ultimately bound. From Theorem 1,
the tracking error is limited to prescribed range as Eq. (13).
Therefore, the theorem is proved completed.

IV. SIMULATION RESULTS

The longitudinal motion model of HFV (1)~(7) is used to
become the controlled object, and the tracking simulation
experiment of velocity and altitude reference inputs is carried
out by MATLAB. The simulation algorithm is solved by the

VOLUME 7, 2019

Time [s]

fourth-order Runge-Kutta method, and the simulation step
is 0.01s. The control laws and adaptive laws (33), (38), (47),
(66) are used in the simulation experiment. The state initial
values of HFV are shown in the Tab. 2. Meanwhile, all the
model parameters and aerodynamics coefficients used in this
paper can refer to [37] and [38].

In the simulation test, both the velocity and altitude ref-
erence models are smoothed via the following filters respec-
tively and same to [50].

Vier () hyep(s) 0.12
Vels)  he(s)  s24+2x09x0.1xs+0.12

(76)
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0 1 1 1 O 1 1 1
0 20 40 60 80 0 20 40 60 80
Time [s] Time [s]
FIGURE 9. Control inputs.
0.5
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FIGURE 10. Transform error.
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FIGURE 11. Velocity tracking performance.

The second-order reference model given by the (76) is shown
in the Fig. 3. In the simulation experiment, the velocity step
amplitude V, is 100m/s and the altitude step amplitude 7,

is 100m.

100198

In order to test the robustness of the controller, assuming
that the aerodynamic coefficients of the HFV model have
perturbations C = Cp [l + 0.45sin (0.05¢)], where Cy is
nominal value of HFV aerodynamic coefficient. By this
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FIGURE 12. Altitude tracking performance.
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FIGURE 13. Altitude angles.
definition, parameter uncertainty up to 40% of the nominal The controller parameters are chosen as ky; = 0.8,
value is taken into consideration. The performance functions ki = 10, kb = 20, k3 = 20, ¢ = 0.1, ¢ =
of control system are chosen as: 0.1, o = 0.05, ¢z = 0.05 cyo = 0.5, cy; = 0.5,
cyp2 = 0.1, cy3 = 0.1. The nodes number in the neu-
Y1 (1) = (tanh ey — 1/2) 94 (¢) — 0.1 tanh (ep,) ral network of altitude subsystem is chosen as p = 20,

Y1 (t) = (tanhey + 1/2) ¥ (¢) — 0.1 tanh (ep)

Y2 (¢) = (tanhey — 1/2) ¥ (t) — 0.3 tanh (ey)
P2 (1) = (tanhey + 1/2) ¥ (t) — 0.3 tanh (ey)
% (1) = (0.7—0.1)e %1 +0.1

D (1) = (2.5—03) e %11 4+ 0.3

(77)
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center point coordinate vectors are averagely distributed in
[—1°,1°] x [0°,5°] x [—=5°/s, 5°/s]x[0°/s%,0.35°/s%], the
element of the width vector b is 3.5. The nodes number
in the neural network of velocity subsystem is chosen as
p 20, center point coordinate vectors are averagely
distributed in [2500m/s, 3100m/s]x[—0.1, 1]. The failure

100199



IEEE Access

S. Zhao, X. Li: Prescribed Performance Fault Tolerant Control for HFVs With Actuator Failures

0.5 ‘
— PPFT

045 i

0.4

0.35

m

0.3
0.25
0.2

0 50

150 200 250

Time [s]

100 300

FIGURE 14. Flexible states.
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FIGURE 15. Control inputs.
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FIGURE 16. Velocity tracking performance.

functions of the altitude subsystem and the velocity sub-
system are (1 —0.05sin(Q))8, and (1 —0.1sin(V)) P
respectively. The simulation time is set to 80s. The external
disturbance functions dg (¢) = 0.04 sin (0.57¢) and dyg (¢) =
25sin (0.1 t) occur at 30s. In order to verify the superiority of

100200
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the control method (PPFT) proposed in this paper, the simu-
lation results are compared with the following two methods.
One is observer-based fault-tolerant (OFT) control method
in [51] and the other is the neural adaptive control (NAC)
control method in [45].
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FIGURE 17. Altitude tracking performance.
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FIGURE 18. Altitude angles.
The simulation results compared with OFT and NAC PPFT method keeps better tracking performance.

are shown from Fig. 4 to Fig. 10. In Fig. 4, the velocity
and altitude of OFT and NAC tracking performance sig-
nificantly decreased after adding disturbance functions, but

VOLUME 7, 2019

In Fig. 5 and 6, the tracking errors of both OFT and NAC
methods are significantly larger than those of PPFT method,
and the tracking errors of PPFT method can maintain the
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FIGURE 19. Flexible states.
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FIGURE 20. Control inputs.

prescribed transient performance and steady-state accuracy.
For control inputs and flexible states, although the three
methods are smoother and there is no high frequency buf-
feting. The buffetings of OFT and NAC are significantly
stronger than that of PPFT. Two transform error functions
are bounded in Fig. 10. Actually, the NAC and OFT methods
have been able to ensure high steady state performance of
HFYV, especially since the error accuracy of the NAC method
is small enough. However, the PPFT method can not only
guarantee better steady-state performance of tracking errors
than the previous two methods, but also guarantee satisfactory
transient performance of tracking errors. The PPFT method
has more energy consumption than the previous two methods
while achieving small computation load and satisfactory
control performance.

Meanwhile, the PPFT method in this paper is compared
with that in [52] (actuator failure compensation control, AFC)
without disturbance. In the simulation experiment, V. is a step
signal that increments by 100m/s every 100s and /. is a square
wave signal with the period of 200s and amplitude of 100m.
The simulation time is set to 300s.
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The simulation results are shown in Fig. 11 to Fig. 15. The
Fig. 11 shows that PPFT method has better velocity tracking
performance in both steady-state accuracy and transient per-
formance. Although in Fig. 12, the altitude error’s overshoot
and stability time of PPFT method are a little worse than
those of AFC method. However, the steady state accuracy
of PPFT method is higher. Furthermore, although there is
no high frequency buffeting in the altitude angle response
and flexible states of the two methods, it can still be seen
from the Figs. 13 and 14 that the buffeting amplitude of the
PPFT method is smaller and more stable. Fig. 15 indicates
that the responses of control inputs are satisfactory. It can be
said that the PPFT method achieves more stable HFV flight
control while sacrificing some transient performance.

In order to further illustrate the effectiveness of the pro-
posed method, the initial values of HFV model are partially
changed and the simulation experiment is carried out. The
initial values of the modified HFV model are shown in Tab. 3.
Simulation results are shown in Fig. 16 to Fig. 20. Although
only the initial values of HFV model are changed slightly,
it can be clearly seen that the initial value of tracking errors
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TABLE 3. HFV initial valueS after the change.

State Value

14 2500m/s

h 27000 m

e 0 deg

0 1.6301 deg
o 0 deg/s

m 0.2692

7, 0.2402

become negative. However, the tracking performance is still
satisfied. Meanwhile, the initial values of the tracking error
are either positive or negative, which indicate the effective-
ness of the method.

V. CONCLUSION

In this paper, a novel prescribed performance fault tolerant
control for HFV nonaffine model with actuator failures is
proposed. Based on timescale principle, the HFV model is
decomposed into two subsystems: the altitude subsystem and
the velocity subsystem, which are expressed in nonaffine
forms to design the controller. In order to achieve satisfactory
transient performance and steady-state accuracy of tracking
error, a new performance function is designed. The function
satisfies small overshoot of tracking error and the boundary
of performance function varies with tracking error adaptively.
For the altitude subsystem, the simplified step backstepping
control with actuator failures is proposed which reduces the
computational load. A prescribed performance fault-tolerant
control law is also designed for the velocity subsystem with
actuator failures. The Lyapunov functional is used to prove
the boundedness of all the signals in closed-loop system.
Through simulation experiments, the proposed method is
compared with three existing control methods. The method
proposed in this paper can provide better robust tracking
performance of velocity and altitude reference inputs while
guaranteeing satisfactory transient and steady-state accuracy.
Furthermore, after changing the initial value of the sys-
tem, the control method can still ensure satisfactory tracking
performance, which further proves the effectiveness of the
method. The method proposed in this paper has certain engi-
neering application significance, which can lay a foundation
for the subsequent research on the prescribed performance
fault tolerant control of HFV non-affine model. Furthermore,
the model failure types considered in this paper are complete
and closer to the actual situation, which can lay a foundation
for a complete fault-tolerant detection and control mechanism
in the future.
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