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Abstract A new adaptive neural control method,
with the actuators multiple constraints of amplitude
and rate into consideration, is proposed in this paper
for the flexible air-breathing hypersonic vehicle
(AHV). In order to better reflect the characteristics
of the actual AHV model, we regard the AHV as a
completely unknown non-affine system in the control
law design process, which is different from the
existing AHV control methods, thus ensuring the
reliability of the designed control law. On the basis of
the implicit function theorem, the radial basis function
neural network (RBFNN) is introduced to approxi-
mate the model. Meanwhile, the minimum learning
parameter algorithm is adopted to adaptively adjust
the weight vector of RBFNN, then the design of the
ideal control law is completed. When the amplitude
and rate of the actuator are saturated, the designed
novel auxiliary error compensation system is used to
effectively compensate for the ideal control law, and
the stability of the closed-loop control system is
proved via the Lyapunov stability theory. In addition,
to avoid the “explosion of terms” problem in the
control law design process, the finite-time-

C. Luo (X))

Graduate School, Air Force Engineering University,
Xi’an 710051, China

e-mail: 1710794652 @qq.com

H. Lei - J. Li - C. Zhou
Air and Missile Defense College, Air Force Engineering
University, Xi’an 710051, China

convergence-differentiator is introduced to accurately
estimate the differential signal. Finally, the effective-
ness of the control method designed in this paper is
verified by simulation.
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neural control - Implicit function theorem - Minimum
learning parameter algorithm

List of symbols

m Vehicle mass

g Gravitational constant

I, Moment of inertia

G Damping ratio for flexible modes #;

w; Natural frequency for flexible modes #;
lﬁi Constrained beam coupling constant for #;
Ly The length of forward beam

L, The length of aft beam

ms Mass distribution of forward beam

my Mass distribution of aft beam

s (4) Structural mode shape of forward beam
. (1) Structural mode shape of aft beam

q Dynamic pressure

S Reference area

T Thrust moment arm

c Aerodynamic chord

o Air density at height A

ho Nominal altitude

Do Air density at the altitude hg

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s11071-020-05707-2&amp;domain=pdf
https://doi.org/10.1007/s11071-020-05707-2

3530

C. Luo et al.

1/hy Air density decay rate
Ce Elevator coefficient

i

Cx ith order coefficient of o in T
cs ith order coefficient of o in D
C?"i ith order coefficient of de in T
Cffi ith order coefficient of de in D
co Constant coefficient in T

cy Constant coefficient in D

c? Constant coefficient in L

c; Coefficient of o in L

co Coefficient of de in L

cs ith order coefficient of o in M
Cl?,l;a Constant coefficient in M

N]?f"' ith order contribution of o to N;
N? Constant term in N;

Ngf Contribution of de to N»
p;(h,g) ith trust fit parameter

1 Introduction

The air-breathing hypersonic vehicle is a new type of
aircraft flying in the near space at a speed of more than
5 Ma. It has the advantages of fast flight speed, strong
penetration ability and high effect cost ratio, making it
the prior development direction of the world’s aero-
space powers for the air right [1-3]. However, the air
density, pressure, radiation, temperature, and wind
field in the AHV’s flight airspace are greatly different
from those in the environment where the traditional
aircraft is located. This results in AHV’s exhibiting
more significant cross-coupling, nonlinearity, non-
minimum phase behavior, and model uncertainty than
traditional aircraft in terms of dynamics [4, 5].

These characteristics of AHV bring great chal-
lenges to the design of control system, making AHV’s
flight control a frontier issue in the control field.
Considering that Scramjet is extremely sensitive to
flight attitude and to save fuel, AHV should avoid
lateral maneuvers in actual flight as far as possible [6].
Therefore, the modeling and control research of AHV
is mainly carried out in its longitudinal motion plane.
In order to solve this kind of complex control
problems, many scholars have carried out research in
recent years and achieved many results.
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Some have carried out research on control methods
based on the idea of linear parameter-varying (LPV)
[7-15]. For rigid body model of AHV, Gang Gao and
Jinzhi Wang firstly obtain the LPV model using the
feedback linearization technique and then design a
robust controller via H,, method, which achieves
desired tracking performance with well robustness [7].
However, because they fail to consider the flexible
modes of the AHV, the designed control method is not
applicable to the flexible AHV model. In Ref. [8], for
flexible hypersonic vehicles, the reference tracking
problem is investigated via a novel switched LPV
framework. Hu Chaofang et al. propose a novel
passive fault-tolerant control method based on poly-
topic LPV for AHV [9]. In terms of basic theory,
Ref. [10] studies the design of H_/H,, fault detec-
tion observer for LPV descriptor systems, and
Ref. [11] studies the problem of asymptotic stability
for switched linear systems. Aiming at the control
problem of hypersonic vehicle, LPV anti-windup
model reference controller and finite-time LPV sliding
mode controller are designed in [12, 13], respectively.
Although the LPV-based control method has achieved
certain effects, it will offset some beneficial nonlinear
characteristics of AHV, resulting in wasting the
effectiveness of AHV actuators.

Many people choose to directly design the con-
troller for the nonlinear model of AHV, and back-
stepping control is such an important method. Using
flexible AHV model as a controlled object and
converting it to strict feedback form, Refs. [16, 17]
provide two effective backstepping control methods,
respectively. Combining backstepping scheme and
barrier Lyapunov functions, Refs. [18, 19] study the
finite-time tracking control problem of hypersonic
vehicle. For discrete-time switched piecewise-affine
systems, Yan-zheng Zhu and Wei Xing Zheng inves-
tigate the asymptotic stability analysis and state-
feedback control [20]. Based on extended state
observer and disturbance observer, anti-disturbance
backstepping control and robust backstepping control
are designed in Refs. [21, 22], respectively. In order to
deal with uncertainties and external disturbances in the
tracking process, Ref. [23] proposes a robust back-
stepping method based on a novel tracking differen-
tiator, and a fixed-time disturbance observer-based
fixed-time backstepping method is designed in
Ref. [24]. These methods have achieved good results,
but most of them are based on backstepping control
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methods, which require the continuous design steps of
virtual control laws, resulting in a cumbersome design
process.

Many scholars combine artificial intelligence with
automatic control, and propose some intelligent con-
trol methods. Among them, adaptive neural control
[25-27] and fuzzy control [28] occupy an important
position. By treating AHV as an unknown affine
system, Bu and Wu [29] propose an adaptive neural
control strategy, in which a neural network is
employed for the unknown function approximation.
Also based on neural networks, Refs. [30, 31] propose
integral sliding mode control method and stochastic
adaptive attitude control method to solve the control
problem of hypersonic vehicle, respectively. In order
to improve the transient performance of the control
system, Zhao and Liang [32] propose a prescribed
performance dynamic neural network control method.
Aiming at robust stability of system, the data-driven
realization of the closed-loop stability margin has been
studied in Ref. [33]. Based on fuzzy logic system,
Refs. [34, 35] design robust tracking controller and
fuzzy tracking controller, respectively. To improve the
performance of attitude command tracking, Liu
et al. [36] propose a fuzzy fast terminal sliding mode
control method. These methods have been proved to
have good control effects, but most of them simplify
the motion model of the AHV to the affine form of the
control input, which has certain limitations.

It is worth noting that the height and attitude of
AHV’s longitudinal motion are mainly controlled by
elevators, the efficiency of the elevator will decrease
significantly as the flying height increases [6]. On the
other hand, the AHV can be affected by unknown
airflows such as turbulence and gust during the flight
process. So the phenomenon of elevator saturation is
easy to appear when AHV flying at high altitude. Once
the actuators reach saturation, it may cause failure of
the control system [37]. Some scholars have conducted
research on anti-saturation control method of AHV. By
designing an adaptive law to approximate the actuator
constraints dynamics, Xu et al. [38] design a neural
controller via time-scale decomposition, which guar-
antees the uniformly ultimately boundedness of the
system. But they only consider the throttle setting
constraint of the engine. An adaptive terminal sliding
mode control method based on the inner-loop and
outer-loop systems is designed via using multilayer
neural networks for the approximation of the saturation

property of two control inputs in Ref. [37]. Similar to
Refs. [37, 38], through proposing adaptive laws to
estimate the information of input saturation constraint
online, Bing et al. [39] design an adaptive fault tolerant
control strategy, which makes AHV track the desired
trajectories in the presence of actuator fault and input
saturation. In Ref. [40], in order to deal with actuator
magnitude constraints, two auxiliary systems are
constructed to generate certain compensating signals.
Guangfu and Chen [41] introduce a sigmoid function
to approximate the saturation and guarantee that the
control input is bounded. In Ref. [42], Zhonghua Wu
et al. overcome the problem of actuator constraint with
the utilization of an assistant compensation system.
Although Refs. [37-42] solve the problem of AHV
control input constraints to some extent, none of them
theoretically proves that the tracking error is bounded
when the actuator is saturated. In view of this,
Xiangwei and Xiaoyan [43] construct an auxiliary
system to compensate the desired control laws thus
ensuring the stability of the closed-loop control system
and the boundedness of the tracking error. However,
most of the existing AHV anti-saturation control
methods only consider the case where the amplitude
of the actuator is constrained, and do not consider the
problem of its rate constraint.

In general, the above studies on AHV control
methods have achieved good results, but there are still
some shortcomings. Firstly, forcing AHV’s non-affine
motion model into an affine model will inevitably
result in the loss of certain key dynamic characteris-
tics. The control law designed based on the simplified
affine model will have the risk of partial or complete
failure. Secondly, the use of backstepping design
strategy requires repeated derivation of the virtual
control law, which leads to a cumbersome control law
design process and will have a certain adverse effect
on the final control accuracy. Thirdly, the above
studies on AHV anti-saturation control only consider
the condition of actuator amplitude constraint without
any compensation for its rate constraint, which will
cause the closed-loop control system to destabilize
when the control input rate is saturated.

In view of the above shortcomings, there are three
contributions in this paper. The first is to design the
control law with AHV as a completely unknown non-
affine system to enhance the reliability of the
controller. In combination with the implicit function
theorem, RBFNN is used to approximate the model by
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designing the appropriate adaptive law, then to
complete the design of the non-affine control law.
The second is to design a new type of adaptive neural
controller by equivalently transforming the AHV
model, which avoids the cumbersome backstepping
design process and ensures the control accuracy. The
third is to further consider the more realistic situation
in which both the amplitude and rate of the actuator are
constrained. A novel auxiliary error compensation
strategy is designed to effectively compensate for the
ideal control law, thus guaranteeing the stability of the
closed-loop control system and the boundedness of the
tracking error when the amplitude and rate of the
actuator are simultaneously constrained. The simula-
tion results verify the effectiveness and superiority of
the proposed method.

The rest of this paper is structured as follows:
Sect. 2 describes the longitudinal motion model of
AHYV and prepares for the design of controller. And the
proposed adaptive neural control method is presented
in Sect. 3. Then, Sect. 4 analyzes the stability of the
proposed control method. Moreover, the simulation
results are shown in Sect. 5 to illustrate the effective-
ness of designed controller. Finally, Sect. 6 summa-
rizes the work of this paper and gives an outlook for
the future work.

2 AHV model and preliminaries

This section introduces the longitudinal motion model
of AHV and prepares for the design of subsequent
control laws. Firstly, in Sect. 2.1, the control-oriented
AHYV longitudinal motion parameter fitting model is
described in detail. Then, the control objective of this
paper is explained in Sect. 2.2 and the AHV model is
converted equivalently to facilitate the design of the
controller later. Thirdly, in order to better design the
subsequent adaptive law, RBFNN is briefly introduced
in Sect. 2.3.

2.1 Model description

Based on the study of Bolender and Doman [44],
Parker, a scholar of the US Air Force Research
Laboratory, establishes a control-oriented AHV lon-
gitudinal motion parameter fitting model by neglect-
ing some weak coupling and slow dynamics in the
model [45].
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where velocity V, altitude / , flight-path 7, pitch angle
0 and pitch rate Q are the five rigid-body states; the
four flexible modes #, , 17, , 15 , 1}, denote the first two
bending modes of the fuselage. Force map of a AHV
model is shown in Fig. 1. The approximations of thrust
T , drag D , lift L , pitching moment M and the
generalized forces N;(i=1,2) are expressed as
Eq. (9).

Ly
Py — A oeﬂN

Elevator

Fig. 1 Force map of a AHV model
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where o = 0 — y is angle of attack; fuel equivalence
ratio @ and elevator angular deflection J. are control
inputs. The definitions of the relevant parameters in
the above model are shown in Nomenclature. The
specific values can be found in Ref. [45].

2.2 Control objective and model conversion

According to Ref. [29], and by combining Eqgs. (1)—
(5) and Eq. (9), we know that velocity V is mainly
controlled by fuel equivalence ratio @ since the thrust
T is directly affected by @; on the other hand, altitude &
is mainly controlled by elevator angular deflection J,
since 0, directly affects pitch rate Q, and then affects
pitch angle 6 and flight-path y, ultimately controls the
change of h. Therefore, we can firstly decompose the
AHV model into velocity subsystem [Eq. (1)] and
altitude subsystem [Eqgs. (2)—(5)], and then design the
control law separately [46, 47].

For the velocity subsystem, the control objective is
to make V steadily track its reference command V¢ by
designing the control law @. Based on the research of
Ref. [29], the velocity subsystem of AHV is further
expressed as the following more general non-affine
form.

{ V:FV(va¢) (10)

yw=V

where Fy(V,®) is a completely unknown continu-
ously differentiable function; yy, is the output signal of
the system (10).

At the same time, according to Ref. [45], the
following reasonable assumption is given.

Assumption 1 For any (V,®) € Qy x R, there is
the following inequality established.

aFV(V7 dj)

11
20 >0 (11)

where Qy is a controllable area.

For the altitude subsystem, the control target is to
design the control law J. to make & stably track its
reference command h.s. Define the altitude tracking
error as h=h— hwes. According to the research
conclusion of Ref. [29], the control target can be
converted to ensure y — 74, where ), is the path angle
command, which is taken as

—kyth — kya [y hdt + h,
Vd:arcsin< ! 2 Johdr + m) (12)

14

Similarly, according to the research conclusion in
Ref. [29], the rest of the altitude subsystem [Eqs. (3)—
(5)] is further expressed as the following more general
non-affine form

)} :fl(yve)

0=

. ¢ (13)
Q :f2(x756)
Yn =7

where x = [y,0,0]". Both f,(y,0) and f,(x,d.) are
completely unknown continuous differentiable func-
tions; y, is the output signal of system (13).

In order to facilitate subsequent control law design,

the following assumption is also given according to
Ref. [45].

Assumption 2 [48, 49] For any (x,d.) € Q; x R,
there is the following inequality established
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afl (% 9)

0 0 ”
afZ(x7 56)
4@56 >0

where Q, is a controllable area.

In order to avoid the complex design process caused
by the search for virtual control laws in the backstep-
ping control, the following equivalent changes are
made to the system (13).

Step 1 Letz; =y, 20 = Z1 = f4(y, 0). According to
Eq. (13), the time derivative of z, is derived as

Z~2 —_ af]éj);a 9) V + aflé)(;a 0)

~Of(»,0) ; o (y,0)

éfh1(x)

Step 2 Let z3 = 7, = f},;(x). From Eq. (13), the time
derivative of z3 is derived as

0

(15)

) LX) s S (x)
G="%, Tt 5 1t 50 @
_mx) Ofm (%) Ofm (%)
—Tyfl(/ao)+ 20 0+ 20 fz(xvée)
éfhz(ste)

(16)

After the above model transformation, Eq. (13) is
transformed to the following non-affine pure feedback
model.

Zl =22

=23

. (17)
33 = fra(x, o)

Yn =21

where f,(x,0.) is a completely unknown continu-
ously differentiable function.

Remark 1 The existing references for the study of
flexible AHV model control problems mostly use
AHYV as a strict feedback model with affine form (such
as Refs. [37-43]), which do not reflect the non-affine
form of the actual AHV model well. In this paper,
AHYV is regarded as a non-affine pure feedback model
[Egs. (10) and (13)], which better reflects the
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characteristics of actual AHV model, and the proposed
non-affine control method is more reliable.

Remark 2 According to the value range of the rigid
body state of the AHV flight envelope described in
Ref. [45], Assumptions 1 and 2 are established.

Remark 3 From Egs. (14)—(16), we can see
o (x,0e) Oy (x) Of5(x, de)

00e 0 00
¢ (18)
_ afl(')), 0) af2(xa 56) > 0
00 00¢

2.3 RBFNN approximation

The RBFNN owns a simple structure, strong learning
ability, and a global approximation ability for arbitrary
nonlinear continuous functions [50]. It can be
expressed as a mapping from input to output as follows

y = WTh(X) (19)

where X = [X;,Xa, .. .,X,,]T € R” is the input vector;
n stands for the dimension of the input vector; W =
[wi,wa,...,wy]" € RY is the weight vector; N repre-
sents the number of hidden layer nodes;
h(X) = [h(X), a(X), - hy(X)]" € RV hy(X)
denotes activation function. Here, /;(X) is chosen as
the following Gaussian function

2
hi(X) exp<u> i=1,2,..,N (20
T R

where b = [by, b, .. .,bN]T € RY; b; is the width of
the ith Gaussian function; ¢ = [cy, ¢, .. .,cy] € RV,
¢, represents the center of the ith Gaussian function. It
can be expressed as follows

i1t CIN

o
Il

Cnl o CnN

For any unknown nonlinear continuous function F(X),
by using RBFNN and selecting enough nodes (select-
ing a sufficiently large N), there must be a set of ideal
weight vector W* = [wi, wi, ..., wi]" € RY to satisty
[50]
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FX) = WhX) + 1, |l < (21)

where u € R is approximation error; p; € R™ repre-
sents the upper bound of approximation error. When
taking N large enough, 1y can be arbitrarily small.

Remark 4 Since exp(e) is a strictly monotonically
increasing and positive function, and
—[|X — i/ (2p2) <0, there is
0<hi(X) <h;(0) = 1. Therefore, there must be a
bounded constant 4 € R" such that ||k(X)|| < h.

3 Adaptive neural controller design

This section presents the proposed adaptive neural
control method for AHV with actuators multiple
constraints. In Sects. 3.1 and 3.2, the adaptive neural
controllers are designed for velocity subsystem and
altitude subsystem, respectively. Then, in order to
accurately estimate the high-order differential signals
existing in the controller design process, finite-time-
convergence-differentiator (FD) 1is introduced in
Sect. 3.3.

3.1 Controller design for velocity subsystem

For the velocity subsystem [Eq. (10)], first define the
velocity tracking error

V=V—Ve (22)

where V. is velocity reference command.
Consider the actuator @ constraint and define it as

¢max; D > Dy
b= (DCa Qmin < q)c < q)max (23)
djmim cDc < ¢min

where @, is the ideal control law to be designed; @iy
and P« are the upper and lower bound of @,
respectively.

In reality, the control input of the velocity subsys-
tem (fuel equivalence ratio @) can change at a faster
rate so that the phenomenon of actuator rate constraint
is not easy to occur, thus only the amplitude constraint
of actuator @ is considered in this paper. However, for
the altitude subsystem [Eq. (13)], when the elevator is
in operation, its execution rate (the deflection rate of

the elevator J) is affected by the physical structure

and servo performance, so that it is subject to certain
inherent constraints. Coupled with external distur-
bances such as gusts and turbulence, the deflection rate
of the elevator will easily be constrained. Therefore,
when designing the altitude subsystem controller in
the following, both the amplitude and rate constraints
of d. will be considered.

In order to deal with the actuator saturation problem
mentioned above, design the following novel auxiliary
error compensation system

2

: ¢
&y = —dysgn(&y) f%, ‘:ﬁv

where ¢y, By, ky € R are design parameters; ¢y is
the state variable of auxiliary system

+ky (@ — &) (24)

Correct velocity tracking error V to
ey =V—¢ v (25)

Taking time derivative along Eq. (25) and combining
Egs. (10), (22) and (24), we obtain
bv=V-§&

2

=mW@va+m@wn&§m (26)

+ ky D,

where F}(V,®) = Fy(V,®) — ky® is a completely
unknown continuously differentiable function.
Design the ideal control law @, as

q)c = k;l (¢CO - ¢cl)
t
Do = —kyiey — kvz/ eydt + Vit (27)
0

— pysen(&y) &/ (& + By)

where ky, ky, € R™ are design parameters; @, is an
adaptive neural control law to be designed to coun-
teract the influence of F3,(V, @).

In order to design P, we use RBFNN to approx-
imate F},(V, @) and discuss it in two cases.

Case 1 If @ is in saturation, there is @ = @, or
& = P.x. Since D, and D« are constants,
F}(V, @) can be considered as a function of V. Taking
RBFNN’s input vector as V can achieve an effective
approximation to Fy,(V, @).

Case 2 If @ is not saturated, there is @ = @, then
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Fy(V, ®)£Fy(V, ®.) (28)

For subsequent analysis, introduce the implicit func-
tion theorem [51]

Theorem 1 Assume that implicit function L : R" X
R" — R" is continuously differentiable at each point
(x,y) on open set Y C R™ x R". (x9,y,) is the point
where L(xq,y,) = 0 is established in Y, and Jacobian
matrix (OL/0x )(xo,Y) is non-singular. Then, there is
a neighborhood U C R™ of xo and a neighborhood
G C R" of yy, so that for any y € G, the equation
L(x,y) =0 has a unique solution x € U, and the
solution can be expressed as x = g,(y). Here, gy(e) is
a continuously differentiable function on'y = Yy,

Remark 5 Theorem 1 shows that once implicit
function L(x, y) satisfies all conditions in the theorem,
x can be expressed as a continuously differentiable
function of y, and then there is x = g,(y). Therefore,
when RBFNN is used to approximate L(x, y), a
satisfied approximation effect can be obtained only
by using y instead of x as the input signal of the neural
network. This is where the special meaning of the
implicit function theorem lies.

Construct the following function
Hi(V, D, et ) 2F(V, D) — &
2F(V, @) — Py
=F}(V,ky (@0 — De1)) — ey
(29)

To illustrate that H, (V, @y, . ) satisfies the implicit
function theorem, the following theorem is firstly
given.

Theorem 2 If
L1OFy(V,®)
2 09

Then, for any (V,®.1) € Qy x R, there is a control-
lable domain 2y C R and a unique 9., so that

ky > (30)

H{(V, &y, 1) =0 (31)
Proof According to Ref. [52], the sufficient condi-

tion for @, to exist is that the following inequality
holds

@ Springer

C. Luo et al.
OFy(V, @)
— i<l 2
2l (32)
Combine Egs. (11), (27), (28) and (30)
OFy(V,®.)|  [0Fy(V,®)
0D B 0D
B O[Fy(V,®) — ky®] 00,
B 0P 0D,
(33)
_|[eFvv.e) 7L
B 0P | ky
1 OFy(V,®)
=|—7 —-1|<1
kv 0d =
Therefore, ®.; exists. O
And then
OH(V, Do, De1) O[Fy(V, ®) — ky®] 00, 1
ad&cl o 6‘15 6@01
_[omvvi®) LY
B 0P "I\ ky
o 7iaFV(Va ¢)
- ky 0@
(34)
Considering Egs. (11) and (34), we get
H (DC 7(150
O (V, D0, Pet) (35)

aczjcl

Combining Theorems 1, 2 and Eq. (35), we can see
that H(V, @y, 1) satisfies the implicit function
theorem. Therefore, ®.; can be seen as a function of
@ and V, and further F;,(V, ®) can be regarded as a
function of @,y and V.

Considering the above two conditions comprehen-
sively, regardless of whether the actuator @ is
constrained, and when the input vectors of the RBFNN
are taken as V and &, an effective approximation to
F},(V, @) can be achieved, which can be expressed as
follows.

Fy(V, @) = Wih(X)) + &, |e| <em (36)

where X; = [V, @co]T € R?is the input vector; W’(,T =
Wi, Wi, - - .7w}*,N1]T € RM is the weight vector; N,
represents the number of hidden layer nodes; ¢ and ¢y,
stand for approximation errors and its upper bounds;
h(X)) = [h(X)),.. .hy, (X))]" € RM, where h;(X))
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is the activation function, here it is chosen as the
Gaussian function.

The following is based on the minimum learning
parameter algorithm (MLP) idea and adaptively
adjusting the norm of the RBFNN’s weight vector.

Define wy = ||W‘”}||2 and design 9. as
|
D = Eevwth(Xl)h(Xl) (37)

where @y is the estimation of wy; and design its
adaptive law as

oy &ezth( X)h(X)) — 26y (38)
where p, € RT is design parameter.

3.2 Controller design for altitude subsystem

For the altitude subsystem (13), define flight-path
tracking error y and error function E

V=7 —7% =2~

d o

t
=54+ 305+ 3125+ ﬁ/ dt
0

where 2 € R* is design parameter. Since (s 4 1)* is a
Hurwitz polynomial, when E is bounded, y must be
bounded.

Considering that elevator angular deflection J. is
constrained in both amplitude and rate, define it as

5e max 5ec > 56 max
56 = 6CC7 56 min < 5ec < 56 max (40)

5e min» 5ec < 5e min

e maxs Dec > We max
We = Wec y We min S Wec S e max (41)
e miny, Dec < We min

where w, = 5e is the deflection rate of the elevator; ..
and .. are the ideal control laws to be designed; de min
and  Je max (demax = —Oemin > 0)are the upper and
lower bound of J., respectively; @emin and
®emax (Wemax = —Wemin > 0) stand for the upper and
lower bound of we, respectively.

In order to deal with the problem of amplitude
saturation of J. [Eq. (40)], a new high-order auxiliary
system is designed as follows

fhl =&
= &n
fhs = —¢pgn(&3) éil — P 5%2
S T B &+ B
52
— + kp(0e — Oec
d)hSSgn(éh?}) fhg B a( )

(42)

where &1, &, &3 € R are the state variables of

auxiliary system; ¢y, @, $p35 Bpis Bros s and ky €
R™ are design parameters.
Correct 7 and E as

f/’y:?—éhl =21 — Y4 — Sni

E — <d + A>3 /t d
e, dt
dr o (43)

t
= ¢, +3%é, + 3%, + 1 / e,dt
0

The first three order derivatives of e, are

=22 — ?d — &

€, =721 — 74—
& =% —ja— & =2 — ja — s
'é}y = Z'3 — Vd — éh'ﬁ :fhz(x, 56) — kh(se +khéec - Vd

2
[

1 ¢h15gn(§h3)fil i i d)hSSgn(éhS)é%z,

&+ Bu G+ Bro s+ Bis
22
= Fa(x,0¢) + kndec — g +M
&+ Bu
+ d’hzfiz + ¢h3sgn(ih3)éh3
2 2
ﬁhz + ﬂhZ éh3 + BhB
(44)

where Fj,(x,0¢) = fi(x, 0¢) — knOe.
Taking time derivative along E' and combining
Egs. (43) and (44), we have
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E = ¢,430é,+ 3%, + e, Sec = Ky ' (Jeco — Oect)
2 _ - AA _ P _ 2~
= Fi(x,5) + kadee — G+ d”“;zgnfg)é“ o = T a3 A
) ) h e — Ben Pnisen(&a) iy _ Piin
;bhthz i ¢h352gn(fh3)fh3 4346, ' & + B & + Bra
i + Bz iz T Pra B Pr3sgn(&a) s
+ 3/126 + 22 e, 523 + Bis

(45) (49)

Through the previous model conversion process, we
can see zp =9 and z3 = ). In order to avoid the
“explosion of terms” problem, the FD will be used to
accurately estimate the differential signal. Use 7 as the
FD’s input signal (take n = 4) to get the estimations of
2 and z3, denoted as 2, and Z3; Similarly, using y4 as
the FD’s input signal (takes n =4), we can get

estimations for 4, 74, and 7 4, represented as yd, yd, and
yd, respectively.

Therefore, the estimate of the first three derivatives
of e, can be expressed as
é,=2— 79— ¢n
éy =123 —Ja — &i3

2
Pnisgn($r3) S
2
S+ B

4 ¢h3sgn(éh3)éi3
&+ Bis

'é;.}, = Fh(x, 53) + khéec - ?d +

Dr2lin
&+ B

(40)

Combining Egs. (43), (45) and (46), the estimations of
E and E are

~ .. . t
E' =¢,+3,+ 3/ e, + 1 / e,dt (47)
0
> o psen(En)én
E' = Fu(x, 00) + kndee — 5 + SENSm)om
’ oo &+ Bu
2 2
n fhzéhz d)hBSZgn(éhS)ém +348,
S+ P i + B3

+32%, + Ve,
(48)

Design the ideal control law J.. as
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where kj,; € R" is design parameter. d.. is the neural
control law to be designed to counteract the influence
of the unknown function Fj(x, Je ).

Using RBFNN to approximate Fj(x,J.), the
following two situations are discussed.

Case 1 If §. is in saturation, there iS 0o = Oemin O
Oc = Oemax. Since both demin and demax are constants,
Fj(x,d.) can be regarded as a function of x. Further-
more, using x as the input vector of RBFNN can
achieve an effective approximation to F(x, ).

Case 2 If J. is not saturated, there is d, = J¢c, and
then there is

Fi(x, 0¢) £ F4(x, dec) (50)

Construct the following function

H) (X, Geco, Oec1 ) ZF p (X, 0e) — dec

2F)(x, Jec) — Sect

'(Seco — Bect)) — Oect
(51)

Similar to the analysis process of Theorems 2, 3 is
given here, and the proof process is not repeated.

Theorem 3 If

= Fp(x, kn~

19f)n(x, de)
_Jh2\" Te) 52
kp > 37 o0, (52)

For any (x,deco) € 2, X R, there is a controllable
domain Q, ¢ R? and a unique Je.1, such that

HZ(x7éec0756cl) =0 (53)
Similar to Eq. (34), there is

aHz(x, 56007 5601)

54
a5&301 <0 ( )
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According to  Theorem 3 and  Eq. (54),
H7(x, 0cc0, Occ1) satisfies the implicit function theo-
rem. Then, J..; can be regarded as a function of x and
Oec0, and further Fj(x,d.) can be regarded as a
function of x and dec.

Considering the above two cases comprehensively,
if x and .o are used as the input vectors of the
RBFNN, an effective approximation to Fj(x, d.) can
be achieved, which can be expressed as

Fh(x, 55) = WZTh(Xz) + 1, ‘ll S M (55)

where X, = [xT, 5630]T € R* is the input vector;
Wit = Wi, Wiy w,’;N2]T € RM is the weight vec-
tor; N, represents the number of hidden layer nodes; 1
and 1), stand for approximation errors and its upper
bounds; h(X,) = [h(X2), .. .hy, (X2)]" € R, where
hi(X5,) is the activation function, here it is chosen as
the Gaussian function.

Define w;, = ||W;, 2 design Jec; as

1 4
Oecl = EEl@hhT(Xz)h(Xz) (56)

where @y, is the estimation of w,; Its adaptive law is
designed to

i = %EahT(Xz)h(Xz) 2y (57)
where u, € RY is design parameter.

Through the above analysis, under the condition
that the amplitude of the elevator angular deflection is
constrained, we have obtained the control law J.
[Egs. (40), (49) and (56)] that needs to be executed.
However, considering the saturation of the deflection
rate of the elevator [Eq. (41)], the above d, may not be
effectively executed, resulting in the instability of the
closed-loop control system. The following is divided
into three cases.

Case 1 If 0. is in saturation, there is d¢ = Jemax OF
0c = Ocmin. In this case, there is w, = 5e =0, the
deflection rate of the elevator is not saturated, and the
control law J. can be effectively executed.

Case 2 If O, is not in saturation, there is
5emin S 56 = 560 S 5emax~ And if Wemin < 56 < Wemax»
then J. can be effectively executed.

Case 3 If Oemin <0 = Occ <Oemax, and if
Sec > Wemax O Sec<wemm, then . cannot be effec-
tively executed.

In order to avoid the instability of the closed-loop
control system caused by J. being unable to be
executed, the ideal control law J.. needs to be
corrected. The corrected control law is designed as
follows

. Oec, Case 1 and Case 2
5ec = / (58)
O ec, Case 3
For Case 3, define the execution error of o,
O = 8'ec — dec (59)

where §'.. stands for executable J.. Its first derivative

<! . .

0 o = W, is the actual deflection rate of the elevator.
Considering that the deflection rate of the elevator

is constrained, design the following auxiliary system

&
&+ Bs

where ¢, 5 € Rt are design parameters; ;5 is the
state variable of auxiliary system.

éé = —pssgn(&s) + (we — wec) (60)

Correct 5e to
es =0 — & (61)

Take time derivative along Eq. (61)

é(i = ge - éé
. &
= We — 5ec — We + Wee + (f)éSgn(éé) éé -‘fﬁo
. &2
= Wec — 5CC + qsésgn(éﬁ) 22
&+ B
(62)
Design the ideal control law w,. as
! ) .son §~ 52
Wee = —ksres — kaz/ e5dT + dec — %2&’7(0)0
0 ¢s + Bs
(63)

where ks;, ks, € RT are design parameters; 5ec is the

estimation of Je., which can be acquired using FD
below.

Combining Egs. (41) and (63), the actual w, can be
obtained so that &', can be expressed as
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t
& = / wedt (64)
0

3.3 Finite-time-convergence-differentiator (FD)

Consider the following FD [53]

)51 = X2
)6.2 = X3
Xpo1 =X,

0 = B [—a aretan(sy — o(0) — aparctan ()

Xn
— -+« — ayarctan i1

where R,a;(i = 1,2,...,n) € R" are design parame-
ters;x;(i = 1,2,...,n) are the state variables of sys-
tem; x; is the estimation of v(¢); x;(i =2,3,...,n)
stands for the estimation of the (i — 1)th derivative of
o(1).

According to Ref. [53], for the system (65), there
are ¢ > 0 and 1¢p > n so that

, 1 1p—i+1
x,—oi () =0 <§> i=1,2,....n

where O((1/R)"*""™!)  represents the approximation
of (1/R)'*~ order between x; and v~ (z).

Therefore, there must be a bounded constant
viy >0

(65)

(66)

’X,‘ — l>(i71>(l‘)| <vim (67)

The above FD is used to estimate z;, 23, Y4, 74> 74 and
Jec.

@ Springer

il =22
D=2
B=24

; . Z;
= R‘ll {an arctan(Z; — y) — ajp arctan (R—2>

1
apz arctan <ZAS ) ap4 arctan (24 > }
—dais o2 | —ala o3
R 1 R 1

(68)
(5a)' = Ja
(3a)' = Ya
(Ja) = J4

«

(.“;d)l =R [021 arctan(j4 — 74) — da arctan (g)

2
Ta 74
—dp3 arctan | — | — apq arctan | —
(R%> <R>]

(69)
(5ec)l = 5&0
Se) = B2 tan ( dec — & t O
(0ec) = R5 | —as; arc an( e — ec) — azp arctan R
(70)

where  Rja;(i=1,2,3;j=1,2,3,4) ¢ R" are
design parameters; (*)' represents the first derivative
of x; 21, 2, 23 and Z4 represent the estimations of z; (y),

22(7), z3(7) and z4(7), respectively:fg, Jg» g and 74
stand for the estimations of v4, 74, 74 and 74,
respectively; 560 and 5ec are the estimations of Oc

and de, respectively.
The structure of the proposed control scheme is
shown in Fig. 2.

4 Stability analysis

This section analyzes the stability of the proposed
control method. In Sect. 4.1, the proof of Theorem 4
shows that the velocity subsystem is stable and
velocity tracking error V is bounded. And in Sect. 4.2,
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Fig. 2 The structure of the !
V
proposed control scheme
Adaptive law | @,
(38 D
c <0 dycl
4
X | Control law
AV !
=
~ o~ .
e ‘ {—kﬂh k[ hdr +
¥4 = arcsin
14
+
1 ¢
S -
Eq. (40)
. S5 A S A
Adaptive law e max L FD 5.
(57) 5emin +
@, 1

the stability of the altitude subsystem and the bound-
edness of path angle tracking error y are proved by
Theorem 5.

4.1 Stability analysis for velocity subsystem

Theorem 4 For the velocity subsystem of AHV
[Eq. (10)], considering the saturation of actuator @
[Eq. (23)], and using the designed control laws (27),
(37) and the adaptive law (38), the closed-loop control
system is semi-globally uniformly ultimately stable,
and the velocity tracking error V is bounded.

Proof The proof process can be divided into two
steps.

Step 1. Prove that ey is bounded.

Define the estimation error of wy

(,lN)V Iva—wV (71)

Substituting Egs. (27), (36) and (37) into Eq. (26), we
get

dysgn(Ey)E
&+ By

t
[
= —leeV — kvg/ evdr — EEvahT(Xl)h(Xl)
0

éV = ¢cO - ¢cl + WT/Th(Xl) +é&— Vref +

+With(X)) + ¢
(72)

Choose the following Lyapunov function

1, 1 ’ @
=— —k d — 73
Wy 2€V+2 V2</0 ey T) +2Hv (73)
Taking time derivative along Eq. (73) and invoking
Egs. (38) and (72), we have
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va
Hy

t
WV = e‘vév + kvze\// €vd‘[ +
0
t
= ey [—kv1€v — kVQ / EVd‘L'
0
1 ~ *
v Ut (XKX) + WTHOX) +o
2 ey

+k\/2€\// €vd‘C+—|:N—V th( )h(Xl) —26?)\/}
0

1
_kVIE%/ — Ee%/thT(Xl)h(Xl)“’

20y dy

€vW9€/Th(X1) +eye —
Hy

Since
T ev? | oosT 2 1
ey Wy h(X1)§7HWV h(Xl)H +§

2

ev 2 2
eyée S T + Eurs

Z(I)V(f)v Z (I)%/ — Wy
According to Cauchy—Schwarz inequality

Wit | < [y )|

And then
*T 1
evWi h(X,) )< HW H Ih(X1)|? 3
6\/2 T 1

At this point, Eq. (74) becomes
. 1 5 ~2 1 2

Wy < — kyi —= e ——+ + &y +— (75)
’ ( v 4) Yooy 2 fy

Let ky; > 1/4 and define the following compact sets

oo foforz o255 (D)
oo~ {ofon= o2 )

(76)

If ey & €., or oy & Qg,, then Wy <0, so the closed-
loop control system is semi-globally uniformly ulti-
mately stable. The errors ey and @y are semi-globally
uniformly ultimately bounded, and eventually
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converge into compact sets €2,, and €, respectively.
By selecting ky, sufficiently large and u, sufficiently
small, the compact sets €., and €, can be arbitrarily
small, and the errors ey and @y can also be arbitrarily
small.

The above analysis process proves the stability of
the closed-loop control system and ensures that the
correct error ey is bounded, but it cannot ensure that
the velocity tracking error V is bounded such that the
control task still has the risk of failure. To illustrate
that V is bounded, further analysis is performed as
follows.

Step 2 Prove that V is bounded.

It has been proved that ey and @y are bounded, and
because |pysgn(Ey)E /(& + By) | <dy is also
bounded, it is known from Eq. (27) that @, is bounded.
Combining with the Assumption 1, we can see that
there must be a bounded constant J4

@ — @[ <o (77)

Select the following Lyapunov function

W, ==& (78)

1
2
Taking time derivative along Eq. (78) and invoking
Eq. (24), we get

Wi =&véy
3
=—¢ngn2(é) + ky&y (P — @)
ﬂv
3
—¢v i) + kv &y |V

+ By

2
:_|fv|< |6 |ﬁv—kv19q§>
(79)

If ¢y > dy|Ev[*/ (& + By) > kv, then Wi <0. So
the closed-loop system is globally uniformly ulti-
mately stable, and &y, is globally uniformly ultimately
bounded.

Therefore, V = ey + ¢y is also bounded. O

4.2 Stability analysis for altitude subsystem

Theorem 5 For the altitude subsystem of AHV
[Eq. (17)], considering the amplitude and rate
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saturation of actuator d. [Egs. (40) and (41)], and
using the designed control laws (49), (58) and the
adaptive law (56), then the closed-loop control system
is semi-globally uniformly ultimately stable, and the
path angle tracking error 7y is bounded.

Proof Prove in three steps.

Step 1 Prove that de is bounded.

First, it is explained that the elevator execution
error 56 is bounded. From Eq. (67), there is a bounded
constant ¢,, such that

éec - 5ec S QM (80)

Substituting Eq. (63) into Eq. (62), we obtain

2

. : 6(5
= Wec — 5ec + é
es w, (zbésgn( 0) ig ﬁ5

| 1)
= —ksies — k52/ esdt + 5ec - 5ec
0

Take the following Lyapunov function

e2~ k(sz ! 2
Ws =294 -2 «d 82
=2t (/0 es r> (82)

Take time derivative along Eq. (82) and invoke
Eq. (81)

t
Ws = esés + ksres / esdt
0

t .
=e; [—kmea - kaz/ esdT 4 Oec — 54
0 (83)

t
+ ksres / esdt
0
= _kéle% +es (560 - 56C>
Combining with Eq. (80), we can see

Ws < —ksies + escy
1 1 (84)
< - <k&1 —§>€§ +§C]2u

Let k51 > 1/2 and define the following compact sets

Qs = {65 |e5| < \/glzw/(Zkg] — 1)} (85)

If e5 & Qs, then W5 <0. Therefore, the closed-loop
control system is semi-globally uniformly ultimately

stable, and the error es is semi-globally uniformly
ultimately bounded, and eventually converges into the
compact set Q5.

|pssen(Es)E5/ (&5 + Bs)| < s is bounded, so e is
bounded by Eq. (63). Combining Eq. (41), it can be
derived that w, is bounded, so there must be a bounded
constant U5 so that

|we - (Uec‘ S 195 (86)
Select the following Lyapunov function

1.
W= 5 55 (87)

Take time derivative along Eq. (87) and invoke
Eq. (60)

Wi = &:¢5
2 &
= —¢ssgn(&s) 5(25 B + &5(0 — wec)
[<1 (88)
< - + |Es]0
< -9 é§+ﬁ5 |fo| 5

:_|é¢)‘ ¢5 |€5|2 _196
&+ B

If s > Ps|Es]/(E2 + Bs) > Vo, then Wy <0, 50 &5 is
globally uniformly ultimately bounded.

Therefore, Se = es + &5 is bounded. The following
shows that e, is also bounded.

Step 2 Prove that e, is bounded.

Replacing the ideal control law J. in Eq. (48) with

the correct control law J;_, we get

A 2
E/ _ Fh(x, 56) =+ khézc _ ’);d + d)hlsgn(ihS)éhl

&+ Bu
2 2
sgn(¢&, = 89
. . S + ¢h3y2g (&30 + 344, (89)
S+ P S+ Pi3
+37%,+ Ve,

Taking into account the elevator deflection rate
constraint problem, the following two cases are
analyzed.

Case 1 The elevator deflection rate is not con-
strained and the control law . can be effectively
performed. At this point, 0, = Jec is known from
Eq. (58). In combination with Egs. (49), (55) and
(56), then Eq. (89) can be changed to
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E' = —kuE' — 1 E' o™ (Xo)h(X2) s~ (kn - )7 AL ST
= —kpt — 35 RS — | Km— —— t5t! —
2 (90) 4 w20 M,
*T
+ Wy h(X2) + Let k;; > 1/4 and define the following compact sets
Define estimation error of wy,
Q. — E/ E/ 1 CU2 k 1
Dy = D) — O (o1) E 2+1M+,uh / My
Select the following Lyapunov function ) 5 1
-~ o}
o ou = o=y G+ 50+30)/ )}
Wh:*E/ + — h (92) H Hn
2 2w,

Taking time derivative along Eq. (92) and invoking
Egs. (57), (90) and (91), we obtain

Wy Wy,
Uy

Wh = E/é/ +
N A~ 1y
—F {_kmE/ — S E'iuh” (X)h(X2) + W, h(Xo)

DOh [Hp 72, T Y

+i] + 0, {2 E"h (X2)h(X>) 260;.}
2 1 .

= —lnE” = S E o (X2)h(X) + E' W, h(X2)

L £ 20Dy,
Hp

(93)
Since,

N E/Z 1
EW;Th(X2) < = [W;Th(x) " + 5

26?)/1 d)h > (I)% (U%

My Hn Ky

~12

Al Al E 2
ElS’El’ST-FlM
According to the Cauchy—Schwarz inequality

[WiTh(Xa) || < || W3 [[1R(X2)

Further,
12
EW;"h(X,) < ||Wh|| Ih(X2)[? +—
A2
E 1
= 7whhT(Xz)h(Xz) +5

Then, Eq. (93) can be transformed to
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(95)

If £ ¢ Q or @ & Qg,, then W), <0. Therefore, £
and @, are semi-globally uniformly ultimately
bounded and eventually can be converged to Q. and
Q4,, respectively. By choosing appropriate parame-
ters, Qﬁ and €;, can be arbitrarily small, and the
errors E and oy, can also be arbitrarily small.

Case 2 The elevator deflection rate is constrained
and the control law J, cannot be effectively executed.
At this point, we can see from Eqs. (58) and (59) that

5; = 5/60 = Oec + Se (96)

In combination with Egs. (49), (55), (56) and (96),
Eq. (89) can be transformed to

X ~ 1 4
E = —kyE — —E k" (X2)h(X)
2 (97)

+ W;Th(X2) + 1 + kyde

It has been proved that 56 is bounded, so there must be
a nonnegative bounded constant x;; such that

|Se| S Ky (98)

The analysis process is the same as that in case 1, and
combined with Egs. (98), (94) can become

. N\ 2 of 1 w?
W< — (km ——>El -ty + 24 ke
4 Uy 2 Uy
(99)

Also let k;; > 1/4 and change the compact set (95) to

. 1 w? 1
o= {eee o onm) ()
, e 1, o 1
Qu"),,: Wp |wh|§ §+1M+,u_h+thM / /l_h

A

E
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E ¢ @y

this time, E and @y, are also semi-globally uniformly

s or &y € 2 ,, then W, <0. Therefore, at

ultimately bounded, and eventually converge to € g
and Q';,, respectively.
From the analysis of cases 1 and 2, it can be seen

that £ and oy, are always bounded regardless of

whether the elevator deflection rate is constrained. The

following further illustrates that E’ is bounded.
Define estimation error of FD

Vi =2 —2,V2 =23 — 23
(100)

V3 = P = Jg> Va = Jg — s Vs = Pq — T

According to Eq. (67), there is v € R" such that
vi<wiy(i=1,2,...,5) (101)
Combine Egs. (43) (47) and (100)
=E 4 (23— 2+ g — Ja)
+3M(z2 — &+ Fa — Ja) (102)
=E +v—n +32(v3 — )
Considering Eq. (100), then Eq. (102) becomes

E'<E + vy + vau + 3A(vap + vim) (103)

Therefore, E' is bounded and further e, is also
bounded. The following further proves the bounded-
ness of 7.

Step 3 Prove that 7 is bounded.

For polynomial —3/1('3'7 — 3126.}, — )}ey in Oeco
[Eq. (49)], according to Eq. (44), (46) and (100), we
have

—3%é, —3)%6, — Ne,
= —32(& +va—v4)
=327 (é, +vi —v3) — De, (104)
< =326, — 30, — N,
+32(vam + vam) + 322 (vim + vam)

And M)hzgm (éii + ﬁhi) }<¢hi(i =1,2,3) is
bounded. Since E, @y, and e, have been proved to
be bounded, it can be known that Je. is bounded by
combining Remark 4 and Eq. (56). Therefore, there

must be a nonnegative bounded constant 95, such that
|5e - 5ec| Sﬁéc'
Select the following positive Lyapunov function

i ‘E%
e [
" Jo |T1|+5h1

¢ 2 T% 523
+ h2 / 7(172 +—
g |+ B 2

Taking time derivative along Eq. (105) and invoking
Eq. (42), we get

52

(105)

5/12 %
=y Z 4B n + <¢h2 Z 4 ﬁhzé
2

S ;
|+ &iaé
g Z 4 b /1> w3En3

&
&+ Bis

&
&+ Bu

= &i3sgn(&y3) l_¢h1 — 3

+ kh(ée - 5ec)]

- [@,1 i
B &+ Bu

52
+ b3 =

— ks, | [Enal
St Bis 1

(106)

If Pt > P& /(G + Bu) > kit or
biz > D1ain/ Gz + Bra) > ks, then W3 <0.
Therefore, the system (42) is uniformly stable, and
its state variables &, &y, and &3 are bounded. So it
can be further seen that j = e, + ¢ is also bounded.

O

5 Simulation results

With AHV longitudinal motion model [Eqs. (1)—(7)]
as the controlled object, the tracking simulation of
velocity and altitude reference commands is per-
formed using a fourth-order Runge—Kutta method.
The simulation step length is set to 0.01 s and the
simulation period is set to 300 s. The initial state value
of AHV is shown in Table 1. The velocity reference
command V. and the altitude reference command /¢
are given by the following second-order system

Vet (S ) et (S ) wﬁ

= = 107
Vils)  h(s)  s2+20,0u5 + 2 (107)

@ Springer



3546

where damping ratio {, = 0.9; natural frequency
o, =0.1rad/s; V; is a step signal with a step
amplitude of 150 m/s per 100 s; h; is a square wave
signal with an amplitude of 200 m and a period of
200 s.

To verify the robustness of the control law, suppose
that there is the following perturbation of 40% in AHV
model

b Dy, 50i<r<50(i+1)
LDl +0.45in(0.17)],  50(i + 1) <1<50(i +2)

where i=0,2,4; Dy represents nominal value;
D stands for simulation value.

At the same time, the external disturbance d; is
added in Eq. (1), and the external disturbance d; is
added in Eq. (5). Their expressions are as follows

di=dy=0, 0s<r<150s
{ dy = 2sin(0.17t),d, = 0.02sin(0.177), ¢ > 150s
The simulation uses control laws (27), (58) and
adaptive laws (38), (57). The control law design
parameters are selected as: ky = 0.9, ky; =0.3,
kv, =0.8, k1 =2, kyp=0.1, k, =0.9, ky =50,
ksi = ks = 1 and 4 = 7; the adaptive design param-
eters are: uy, = f, = 0.05; auxiliary system design
parameters are taken as: oy =1,
Bv = Bu = B2 = Bz = 0.1, $p = 0.5,
O =¢i3 =1, ¢s=0.1 and f5=0.5; FD design
parameters are taken as:R; =R, = 0.05, R; =2,
aip = a3 = ay = ax = 0.5,
app =as = ax =axy = 0.1, az1 =2, azxp = 1; the
numbers of RBFNN nodes are taken as
N| = N, = 20; in the velocity subsystem, the center
¢, of the Gaussian function is evenly spaced within
[2500 m/s, 3100 m/s] x [— 0.1, 1], and its width b, is
taken as 6.56; in altitude subsystem, the center ¢, of

Table 1 Initial trim

Item Value Unit
conditions
2500 m/s
h 27,000 m
b 0 o
0 1.5295 o
0 0 o/s
n 0.2857 -
N 0.2350 -
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Gaussian function is evenly spaced in [—1°, 1°] x [0°,
5°1x[=5°/s,5°/s 1x[0 rad, 0.35 rad]; the width b, is
selected as 0.01. The simulation is carried out in the
following three examples.

Example 1 Under the above simulation conditions,
considering that the control inputs amplitude are
constrained, their executable range is taken as @ €
(0.05,1] and J. € [-18",18"]. In the simulation
figures, the subscript “1” represents the result of
adopting the method of this paper, and the subscript
“2” represents the result of adopting the method in
Ref. [43] (Figs. 3,4,5,6,7,8,9).

Example 2 Further consider that the control input
rate is also constrained, set the actuator control
constraints to & € [0.05,1], . € [~187,18"] and
de € [-50"/s,50" /s ]. Use the method in Ref. [43]
for simulation (Figs. 10, 11, 12, 13, 14, 15).

Example 3 Considering that the actuator amplitude
and rate are both constrained, the actuator constraints
are the same as those in case 2, which is taken as
@ € [0.05, 1], e € [-187,187] and

0.9

0.8 |+

0.7

0.6fr

0.41-

0.3

02—

0.1f—

Fig. 7 Fuel-air equivalence ratio of Example 1
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de € [~50/s,50 /s ]. Use the method proposed in
this paper to simulate (Figs. 16, 17, 18, 19, 20, 21, 22).

From the above simulation results, we can see that
when the amplitude of the actuator of the AHV is
constrained but the rate is not (see Figs. 7, 8 and 9), the
method proposed in this paper or the method in
Ref. [43] can guarantee V and h stably track the
respective reference commands (see Figs. 3 and 4) .
And both of them can effectively suppress the flexible
vibration of the AHV (see Fig. 6). However, the
tracking accuracy and anti-interference ability of the

@ Springer

proposed method are slightly better than those in
Ref. [43] (see Figs. 3 and 4). Further, when both the
amplitude and rate of the actuator of the AHV are
constrained (see Figs. 13, 14 and 15), the stability of
the closed-loop control system cannot be guaranteed
by the method in Ref. [43] (see Figs. 10 and 11). But
using the method designed in this paper, even if @, J.,
and J. are all constrained (see Fig. 20, 21 and 22),
V and h can still stably track the reference commands
(see Figs. 16 and 17) by the effective compensation of
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the auxiliary system (see Fig. 19). And it can effec-
tively suppress the flexible vibration (see Fig. 18).

Remark 6 On one hand, in [43], forcibly simplifying
non-affine motion model of AHV to affine motion
model will inevitably result in the loss of some key
kinematic characteristics. However, in this paper, the
control law designed for the AHV non-affine motion
model is more reliable. In addition, different from
Ref. [43], the high-order differential signal is accu-
rately estimated by using FD in this paper, which
reduces the influence of external noise on the control
system and further improves the anti-interference
ability and robustness of the control system.

On the other hand, in [43], by adopting relevant
methods to modify the ideal control law, only the
condition of actuator amplitude constraint can be dealt
with, but its rate constraint is not compensated in any
way. Therefore, when the amplitude and rate of the
actuator are constrained at the same time, if the control
method in [43] is used, the control system may
diverge. In contrast, in this paper, by designing a new
type of auxiliary system to repeatedly modify the ideal
control law, the stability of the closed-loop control
system can be guaranteed when the amplitude and rate
of the actuator are simultaneously constrained.

6 Conclusion

(1) For the flexible AHV model, when the actuator
amplitude is constrained and the control inputs
are saturated, the control method designed in
this paper can effectively compensate for the
saturation state, thus ensuring the stability of the
closed-loop control system.

(2) When there are parametric perturbation and
external strong interference in the AHV model,
the control method designed in this paper
reflects strong robustness and anti-interference
capability.

(3) When further considering a situation closer to
reality that both amplitude and rate of actuator
are constrained, different from existing studies,
the method designed in this paper can still
achieve the velocity and altitude stably tracking
their respective reference commands.

In addition, this paper and most of the existing papers
often only focus on its saturation characteristics when
considering the constraint of AHV’s actuators. How-
ever, the actual AHV’s actuator has more complicated
nonlinear characteristics. Therefore, in view of the
complex nonlinear characteristics of the AHV’s
actuator, further research on the AHV’s input con-
straint control method will be the next step.
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