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Aiming at the longitudinal motion model of the air-breathing hypersonic vehicles (AHVs) with parameter uncertainties, a new
prescribed performance-based active disturbance rejection control (PP-ADRC) method was proposed. First, the AHV model
was divided into a velocity subsystem and altitude system. To guarantee the reliability of the control law, the design process was
based on the nonaffine form of the AHV model. Unlike the traditional prescribed performance control (PPC), which requires
accurate initial tracking errors, by designing a new performance function that does not depend on the initial tracking error and
can ensure the small overshoot convergence of the tracking error, the error convergence process can meet the desired dynamic
and steady-state performance. Moreover, the designed controller combined with an active disturbance rejection control (ADRC)
and extended state observer (ESO) further enhanced the disturbance rejection capability and robustness of the method. To avoid
the differential expansion problem and effectively filter out the effects of input noise in the differential signals, a new tracking
differentiator was proposed. Finally, the effectiveness of the proposed method was verified by comparative simulations.

1. Introduction

Air-breathing hypersonic vehicles (AHVs) are a new type of
aircraft, which fly at speeds greater than Mach 5 at near space
altitudes. AHV's exhibit fast flying speeds, strong penetration
abilities, and long combat distances. It is difficult to detect
and intercept AHVs. AHVs have strong survivability, and
they have outstanding advantages in strategy, tactics, and
cost-effectiveness compared to traditional aerospace vehicles
[1-3]. AHVs have become a priority development direction
for all of the aerospace powers competing for air and space
rights. However, AHVs are multivariable and strongly
coupled nonlinear systems. AHVs have large flight airspaces,
and the flight environments are complex and variable, which
results in large and fast time-varying characteristics and alti-
tude uncertainty of the AHV model. Thus, the design of the
AHV control system involves unprecedented difficulties
and challenges [4, 5].

Most of the previous research on the modelling and con-
trol'of AHVs has mainly focused onthet AH Vs longitudinal
motion plane. On the one hand, the longitudinal motion

model is complex enough to require flight control. On the
other hand, due to the scramjet engine’s extreme sensitivity
to the flight attitude, AHV's should avoid horizontal manoeu-
vres during actual flight [6]. In a previous study [7], a robust
L, gain control method was designed for AHVs, which used
the Takagi-Sugeno (T-S) fuzzy system to approximate the
unknown state of the model. To guarantee the robustness
of the control scheme, a new fuzzy disturbance observer
was designed to estimate the disturbance. A similar longitu-
dinal elastic model of the AHV was expressed as a T-S fuzzy
system [8], and a H,/H, tracking control law was designed
to achieve the robust tracking of the speed and altitude refer-
ence inputs. To improve the tracking effect, a nonlinear
adaptive back-stepping controller was designed for the
AHV based on the back-stepping design [9]. Based on the
traditional back-stepping control method, a nonsingular fast
terminal sliding model control was applied to control the
pitch angle and pitch rate, which optimized the control struc-
ture of the back-stepping method and achieved finite time
convergence of the system [10]. In one study, an integral slid-
ing model control method was proposed [11]. When there
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are model uncertainties and external disturbances, the con-
trol scheme can still guarantee finite time convergence of
the velocity and altitude tracking errors. Aiming at the atti-
tude control problem of AHVs, a robust fuzzy control
method based on a nonlinear switching system was proposed
[12], which used a fuzzy system to approximate the unknown
function of the model and guaranteed the robustness of the
control scheme. Neural control methods for scenarios where
the control input of the AHV contained a dead zone [13] and
the actuator of the AHV contained failures [14] were studied.
Two new neural back-stepping control methods were put
forward [15, 16]. The altitude subsystem was rewritten in
strict and pure feedback forms. Based on the improved
back-stepping strategy, the control scheme was designed,
and a minimal learning parameter (MLP) algorithm was
applied to reduce the online learning parameters. The track-
ing simulation results of the velocity and altitude reference
input showed that the proposed method exhibited better
robustness and control effects. To solve the control problem
of a strongly nonlinear model, such as an AHV, in addition
to the fuzzy system or neural network used in the above lit-
erature to estimate the uncertainty of the model, active dis-
turbance rejection control (ADRC) can also be considered.
The ADRC term was first used in [17] where Professor
J.Q. Han’s unique ideas were first systematically introduced
into the English literature. In recent years, many scholars
have conducted meaningful work on ADRC. In a previous
study [18], ADRC was offered as the basis of a paradigm shift,
providing the framework, the objectives, and constraints for
future control theory development. For a class of multiple-
input multiple-output (MIMO) lower-triangular systems
which have uncertain dynamics and disturbance, an ADRC
method was designed to solve the control problem [19]. An
overview of the concept, principles, and practice of the
ADRC was presented in [20]. The key idea of ADRC is to
use an extended state observer (ESO) to estimate the total
disturbance, which is then compensated in the feedback loop.
For a class of nonlinear systems with large uncertainties that
come from both internal unknown dynamics and external
stochastic disturbance, a novel ESO was designed to estimate
both state and total disturbance which included the internal
uncertain nonlinear part and the external uncertain sto-
chastic disturbance [21]. To improve the performance of
ADRC, a fal-based, single-parameter-tuning ESO was pro-
posed, and the convergence of the fal-based ESO and the
output tracking were established [22]. To improve the per-
formance of the tracking differentiator (TD), an ADRC
method based on a radial basis function neural network
(RBENN) was proposed [23], which enhanced the robust-
ness and disturbance rejection ability of the method. To
assist in the tuning of the parameters of the linear ADRC
controller, a tuning rule was proposed to minimize the load
disturbance attenuation performance [24]. Based on the
existing swarm intelligence algorithms, a parameter tuning
optimization design of ADRC was achieved [25]. An in-
depth study on the scheme design of an ADRC was con-
ducted and applied to a three-degree-of-freedom pneumatic
motion  system subject toractuator saturation [26], which
achieve good control.
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Although the methods in the above literature achieved
certain control effects, the research focus was on the robust-
ness and steady-state performance of the AHV closed-loop
control system, neglecting the dynamic performance of
the control system. However, AHV’s super-manoeuvrable,
large-envelope, and hypersonic flight demands better dynamic
performance of the control system than any other existing
aircraft. In most cases, a small control delay will cause signif-
icant errors in the hypersonic flight. Therefore, to guarantee
the robustness and steady-state accuracy of the control sys-
tem, more attention should be paid to the dynamic perfor-
mance and real-time performance of the control system. To
consider both the steady-state and dynamic performances,
the concept of prescribed performance control was proposed
by Charalampos and George [27]. The prescribed perfor-
mance ensured that the tracking error converged to a pre-
scribed arbitrary small area. Meanwhile, the convergence
rate and overshoot met the prescribed conditions. Based on
the prescribed performance control, a longitudinal inner-
loop controller of the hypersonic vehicle was designed [28].
However, the vehicle was considered to be a pure rigid body
and the elastic problem was not considered, which resulted in
the limitations of the proposed method. Aiming at the elastic
body of the AHV model, a prescribed performance fuzzy
back-stepping control method and performance neural
back-stepping control method were proposed [29, 30], which
guaranteed the steady-state performance and dynamic per-
formance of the control system. However, the above two
methods considered the AHV model to be an affine model,
which made the reliability of the design method not guaran-
teed. An AHV adaptive neural control method was designed
based on the prescribed performance function, which
avoided the cumbersome virtual control law design process
[31]. Meanwhile, the accuracy and rapidity of the control sys-
tem were achieved. However, the proposed method relied too
much on the initial value of the tracking error, which resulted
in the poor practicality and operability.

In view of the deficiencies of the research in the above
studies, an elastic hypersonic vehicle was taken as the
research object. In this study, a new prescribed performance
function was designed based on the hyperbolic cosine func-
tion, which avoided the singular control problem caused by
the improper initial value setting. Thus, the steady-state per-
formance and dynamic performance of the control system
could be guaranteed. Meanwhile, active disturbance rejection
control was introduced and an ESO was designed for each
unknown nonaffine function in the AHV system [32], which
further guaranteed the control accuracy and the robustness
of the method. To address the complexity of the derivative
of the virtual control law, a track differentiator was applied
to estimate the related signals and signal derivatives. The
effectiveness and superiority of the proposed method was
verified through the simulation and comparison.

2. AHV Model and Preliminaries

2.1. Model Description. To better describe the longitudinal
motion of the AHV, American scholar Parker used the
research conclusions of Bolender and Doman [33, 34]
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FIGURE 1: AHV force diagram.

combined with Hooke’s law and the Lagrange equation to
establish the following control-oriented AHV longitudinal
motion parameter fitting model:

V:TCOS(G_V)_D—gsiny, (1)
m

h=Vsiny, (2)

y= LTI 9 oy, (3)

0=0Q (4)

Q= M+1]/11ﬁ1 +17/2ﬁ2, (5)

Yy

k1’71=_2(1w1’71_w%’71+N1_V/11_ - 1—2’12’ (6)

Yy IYY
-- . M i
kafly = =205@57, =@y, + Ny = 1= = == (7)
Yy Yy

Equations (1)-(5) describe the rigid body part of the
AHV. The five rigid states are the velocity V, altitude h,
flight-path angle y, pitch angle 8, and the pitch rate Q. m is
the mass of the AHYV, g is the gravitational acceleration con-
stant, and I, is the moment of inertia of the AHV. The force
condition of the AHV is shown in Figure 1. The parameter
fitting form of the thrust T, drag D, lift L, pitching moment
M, and generalized force N,(i = 1,2) can be expressed as fol-
lows [35]:

T~Cla® +C%a’ + Coa+CY,
2 2
D= qs(c;g o+ Cha+ Cxo2+ 8, + cg),
L~gs (cga +C5, + cg),
(8)
M=z, T +gSc [Cﬁ;)a(xz + O a+ Chy o+ ceSC} ,

2
N, =N%a” + N%a+ N9,

L N, ~N%a? + NSa + N335, + NY,

with

C% = B, (hq)@ + B, (h, 9),
C‘;"Z =B3(h, )@+ B, (h, q),
C} = Bs(h, )@+ B4(h, q), (9)
C = B,(h, g)@ + B (h, q),

g= %, p=Po exp <h°h_ h)’

S

where the attack angle a = 0 — y, the fuel equivalence ratio @,
and the elevator angular deflection §, are control inputs, S
and ¢ are the reference area and aerodynamic chord of the
AHV, respectively, z; is the thrust moment arm, c, is the
coefficient of 8, in M, h, and p, are the nominal altitude
and corresponding air density, respectively, 1/h is the air
density decay rate, § and p are dynamic pressure and air den-
sity at h, respectively, C? (- = a, 8% = T, D) is the ith order
coefficient of - in *, C% (% = T, D, L) is the constant coefficient
in %, Cj(* = a, §,) is the contribution of the coefficient of
in L, C{;, is the ith order coefficient of a in M, C3, , is the
constant coefficient in M, N;‘l is the jth order contribution

ofato N;, N 9 is the constant term in N;, N g" is the contribu-
tion of &, to N,, and S,(h, g) is the ith thrust fit parameter.
Equations (6) and (7) describe the elastic body part of the
AHV. The elastic states are #, and #,. {; and w,(i=1,2) are
the damping ratio and vibrational frequency of the AHV
elastic state. k; and ,(i = 1,2) can be expressed as follows:

0
7 =J 1y, (£)dE, (10)
_Lf

LIZ
¥, :J 1,59, (£)dE,
0

where L, and L, are the front and rear beam length of the
AHYV, respectively, m; and 7, are the mass distributions
of the front and the rear beams, respectively, and ¢,(-) and

¢,(-) are the vibration mode functions of the front and
rear beam, respectively. The specific values of the model
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FIGURE 2: Prescribed performance defined by Equation (12).

parameters and aerodynamic parameters of the abovemen-
tioned AHV are shown in [35].

2.2. Prescribed Performance. The AHV prescribed perfor-
mance control method based on the nonaffine model is stud-
ied in this paper. To make the tracking error convergence
processes meet the desired dynamic and steady-state perfor-
mance, the following new performance function p(t) is
designed to limit the tracking error.

p(t) = coth (kpt+Xp) “1+py, (11)

where ky, x,, p, € R" are parameters to be designed.
p(#) has following properties:

(1) p(t) is a positive monotonically decreasing function

(2) p(0) =coth (x,) =1 +p,, =€ +1/e 1 -1+p_,
>Peo

(3) lim p(0) — +o0
X0
(4) lim p(t) =pg,
The prescribed performance is defined as follows:
—p(t) <e(t) <p(t), (12)

where e(t) is the tracking error. By choosing a small
enough y,, it is guaranteed that p(t) — +oo and —p(t) —
—00 based on the property (3). Therefore, for any unknown
but bounded e(0), the following inequality always holds:

—p(0) <(0) <p(0). (13)

The prescribed performance defined by Equation (12)
is shown in Figure 2. p_ is the upper bound of the e(t)
steady-state value, which means —p_, < e(c0) < p,. There-
fore, the desired steady-state accuracy of e(t) can be guaran-
teed by choosing an appropriate p__. p(0) is the maximum
overshoot allowed by e(t). k, directly influences the decreas-
ingyrategofyp(t)sWithythegincreasegingl,, p(f) decreases
more rapidly.
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Remark 1. For any arbitrary bounded e(0) whether it is
known or not, as long as the y, is chosen to be small enough,

e(0) must be included in the prescribed area defined by Equa-
tion (12), which avoids the singular control problem caused
by the improper initial value setting of the traditional perfor-
mance function [36].

Remark 2. When the y, is chosen to be small, the value of

p(0) will be very large, which can lead to too large of an
overshoot of e(t). However, because the response speed of e
(t) is limited, the desired dynamic performance, including
the overshoot and setting time, can be guaranteed by choos-
ing a larger k,. This suggests that if the tracking error e(t)
satisfies Equation (12), the overshoot and the adjusting
time can be constrained within a certain range, as shown
in Figure 2. Thus, by designing the controller which can
make the tracking error meet the constraint of Equation
(12), the desired dynamic performance of the control system
can be guaranteed.
The transformed error &(t) is defined as follows:

g(t)=1In (1\@;(.1;) (14)

where A(t) = e(t)/p(t).
obtained.

The following theorem can be

Theorem 1. If £(t) is bounded, then —p(t) < e(t) < p(t).

Proof. Because ¢(t) is bounded, there must be a bounded
constant ¢, € R* that makes |e(t)| <¢,,. Furthermore, the
inverse transformation of Equation (14) is as follows:

At)+1
e(t) = . 15
R Y (15)
Based on Equation (15),
—EM 1 M — 1
“1<8 <A(t) < ¢ (16)
1+em 1+ efm

Substituting A(t) = e(t)/p(t) into Equation (16) yields
—p(t) <e(t) <p(t). (17)
Therefore, Theorem 1 is established.

Remark 3. The control law below will be designed based on
the transformed error £(t). Theorem 1 shows that as long
as &(t) is bounded, e(t) can be limited to the prescribed area
defined by Equation (12). By choosing appropriate design
parameters for p(t), the desired dynamic performance and
steady-state accuracy of e(t) can be guaranteed.

2.3. Model Conversion and Control Objective. On the one
hand, since the thrust T is directly influenced by the fuel
equivalence ratio @, the velocity V' of the AHV is mainly
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controlled by @. On the other hand, since the elevator angu-
lar deflection 8, directly influences the pitch rate Q, it further
changes the pitch rate 0 and the flight-path angle and finally
influences the change of the altitude. The altitude change
of the AHV is mainly controlled by the elevator angular
deflection &, [37, 38]. Therefore, most previous studies on
AHV control issues first divide the AHV model into a veloc-
ity subsystem controlled by @ (Equation (1)) and an altitude
subsystem controlled by &, (Equations (2)-(5)) and then
derived control laws [39, 40].

Based on the previous studies [37, 38], the velocity sub-
system of the AHV was considered to be a nonaffine form
with the control input:

{ V:fV(V,(D), (18)

yy=V,

where y,, is the output of the system, and f(V,®) is a
completely unknown continuous differentiable function. For
the velocity subsystem, the control goal is to design an appro-
priate control law @ based on the nonaffine model (Equation
(18)). Thus, the robustness tracking of the velocity V to the
reference input V¢ can be achieved, and the velocity track-
ing error can be limited to the prescribed area.

Similarly, the altitude subsystem of the AHV can be
expressed as the following nonaffine pure feedback system:

h=Vsiny,

v=£,01.0),

6=Q, (19)
szQ(x’ d.)s

yp=h

where y, is the output of the system, and x=[y,0, qQl’,
f,(1,0), and f,(x, 8.) are completely unknown continuous

differentiable function. For the altitude subsystem, the con-
trol goal is to design an appropriate control law &,. Thus,
the stable tracking of the altitude h to the reference input
h,.¢ can be achieved and the altitude tracking error can be
limited to the prescribed area. Also, the desired dynamic per-
formance and steady-state accuracy can be guaranteed.

Remark 4. Most previous studies on AHV control issues
designed the control law based on the affine model. However,
the AHV motion model is nonaffine. If the nonaffine model
of the AHV is forcibly simplified to an affine model, the loss
of certain key dynamics is inevitably. The designed control
law has the risk of partial or complete failure. The proposed
control law in this paper will be designed based on the non-
affine model (Equations (18) and (19)), which guarantees
the reliability of the control law.

2.4. Extend States Observer and Tracking Differentiator. To
designi thevactive disturbance rejection control law, the
extended state observer is applied, to estimate the uncertainty

of the AHV model and the external disturbance. The follow-
ing system is considered:

£=H(t) +BU, (20)

where H(t) is the unknown term, and U is the input of the
subsystem. The state z of the system is measurable. There-
fore, the state of the system can be expanded to the following
system:

z=2z,+ BU,
(21)

2y =G(t),

where G(t) is the unknown derivative of the unknown term
H(t). Therefore, the ESO can be established as follows:

E=Z7, -z
Zl =Z, = Bofa(E) +BU, (22)
Zz = _ﬁozfcz (E)’

where E is the estimation error of the ESO, Z, and Z, are the
outputs of the ESO, f3;; >0 and S, >0 are the observer
gains, and parametric function f ,(-)(i =1, 2) is an appropri-
ately constructed nonlinear function, which satisfies ef ;(e)
>0, Ve+0, and f(0) = 0. The parametric function f ,() in
this paper is chosen to have the following form:

{fa(E) =E,

(23)
fa(B) = |E[" sgn (E),

where 0 <« < 1.

Theorem 2. Aiming at the system specified by Equation (20),
if the ESO (Equation (22)) is applied, there will be gain param-
eters By;> By, > 0and 0 < a; < 1, which makes the output of the
ESO Z, and Z, converge to the actual state z and a compact set
of the unknown term H(t), respectively. Bounded constants
0, 0, > 0 exist, which make:

Z,—-z| <0,
{|1 <0, -

Z,— H(t)| < 0,.

Proof. The proof process is shown in the appendix.

Some signals in the control law design process are often
difficult to obtain by the model construction. Many scholars
have proposed using the tracking differentiator to estimate
the signal [41]. The design principle is to achieve the highest
precision extraction of the differential signal and to ensure
certain robustness to the input noise of the signal. A new
TD is proposed in this paper to estimate the differential sig-
nal. The specific form of the new TD is as follows:
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U = Uy,

0, = s,
(25)

: v
) =R”(v—vl— 2

Ys . Un )
n b

ROR TR

where v is the input signal to be estimated, v, is the estimated
value of v, and v,(i=2,3, ---, n) are the estimated values of
the i — 1th derivative of v, respectively; R is the parameter
to be designed.

Theorem 3. If the new TD (Equation (25)) is applied to esti-
mate the input signal v and the derivatives, there exists an R
> 0 that makes v,(i= 1,2, ---, n) converge to a compact set of
v (n=0,1,---,n— 1), respectively. Bounded constants A, >

0(i=1,2, -, n) exist, which make:

v, =v| <A,
v, = V| <A,

(26)
v, — v <A

Proof. The certification process is detailed elsewhere [42].

Remark 5. Compared with traditional tracking differentiators
[41], the new TD proposed in this paper has two advantages.
First, the structure is simple and can estimate the arbitrary
derivative of the input signal. Second, the new TD has only
one parameter R to be designed, and the parameter adjust-
ment process is easier.

3. Controller Design

3.1. Velocity Controller Design. The velocity subsystem
(Equation (18)) is assumed to be affected by external distur-
bances. According to the idea of self-interference, it can be
expressed as follows:

V=fy(V,®)+dy(t) -1, D +1,D
= Fy(V, @) +1,®, (27)
yv=V,
where dy (1) is the external disturbance, Fy,(V,®)=f(V,
@) +dy(t)— 1,0 is the unknown term, and I, >0 is the

parameter to be designed.
The velocity tracking error can be defined as follows:

V=V-V.. (28)

The first derivative of Equation (28) with respect to time
isTobtained; -and Equation (27)istsubstituted into the result,
yielding the following:
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V=Fy(V,®) = Vg + 1, . (29)

According to Equation (14), the velocity transformed
error can be defined as follows:

1 Vipy(t) +1
ey(t) =1 <—1-V/pv(t)>’ (30)

where py(t) = coth (k,yt + X,,) =1+ Py, and Ky, x,y
Pyeo € RY are parameters to be designed.

The first derivative of Equation (30) with respect to time
is obtained, and Equation (29) is substituted into the result,
yielding the following:

Ev(t)=ry <f/ - izgg \7>

where

>

1 1 1
v <‘7/Pv(t) +1 Vipy(t) - 1) . (32)

py(t)=kyy (1 — coth? (kpvt + va)) .

To estimate the unknown term Fy (V, @), the following
ESO is designed for Equation (31):

Ey=Zy, —¢y,

. ho () ~
Zyy=Zyy =By Ey +1y <ZV(D = Vit — bt V) >
Py (1)

sz =Py, |Ev|" sgn (Ey),
(33)

where f,,,,,>0, 0<a, <1 is the parameter to be
designed, Zy, is the estimated value of ¢, and Z,,/ry is
the estimated value of the unknown term F(V, ®).

The active disturbance rejection control law @ can be
designed as follows:

1z . P (t)~>
DO=—— (22 4 kypey - V- L2V, 34
G = A

where ky, > 0 is the parameter to be designed.

Theorem 4. Considering the velocity subsystem (Equation
(18)), if the active disturbance rejection control law (Equation
(33)) and the ESO (Equation (32)) are applied, the closed-loop
control system is semiglobally uniformly asymptotically stable,
and the speed tracking error is limited to the prescribed area.
The following inequality holds —p.,(t) < V < p,(t).
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Proof. Substituting Equation (33) into Equation (31) yields:

gy =1y (FV(V, D) - %2 - kvsv> . (35)

The following Lyapunov function was selected:
Wy = -¢€p. (36)
The first derivative of W, with respect to time is

obtained, and Equation (34) is substituted into the result,
yielding the following:

. A
Wy =epry (FV(V, D) - —TVZ - kvev)
\%4

Z
=ry (sv <FV(V, D) - r—‘;2> - kvszv) :

Combined with Equation (24), a constant @,, exists such
that:

(37)

Z
Fy(V,0) - 222

<@y. (38)
Ty

Considering that ry, > 0, Equation (37) is substituted into
Equation (36), yielding:

Wy <ry (_kvs%/ +ley|@y)

39
Srv(—<kv—;>sé+;@%,). (39)
With ky, > 1/2, the following compact set is defined:

o - (12)@%
ky —1/2

gy

(40)

ey|ley] <

Combining Equations (38) and (39), if ¢, ¢ Q, , then
W, < 0. Therefore, the closed-loop control system is semi-
globally uniformly asymptotically stable, and the velocity
transformed error will finally converge to the compact set
Q, . If the estimated accuracy of the ESO is high enough
(@ is small enough) and the ky, is sufficiently large, the radius
of the compact 2, and the ¢, can be sufficiently small.

The above proves that the transformed error is bounded.
According to Theorem 1, —p,(t) < V <p,(t). The velocity
transformed error is limited to the prescribed area.

3.2. Altitude Controller Design. Considering the altitude sub-
system (Equation (19)), the altitude tracking error can be
defined as h=h— B
be defined as follows:

RN L/AGER!
n(t) =1 <7l—l~1/ph(t)>’ (41)

The altitude transformed error can

where p,,(t) = coth (kyyt + X,,) = 1+ Pyoor @nd Kppo X s Phco
€ R" are parameters to be designed.

Furthermore, the first derivative of ¢, (t) with respect to
time yields the following:

éh(t)zrh(ﬁ—mfz> =rh<v5my—href— 1’@%),

pu(t) n(t)
(42)
where
= 1 1 - ! >0
") \hip, () +1 hipy()-1) (43)

(1) =k, (1 — coth? (kpht+ Xph)).

The flight-path angle command is defined as follows:

Y4 = arcsin <_kh18h - kthgsth + b +ph(t)ﬁlph(t)>
a= v i

(44)

where kj,;, k;, > 0 are parameters to be designed.
If y — 4, y in Equation (41) is replaced with y,; and a
Laplace transform is applied, yielding:

52 +kh15+kh2 =0. (45)

The two characteristics roots of Equation (43), (=k,

~Vkp? —4ky,)/2 and (=ky,, + \/ky, > — 4k;,)/2, are nega-
tive real numbers. Therefore, the altitude transformed error
g,(t) is convergent and bounded. For the altitude subsystem
(Equation (19)), the control goal can be achieved through the
control law &, design which makes y — y, [43].

For the rest of the altitude subsystem (Equation (19)), the
active disturbance rejection control law of 8, is designed in
three steps.

Step 1. For y=f (y,0), the pitch angle command 6 is
designed.

Combined with the concept of active disturbance rejec-
tion, y =f,(y,0) can be expressed as follows:

p=f,(00)+d, (1)~ 1,0 +1,0=F,(y,0) +16,  (46)

where d, (t) is the external disturbance, F,(y,0) =f,(y,0) +
d,(t) - 1,0, and [, > 0 is a parameter to be designed.
The flight-path angle tracking error is defined as follows:

Y=Y~ Ya- (47)
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The first derivative of Equation (45) is obtained, and
Equation (44) is substituted into the result, yielding:

Y=y -Ya=EF,(1,0) +1,0 -7, (48)

The mathematical expression of y, is complicated. Thus,
to avoid the differential expansion problem and effectively fil-
ter out the effects of input noise in the differential signals, the
new TD proposed in this paper is applied to estimate y,,.

ijyl = Uy2’

49)
-2 %) (
UyZ_Ry(Yd_vyl - R_ >

where R, > 0 is the parameter to be designed, and v, and v,,
are the estimated values of y, and y,, respectively.
To estimate the unknown term F,(y,6), the following

ESO is designed for Equation (46):
Ey = Zyl - )7’
Z, =2, Bpe,~v,,+16, (50)

ZYZ = _ﬁy2|Ey|ay sgn (Ey)’

where ﬁyl, [3y2 >0,0<a,<1is the parameter to be designed,
and Z,; and Z,, are the estimated values of y and F,(y,0),

respectively.
The pitch angle command 6, can be designed as follows:

1 -
de—g(zy2+kyy—vy2), (51)
where k,, > 0 is the parameter to be designed.

Step 2. For § = Q, the pitch rate command Q, is designed.

The pitch angle tracking error is defined as follows:

6=0-0,. (52)

If the AHYV is affected by an external disturbance, 8 = Q
can be expressed as follows:

0=Q+dy(t), (53)

where dy(t) is the unknown external disturbance.

The first derivative of 6 with respect to time is obtained,
and Equation (51) is substituted into the result, yielding:

0=0-0,=Q+dy(t) - 0,. (54)

Toravoid the differential expansion problem and effec-
tively filter out the effects of input noise in the differential

International Journal of Aerospace Engineering

signals, the new TD proposed in this paper is applied to
estimate 0:

Vo1 = Vg

Vg = Ry (ed ~ Vg — R_:)

where Ry > 0 is the parameter to be designed, and vy, and

vg, are the estimated values of 6, and 6, respectively.
To estimate the unknown term dy(¢), the following ESO
is designed for Equation (52):

Ep=Zg -0,

Zgy=Zgy ~ PorEg — ver + Q (56)
262 = —Pga|Eol™ sgn (Ep),

where B, By, > 0, 0 < ay < 1 is the parameter to be designed,

Zg, is the estimated value of 6, and Zy, is the estimated value
of the unknown term dp(t).
The pitch rate command Qg can be designed as follows:

Qu=- (Zez + kg + lLy- Uez)’ (57)
where kg > 0 is the parameter to be designed.

Step 3. For Q=f (% 8,), the control law &, is designed.

The pitch rate tracking error is defined as follows:

Q=Q-Qq (58)

If the AHYV is affected by an external disturbance, com-
bined with the concept of active disturbance rejection, the

equation Q= f (%, 8,) can be expressed as follows:
Q=fo(%8,) +dqy(t) =158, +1o8. = Fo(x, 8,) +1p0,, (59)

where dq(t) is the external disturbance, Fq(x,d,) = fo(x,
8,) +dg(t) =10, is the unknown term, and I, >0 is the
parameter to be designed.

The first derivative of Q with respect to time is obtained,
and Equation (57) is substituted into the result, yielding:

Q=Q-Qy=Fq(x0,) + 150, — Q- (60)
The following new TD is applied to estimate Qy:

i}Ql = UQZ’

: v (61)
002 = Rg <Qd ~Var T %)’
Q

where R, > 0 is the parameter to be designed, and vy, and
Vg, are the estimated values of Q4 and Qg respectively.
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To estimate the unknown term Fg(x, §,), the following
ESO is designed for Equation (58):

Eq=Zp -Q
Zo1=Zq — BuEq—vq *+ g0 (62)

ZQZ = ‘/3c22|EQ|OCQ sgn (Eq)

where f,,84, >0, 0<ap<1 is the parameter to be

designed, Z,, is the estimated value of Q, and Zq, is the esti-
mated value of the unknown term F(x, d,).
The control law §, can be designed as follows:

1 - N
8= (ZQ2 +koQ - g, +e>, (63)
Q

where [, > 0 is the parameter to be designed.

Theorem 5. Considering the altitude subsystem (Equation
(19)), if the active disturbance rejection control law S, (Equa-
tion (61)), the ESO (Equation (60)), and the new TD are
applied, the closed-loop control system is semiglobally uniformly

asymptotically stable. The tracking errors ¢, , 6, and Q are
bounded, and the altitude tracking error h is limited to the pre-
scribed area. The following inequality holds —p, (t) <h < p, ().

Proof. The following Lyapunov function is selected:

12

-Q. 64
+5Q (64)

The first derivative of W, with respect to time is
obtained, and Equations (46), (49), (50), (52), (55), (56),
(58), and (61) are substituted into the result, yielding:

W, =77 +80+ QQ=7(F,(y (0+9d) 7a)
+0(Q+Qd+d9 ) ( o) T g0, Qd)
=k’ +7(F,(1,0) = Z,,) +7(v,2 yd) +1 9)/
~2 ~
~ kg0 = 1,67+ 0(dy(£) - Zg») + 0 v - 8,
+0Q - koQ" - 0Q+ Q(Fo(x.8,) — Zy)
+ Q(UQZ - Qd) .
(65)

According to 'Equations (24) and (26), bounded con-
stants 0, 0, 0 A Ag> and AQ exist, which make:

|F) (v, 0)
|dg(1)

|FQ(x, 88) - ZQ2| S GQ’

ZYZ\ <0, [v, - e )—Ly,

- ZQZ| S 091

Vgy — Qd‘ < X@, (66)

9
where

~2 2 20 32
- Y % 3 7 Y
yo, < 5t 7,y/\ys S t5

~2 ) ~2 =2
éae<9—+—,0/\9<9—+ﬁ, (67)

2 2 2

2 -2 =2

N Q 02Q . Q  Aq
Qog < > + 7,Q/\Q< > + 5

Combining Equations (63), (64), and (65) yields the fol-
lowing:
> ~2 ~2
—(k,=1)y* = (kg —1)0" — (kg - 1)Q

Lo 32, 2. 32, 2 .72 (68)
+§<ay+Ay+09+A9+aQ+/\Q).

With k, > 1, kg > 1, and kq > 1, the following compact
sets are defined:

2,32 L 20024 52 42
0, + A, +0g+ A +0G + A

Q - % < 5
y YIV| \ Z(ky—l)
- L) L S LN b
Q= e’e‘s S TR Rl e QP
2(kg 1)
o AN 402+ A+0L + A
Q= Q’Q’s y Ty T80 TTQTQ

2(kg—1)

According to Equation (67), if y ¢ Qy, 0¢ Qj, or Q¢ Qg
W), < 0. W, decreases until §, 8, and Q converge to the com-
pact sets €5, (25, and ), respectively. Therefore, the closed-
loop control system is semiglobally uniformly asymptotically
stable. 7, 6, and Q are ultimately bounded. However, if the
estimated error of the ESO and new TD are sufficiently small
(03 + )_Lf, +0%+ Ao+ o4+ )_té is sufficiently small), the radii of
the compact sets Q?, Qp, and QQ can be sufficiently small,
and 7, 0, and Q can be sufficiently small. If the y is sufficiently
small, then y — y4. According to Equations (40)-(43), the
altitude transformed error is bounded. Thus, by Theorem 1,
—p, (1) < h< p,,(t), which means the altitude transformed
error is limited to the prescribed area.

4. Simulation Results

Taking the longitudinal motion model of the AHV (Equa-
tions (1)-(10)) as the controlled object, the tracking simu-
lations of speed and altitude reference input were carried
out. The simulations were solved using the fourth-order
Runge-Kutta method, and the simulation step was taken to
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be 0.01s. The initial values of the AHV state variables are
shown in Table 1.

The velocity reference command V¢ and the altitude
reference command h,; are specified by the following
second-order system:

Vref(s) _ hfe (S) — w’21 (70)

i
Vi(s)  hy(s)  S+20,w,s+w?’

where the damping ratio {, =0.9, the natural frequency
w, =0.1rad/s, and V| and h; are the input signals of the
second-order system.

When the control algorithm proposed in this paper was
used for the simulation, the prescribed performance parame-
ters were selected as follows: ky, = 0.1, x,,, =0.35, py, =

0.08,ky;, = 0.1, x,), = 1,and pj,, = 0.01. The ADRC controller
parameters were selected as follows: I}, = 10, ki, = 10, k;; =

3.5, ki =0.1, 1, =2, k, =50, ky=50, I, =10, and kg, =20.
The designed parameters of the new TD were selected as fol-
lows: R, =5, Ry =2, and R, = 2. The designed parameters of

the ESO were selected as follows: 3, =2, B, =2, a, =0.4,
B, =2, B,y =2, a,=0.4, By =25, Py, =25, ag=0.4, B, =
25, By, =25, and a, = 0.4. Simulations were carried out in
the following two scenarios.

Scenario 1. The prescribed performance-based active distur-
bance rejection control (PP-ADRC) method proposed in this
paper with the robust back-stepping control method (RBC)
from a previous study [44] was compared. The simulation
time was set to 100s. V; and h; were selected as a step signal
with an amplitude of 200 m/s. To verify the robustness of the
proposed method, it was assumed that a 40% perturbation of
the aerodynamic parameters existed in the AHV model,
which is expressed as C = Cy[1 + 0.4 sin (0.17t)]. C, repre-
sents the nominal value of the aerodynamic parameter and
C represents the value of the aerodynamic parameter in the
simulation. In addition, an external disturbance was added
after 50's of simulation:

dy=d,=dg=dy=2sin (0.1mt). (71)

The simulation results for Scenario 1 are shown in
Figure 3. Figures 3(a)-3(d) show that the velocity and alti-
tude tracking errors were limited to the prescribed area
when using the PP-ADRC. Compared with the RBC, the
PP-ADRC can guarantee better dynamic performances of
the velocity and altitude tracking errors. When there was
parameter perturbation and external disturbance, the PP-
ADRC exhibited a higher control accuracy and stronger
robustness. Figure 3(e) shows that the flight-path angle
response of the PP-ADRC was smoother than that of the
RBC. Moreover, the PP-ADRC proposed in this paper could
estimate the unknown term of the model through the ESO
(Figures 3(g) and 3(h)). The virtual reference command
and the differential signals could be effectively estimated
through the new TD:(Figure 3(f)): Thus; the control accuracy
of the method is further guaranteed.

International Journal of Aerospace Engineering

TaBLE 1: Initial values of the AHV state variables.

Parameter Value Unit
\4 2500 m/s
h 27000 m
)4 0

0 1.5

Q 0 °Is
m 0.29 —
1, 0.26 -

Scenario 2. The PP-ADRC was compared with the neural
back-stepping control method (NBC) from a previous study
[45]. The simulation time was set to 300s. To better reflect
the actual manoeuvre of the AHV, V; was assumed to be a
“step” type signal with a step of 150 m/s per 100s. h; was
assumed to be a square wave signal with a amplitude of
200m and a period of 200s. Also, it was assumed that the
40% perturbation of the aerodynamic parameters existed in
the AHV model. The following definitions were made:

Co> 0s<t<50s,
Cy[1+0.45sin (0.17t)], 50s<t<100s,

Co» 100s <t <1505,
Cy[1 +0.4sin (0.17t)], 150s<t<200s,

Co» 2005 <t <2505,

Cy[1 +0.4sin (0.17t)], 250s<t<300s,

where C,, represents the nominal value of the aerodynamic
parameter, and C represents the value of the aerodynamic
parameter in the simulation. In addition, external distur-
bances were added after 150s of simulation: dy, =d, =d, =
do =2 sin (0.171).

The simulation results of the Scenario 2 are shown in
Figure 4. Figures 4(a)-4(d) show that the dynamic perfor-
mances and control accuracy of the velocity and altitude
tracking errors of the PP-ADRC were better than those of
the NBC. Figure 4(e) shows that the flight-path angle
response of the PP-ADRC was smoother than that of the
NBC. Meanwhile, the PP-ADRC proposed in this paper
could estimate the unknown term of the model through the
ESO (Figures 4(g) and 4(h)). The virtual reference command
and the differential signals could be effectively estimated
through the new TD (Figure 4(f)). Thus, the control accuracy
of the method was further guaranteed. Figures 4(i)-4(1) show
that both of the control methods could achieve the effective
suppression of the elastic vibrations.

5. Conclusions

(1) An active disturbance rejection control for an AHV
based on the prescribed performance function is

www.manaraa.com
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proposed in this paper. The proposed method guar-
antees the stability of the AHV closed-loop control
system. The desired dynamic and steady-state perfor-
mances of the convergence process of the tracking
error were ensured

(2) In the controller design process, the adopted active
disturbance rejection method and extended state
observer further enhanced the capacity to resist the
disturbances, which guaranteed the robustness of
the method

(3) The simulation results in the paper proved the effec-
tiveness of the proposed method. The comparison
with the related publications showed that the
dynamic and steady-state performances of the pro-
posed method were superior

Appendix
A.Proof of Theorem 2
Based on Equations (20)-(22), we set E* =7, —H(t) =Z, -

z,. The first derivatives of E and E* with respect to time
can be expressed as follows:

E=Z,-2E =2,-z,

E=2,-2=27,~2y~ By E=E" - B,,E, (A1)
E' =7, ~2=~G(t) - By, |E|" sgn (E).
The following Lyapunov function was selected:
V= B . BB+t - 2By,
a +1 o +1 (A2)

1
A|E|@*D72 sgn (E) - E* + EE*Z,

because
2 1
V= “/3(-):1 . |E|txl+1 _ - ﬁle . |E|(0tl+1)/2 sgn (E) .E* + EE*Z
1 1

2
1
= ( % |E|(0€1+1)/2 sgn (E) _ \/;E*> >0.
1

V is positive semidefinite. Below, V is studied. The partial
derivative of V with respect to E and E* can be expressed as
follows:

ov a By (01 +1) 0 .
3E = B |E|" sgn (E) - %IF‘I( URE,

v __ [2p,
OE* o +1

(A.3)

-|E) @+ sgn (E) + E*.
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The first derivative of V with respect to time was obtained,
and with Equations (70)-(A.1), this yields the following:

7= g Vgt (Bl sgn (E
=3 3T Bool EI* sgn (E)

/ 1
_ ﬁOZ(‘le + >|E|(a1—1)/2E*> (E* _ﬁOIE)
2
+ <_ ﬁOZ 3 |E|(m1+1)/2 sgn (E) +E*>
\/ a +1

“(=G(t) = Boo|E[* sgn (E))

= —ﬁ01ﬁ02|E|a1+1 _ WE“%—Q/ZE*:

/ +1 [2
+ /301 %wﬁarl)/zlg CE* 4 %
1

2ﬁ02 . |E|(ocl+1)/2|E|ot1
a +1

- [E[ sgn (E)G(t) + By,
1
= _[301ﬁ02|E|ler1 - @w“arl)/zgﬂ

+ By, /302(“21 +1)

2ﬁ02 1

T .| llet))? E)G(t

2B 2 sn ()60
[ 2

+ ﬁ()z al[i(_)ZI . |E|¢xl+l|E|(txl—1)/2

Zﬁ o — o
=- <ﬁ01ﬁoz =B, —02|E|( ' 1)/2) |E[A*!

|E|(a1+l)/2 sgn (E)E*

a +1

B < Boa (@, + 1)|E|(a1—1)/2> B

2

+ Bor  [Boa (e, + 1)|E|¢x1+1

1 /2 1 /2 1 1
+ 2 ﬁOZ |E|0¢l+1 + = ﬁOZ Gz(t) + —E*z + —Gz(t)
2\ a +1 2\ a +1 P

28 B}
= <ﬁ01/302 - ﬁoz 2 |E|(a1 b2

+1
+% Bos (o )E*Z

a +1

Bop(oy +1) 1

2[;02 > |E|Dél+1

a +1

B ( [Boa (1 + 1)|E|(¢x1—1)/2 _ & Byl +1) l) o
2 2 2 2
: ( (2 ) &)

(A.5)
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Values of 3, ,,> and «,; are selected, yielding:

International Journal of Aerospace Engineering

By (2 +1) |E|(® D2

2
Bo1Boz = Boa %IEIWU/Z - @ 71302(“1 +1) - l >0
! 2 2 27
B & Bop(a +1) 1 2Py, S (A.6)
a +1° 7
' The following compact set is defined as follows:
((1/2) 2By, + 1) + (1/2)) GA(t) et
P FIE= Bo1Boz = Boz/ (2Boal oy + 1)|E|<a1_1)/2 = (Boi/2)\/(Boa (o1 +1)/2) = 1/24/2,/ (e + 1) )
((172) /@Bl + 1)) + (112) ) G()
Qp = E°||E°| < g
- V (Boy (@ + 1)12)[E[@D2 — (B,12)\/(Byy (o, +1)/2) = (1/12)
(A7)

According to Equation (A.4), if E ¢ Qg or E* ¢ (., then
V < 0. V will decrease until E and E* converge to the compact
sets Oy and Qp, respectively. Thus, the error system (Equa-
tion (70)) is semiglobally uniformly asymptotically stable. E
and E* are uniformly asymptotically bounded. However, if
the radii of the compact sets Q2 and Q. can be made suffi-
ciently small by selecting appropriate values of 3, 3, and
a,, the errors E and E* will be sufficiently small, and there
must be bounded constants ¢, o, > 0 such that:

{ |Z, —z| <0y,
|Z, —H(t)| < 0,.
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