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This paper proposes a novel prescribed performance tracking control for a hypersonic flight vehicle (HFV) with model
uncertainties. Firstly, a HFV longitudinal motion model is decomposed into a velocity subsystem and an altitude subsystem.
Meanwhile, considering the uncertainties of the model, the velocity subsystem and altitude subsystem are directly expressed as
the forms with unknown nonaffine functions. Secondly, a novel performance function without initial error is proposed for
limiting the tracking error into a prescribed range. Then, for the altitude subsystem, the control objective is changed by model
transformation and the prescribed performance backstepping controller is designed. For the velocity subsystem, a prescribed
performance proportional-integral controller is proposed which has better engineering practicability. The designed controller is
not only simple in form but also has few calculating parameters. Finally, the simulation results show that the proposed
controller has good practicability.

1. Introduction

Near space usually refers to the 20~100 km airspace from the
horizontal plane [1]. This airspace is located between the
traditional concept of “aviation” and “aerospace,” across the
stratosphere and ionosphere, which is rarely involved in the
past aircraft airspace. Thus, the development prospects are
very broad [2, 3]. A flight vehicle flying in near space and
with hypersonic speed is called a hypersonic flight vehicle
(HFV). HFV is considered as a key step towards providing
a promising and affordable technology to meet commercial
and military goals [4]. Compared with traditional aircraft,
HFV has stronger nonlinear and coupling characteristics,
more serious elastic vibration, and more strict control
constraints. The complex dynamic characteristics of HFV
will undoubtedly bring great challenges to the design of its
controller, which makes the HFV control problem a hot
research topic [5–7].

The modeling and control design of HFV are mainly car-
ried out on its longitudinal motion model. On one hand, its
longitudinal motion model for flight control is complicated

enough; on the other hand, considering the scramjet’s sensi-
tivity to flight attitude and fuel saving, lateral maneuver
should be avoided as much as possible during actual cruise
flight [8]. Due to the difficulty to establish a precise motion
model for HFV, Ref. [9] investigates a novel model-free con-
troller for the HFV longitudinal motion model. Since the
HFV model has fast time variability, strong coupling, and
highly nonlinear and uncertain parameters, a sliding-mode
decoupling attitude controller based on parametric com-
mands is proposed which takes these features into account
[10]. In order to facilitate the design of the controller, the
input and output linearized high-order model of HFV is
transformed into a multivariable second-order system model
by introducing auxiliary error variables. Meanwhile, in order
to ensure the actual finite-time stability of the sliding-mode
manifold, an adaptive fast nonsingular terminal sliding-
mode controller is designed for HFV with an unknown upper
limit of disturbance [11].

The basic idea of a backstepping control design is to
decompose the complex nonlinear system into subsystems
with no more than orders of the system, and then design a
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Lyapunov function and an intermediate virtual control quan-
tity for each subsystem, then push it to the whole system, and
complete the design of the whole control law by integrating
them [12]. Backstepping control is suitable for uncertain
nonlinear systems with state linearization or strict parameter
feedback, especially in the field of aeronautics and astronau-
tics [13]. At the same time, intelligent control has good per-
formance in dealing with model uncertain control problems
[14–16]. Therefore, many studies have combined the idea
of an intelligent control and backstepping control method
to solve the HFV control problem. Ref. [17] discusses the
design of HFV adaptive fuzzy backstepping tracking control
with actuator constraints and applies the fuzzy logic system
to approximate analysis of the total uncertainty of the fuzzy
fractal method model. Based on the control-oriented model
of HFV, an adaptive backstepping controller and a dynamic
inverse controller are designed for the altitude subsystem
and velocity subsystem, respectively, in Ref. [18]. Meanwhile,
in order to avoid the complexity problems caused by the
repeated derivation of virtual control variables by traditional
synchronization control, the dynamic surface control tech-
nique and synchronization control method are involved,
and a novel second-order sliding-mode-based integral filter
is used to replace the traditional first-order filter. In order
to compensate for the dead zone effect of HFV and reduce
the computation load, an improved dead zone smooth
inverse is proposed, on which basis an input nonlinear pre-
compensator is designed to deal with input saturation and
dead zone nonlinearity [19].

The existing control methods pay less attention to the
overall control performance of HFV, but too much attention
is paid to the steady progress of the control system [20, 21].
The prescribed performance control method requires that
the system can meet the expected dynamic performance
and steady performance at the same time, so as to improve
the integrity of the system for the control goal, which has
extremely important theoretical and practical significance
[22]. Different from the traditional nonaffine model that
requires nonaffine functions to be differentiable, Ref. [23]
uses the semidecomposed nonaffine model to design an
improved performance controller with a simple structure
and low computational complexity on the basis of the back-
extrapolation technique.

Consistent with a quadrotor unmanned aerial vehicle sys-
tem proposed in Ref. [24], the actual control model of HFV is
also uncertain. Few examples of previous studies have applied
HFV’s uncertain nonaffinemodel in the research of prescribed
performance tracking control. In order to improve the overall
control performance of HFV with an unknown model, a pre-

scribed performance tracking control is designed in this paper.
Firstly, the HFV longitudinal motion model is decomposed
into a velocity subsystem and an altitude subsystem. At the
same time, considering the uncertainty of the model, the
velocity subsystem and the altitude subsystem are directly
expressed as the forms with unknown nonaffine functions.
Secondly, a new performance function without initial error
is proposed to limit the tracking error within the specified
range. Then, the control target of the altitude subsystem is
changed by model transformation, and the corresponding
backstepping controller is designed. Unlike previous studies,
the backstepping controller designed in this paper reduces
the steps and computational load. A prescribed performance
Proportional-Integral (PI) controller is proposed for the
velocity subsystem. The controller is simple in form and
has few calculating parameters. Simulation results show that
the controller has good practicability. The main contribu-
tions of this paper are summarized as follows:

(1) The control method designed in this paper is based
on the uncertain nonaffine models of HFV, which
are closer to the actual flight situation than previous
studies

(2) The novel prescribed performance function is intro-
duced to ensure transient performance and steady-
state accuracy without initial error

(3) The uncertainties in the HFV flight control are real-
ized by using the backstepping control method to
meet the requirements of matching conditions. There
are less steps in the backstepping design and low
computational load. Meanwhile, a PI controller,
which is more commonly used in engineering prac-
tice, is applied in the velocity subsystem

(4) Finally, the simulation results are compared with sev-
eral methods proposed in existing references under
different conditions

The rest of this paper is organized as follows. The HFV
model description and transformation are described in
Section 2, and the control laws are addressed in Section 3.
In Section 4, the simulation results are presented. Finally,
Section 5 provides the conclusion of this paper.

2. Model Description and Transformation

2.1. Model Description. As is shown to us, the longitudinal
models of the controller design for HFV are usually
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Figure 1: Geometry and force map of HFV model.

2 International Journal of Aerospace Engineering



considered as follows. The winged-cone rigid-body model
of NASA is mostly used in the early Ref. [25]. The disad-
vantage of this model is that the elastic effect of HFV dur-
ing flight is not taken into account. In order to consider
the influence of the elastic state, the integrated analytical
model [26] and the improved analytical model [27, 28]
are proposed. On the basis of these two models, Parker,
a researcher in the United States Air Force Research
Office, established the HFV control-oriented parameter
fitting model through the Hooke law and the Lagrange
theorem [7]. In this study, we consider the longitudinal
model of HFV developed by Parker. The geometry and
force map of the HFV models are shown in Figure 1.

_V = T cos θ − γð Þ
m

−
D

m − g sin γ
, ð1Þ

_h =V sin γ, ð2Þ

_γ = L
mV

+ T sin θ − γð Þ
mV

− g cos γ, ð3Þ

_θ =Q, ð4Þ

_Q = M + ~ψ1€η1 + ~ψ2€η2ð Þ
Iyy

, ð5Þ

k1€η1 = −2ζ1ω1 _η1 − ω2
1η1 +N1 −

€ψ1M
Iyy

−
~ψ1~ψ2€η2
Iyy

, ð6Þ

k2€η2 = −2ζ2ω2 _η2 − ω2
2η2 +N2 −

~ψ2M
Iyy

−
~ψ2~ψ1€η1
Iyy

, ð7Þ

where five rigid-body states V , h, γ, θ, and Q represent
velocity, altitude, flight-path angle, pitch angle, and pitch
rate, respectively. η1 and η2 are the elastic states. T , D, L, M,
N1, and N2 mean the thrust force, the drag force, the lift
force, the pitching moment, the first generalized force,
and the second generalized force which are defined, respec-
tively, as follows [7]:

T ≈ β1 h, �qð ÞΦα3 + β2 h, �qð Þα3 + β3 h, �qð ÞΦα2 + β4 h, �qð Þα2

+ β5 h, �qð ÞΦα + β6 h, �qð Þα + β7 h, �qð ÞΦ + β8 h, �qð Þ,

D ≈ �qSCα2

D α2 + �qSCα
Dα + �qSCδ2e

D δ
2
e + �qSCδe

D δe + �qSC0
D,

M ≈ zTT + �qS�cCα2

M,αα
2 + �qS�cCα

M,αα + �qS�cC0
M,α + �qS�cceδe,

L ≈ �qSCα
Lα + �qSCδe

L δe + �qSC0
L,

N1 =Nα2

1 α2 +Nα
1α +N0

1,

N2 =Nα2

2 α2 +Nα
2α +Nδe

2 δe +N0
2,

 �q = �ρV2

2 , �ρ = �ρ0 exp
− h − h0ð Þ

hs

� �
,

ð8Þ

where the control inputs Φ and δe stand for fuel equiva-
lence ratio and elevator angular deflection, and they occur
implicitly in (1), (2), (3), (4), (5), (6), and (7). Should the
readers want to know more about parameters and aerody-
namic parameters in the above equations, they could refer
to Ref. [7].

Usually, only the rigid-body states V , h, γ, θ and Q of
HFV are measurable which can be utilized in the design of
control laws. Also, the elastic states η1 and η2 are considered
as external disturbances when the controller is designed
because they are not measurable.

Definition 1 [29, 30]. A continuous function ρðtÞ that satisfies
the following two conditions simultaneously is called a per-
formance function:

(1) ρðtÞ is continuously differentiable, bounded, strictly
positive, and has a decreasing function of time

(2) lim
t→∞

ρðtÞ = ρ∞ > 0.

According to Definition 1, this paper chooses the follow-
ing function as the performance function:

ρ tð Þ = csch lt + ρ0ð Þ + ρ∞, ð9Þ

where l, ρ0, and ρ∞ are positive parameters. l is relative to the
convergence rate of the tracking error. ρ0 is relative to the
boundedness of the tracking error. ρð0Þ = csch ðρ0Þ + ρ∞
represents the maximum overshoot of the tracking error.
The convergence interval of the tracking error eðtÞ is
defined as

−ρ tð Þ < e tð Þ < ρ tð Þ: ð10Þ

Obviously, it is impossible to design the controller
directly from inequality (10). In this paper, we introduce
an error transformation function as follows:

T εð Þ = eε tð Þ − e−ε tð Þ

eε tð Þ + e−ε tð Þ , ð11Þ

where εðtÞ is the transform error.

2.2. Model Transformation. According to the timescale prin-
ciple in [31], velocity has slower dynamics compared with
altitude angles. Thus, the HFV motion model can be decom-
posed into a velocity subsystem and an altitude subsystem.

A velocity subsystem can be represented as follows:

_V = f0 V ,Φð Þ, ð12Þ

where f0ðV ,ΦÞ is a continuous unknown differentiable non-
affine function.

The altitude tracking error ~h is defined as

~h = h − href : ð13Þ
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The reference command of γ is designed as

γd = arcsin
−khεh tð Þ + _href

V

 !
, ð14Þ

where kh > 0 is the design parameter. Meanwhile, εhðtÞ = ln
ðð~h/ρhðtÞ + 1Þ/ð1 − ~h/ρhðtÞÞÞ is the altitude transform error
and ρhðtÞ = csch ðlht + ρh0Þ + ρh∞.

If γ→ γd , the corresponding dynamics for εhðtÞ is
derived as

_εh tð Þ + khεh tð Þ = 0: ð15Þ

Obviously, if εhðtÞ is bounded, the transient performance
and steady-state performance of ~h are both guaranteed
[32, 33]. Thus, the control objective of the altitude subsys-
tem is changed into γ→ γd .

In this way, the subsequent design goal is to let γ→ γd .
Then, the altitude subsystem is changed into

_x1 = f1 x1, x2ð Þ + x2,
_x2 = f2 xð Þ + x3,
_x3 = f3 x, δeð Þ + δe,

8>><
>>: ð16Þ

where f1ðx1, x2Þ, f2ðxÞ, and f3ðx, δeÞ are continuous
unknown differentiable nonaffine functions, x = ½x1, x2, x3�T ,
where x1 = γ, x2 = θ, and x3 =Q.

According to the prescribed performance control
method, we consider the following change of coordinate:

~γ = x1 − γd , ð17Þ

where ~γ is the error flight-path angle. The time derivative of
(17) is as follows:

_~γ = f1 x1, x2ð Þ + x2 − _γd: ð18Þ

Based on eðtÞ = ρðtÞTðεðtÞÞ, the time derivative of the
transform error ε1ðtÞ of the flight-path angle is as follows:

_ε1 tð Þ = ~γ − _ρ1 tð ÞT ε1 tð Þð Þ
ρ1 tð Þ∂T ε1 tð Þð Þ/∂ε1 tð Þ : ð19Þ

Meanwhile, ε1ðtÞ = ln ðð~γ/ρ1ðtÞ + 1Þ/ð1 − ~γ/ρ1ðtÞÞÞ and
ρ1ðtÞ = csch ðl1t + ρ10Þ + ρ1∞. Let Γ = −ð _ρ1ðtÞTðε1ðtÞÞ/ðρ1ðtÞ
∂Tðε1ðtÞÞ/∂ε1ðtÞÞÞ and Λ = 1/ðρ1ðtÞ∂Tðε1ðtÞÞ/∂ε1ðtÞÞ, then
the above altitude subsystem is modified as

_ε1 tð Þ = Γ +Λ f1 x1, x2ð Þ + x2 − _γdð Þ,
_x2 = f2 xð Þ + x3,
_x3 = f3 x, δeð Þ + δe:

8>><
>>: ð20Þ

3. Controller Design

The control objective is to devise prescribed performance
tracking control laws Φ and δe, such that V and h can accu-
rately track their reference inputs V ref and href . Meanwhile,
the control laws need to guarantee tracking errors with a pre-
scribed transient. To achieve the control goal, the following
lemmas and assumption need to be considered.

Lemma 1 [34]. The unknown nonlinear function f1, f2, and f3
satisfy the following inequality:

f i �xið Þj j ≤ x1j j+⋯+ xij jð Þϒ i x1,⋯,xið Þ, i = 1,⋯, 3, ð21Þ

where ϒ iðx1,⋯,xiÞ are the known C1 functions.

Assumption 1 [35, 36]. For the unknown velocity subsystem
(12) and altitude subsystem (16), the desired trajectory and
its derivative are bounded.

Lemma 2 [37, 38]. Supposing the nonnegative definite func-
tion gðtÞ satisfies

dg tð Þ
dt

= −g1 g tð Þ½ �g2 , ð22Þ

where g1 > 0 and 0 < g2 < 1 are design constants. Then, by
solving the above differential equation, we can get

g tð Þ = g 0ð Þð Þ1−g2 − g1 1 − g2ð Þt� �1/1−g2 , t ∈ 0, t0½ Þ,
0, t ∈ t0,+∞½ Þ,

(

ð23Þ

with t0 = ðgð0ÞÞ1−g2 /g1ð1 − g2Þ.
3.1. Altitude Control Design. By considering equations (10),
(11), and (17), there are jx1j ≤ ρ1ðtÞjε1ðtÞj + jγdj and jxij ≤ j
eij + jαi−1j with ei = xi − αi−1, where αi−1 is the virtual
controller.

Step 1. It follows that from Lemma 1 and Young’s inequality,
there is

ε1 tð ÞΛf 1 ≤Λ ε1 tð Þj j x1j jϒ 1 ≤Λ ε1 tð Þj jϒ 1 ρ1 tð Þ ε1 tð Þj j + γdj jð Þ
≤Λ ε1 tð Þ½ �2ϒ 1ρ1 tð Þ + Λϒ 1 ε1 tð Þj j γdj jð Þ2 + 1

4 :

ð24Þ

Choose the following Lyapunov function:

L1 =
1
2 ε1 tð Þ½ �2: ð25Þ
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The time derivative of (25) is as follows:

L1 ≤ ε1 tð Þ Γ +Λ f1 + e2 + α1 − _γdð Þ½ �
≤ ε1 tð Þ Γ +Λ e2 + α1 − _γdð Þ½ � + ε1 tð ÞΛf1
≤ ε1 tð Þ Γ +Λ e2 + α1 − _γdð Þ½ � + ε1 tð Þ½ �2ρ1 tð ÞΛϒ 1

+ Λϒ 1 ε1 tð Þj j γdj jð Þ2 + 1
4

= ε1 tð Þ Γ +Λ e2 + α1 − _γd +ϒ 1ρ1 tð Þε1 tð Þ +Λϒ 2
1γ

2
dε1 tð Þ� �� �

+ 1
4 :

ð26Þ

Thus, choose the virtual control law as

α1 =
1
Λ

−k1ε1 tð Þ − Γ −Λ ϒ 1ρ1 tð Þε1 tð Þ +Λϒ 2
1γ

2
dε1 tð Þ − _γd

� �� �
,

ð27Þ

where k1 is the design parameter. Substituting (27) into (26)
results in

_L1 ≤ −k1 ε1 tð Þ½ �2 +Λε1 tð Þe2: ð28Þ

Step 2. Similar to Step 1, there is

e2 f2 = e2j jϒ 2 x1j j + x2j jð Þ
≤ e2j jϒ 2 ρ1 tð Þ ε1 tð Þj j + γdj j + e2j j + α1j jð Þ
=ϒ 2e

2
2 + e2j jϒ 2 ρ1 tð Þ ε1 tð Þj j + γdj j + α1j jð Þ

≤ϒ 2e
2
2 + e2j jϒ 2 ρ1 tð Þ ε1 tð Þj j + γdj j + α1j jð Þ½ �2 + 1

4 :

ð29Þ

Choose the following Lyapunov function:

L2 = L1 +
1
2 e

2
2: ð30Þ

The time derivative of (30) is as follows:

_L2 = _L1 + e2 f2 + x3 − _α1ð Þ
≤ −k1 ε1 tð Þ½ �2 + ε1 tð ÞΛe2 +

1
4 + e2 e3 + x3 − _α1ð Þ

+ϒ 2e
2
2 + e22 ϒ 2 ρ1 tð Þ ε1 tð Þj j + γdj j + α1j jð Þ½ �2

+ 1
4 = −k1 ε1 tð Þ½ �2 + 1

2 + e2 ε1 tð ÞΛ + e3 + α2 − _α1½
+ϒ 2e2 + e2 ϒ 2 ρ1 tð Þ ε1 tð Þj j + γdj j + α1j jð Þð Þ2�:

ð31Þ

Thus, choose the virtual control law as

α2 = −k2e2 − ε1 tð ÞΛ −ϒ 2e2
− e2 ϒ 2 ρ1 tð Þ ε1 tð Þj j + γdj j + α1j jð Þð Þ2 + _α1,

ð32Þ

where k2 is the design parameter. Substituting (32) into (31)
results in

_L2 ≤ −k1 ε1 tð Þ½ �2 − k2e
2
2 + e2e3 +

1
2 : ð33Þ

Step 3. Similar to Step 2, there is

e3 f3 ≤ϒ 3e
2
3 + e3j jϒ 3 ρ1 tð Þ ε1 tð Þj j + γdj j + e2j j + α1j j + α2j jð Þ½ �2 + 1

4 :

ð34Þ

Choose the following Lyapunov function:

L3 = L2 +
1
2 e

2
3: ð35Þ

The time derivative of (35) is as follows:

_L3 = _L2 + e3 f3 + δe − _α2ð Þ
≤ −k1 ε1 tð Þ½ �2 − k2e

2
2 − k3e

2
3 +

3
4

+ e3 e3 ϒ 3 ρ1 tð Þ ε1 tð Þj j + γdj j + e2j j + α1j j + α2j jð Þ½ �2�
+ e2 +ϒ 3e3 + δe − _α2g:

ð36Þ

Thus, choose the control law as

δe = −k3e3 − e2 −ϒ 3e3 − e3 ϒ 3 ρ1 tð Þ ε1 tð Þj j + γdj jð½
+ e2j j + α1j j + α2j jÞ�2 + _α2,

ð37Þ

where k3 is the design parameter. It follows from (37) and
(36) that (38) holds

_L3 ≤ −k1 ε1 tð Þ½ �2 − k2e
2
2 + k3e

2
3 +

3
4 = −kL3 +

3
4 , ð38Þ

where k =min f2k1, 2k2, 2k3g. Then, solving the above dif-
ferential equation, there is

L3 ≤ e−kt L3 0ð Þ − 3
4

� �
+ 3
4 : ð39Þ

Table 1: HFV state initial value.

Item Value Units

V 2500 m/s

h 27000 m

γ 0 °

θ 1.5295 °

Q 0 °/s

η1 0.2857 —

η2 0.2350 —
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Figure 2: Continued.
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Obviously, from Lemma 2, transform error ε1ðtÞ and
tracking errors e2 and e3 are bounded. Furthermore, all
the signals in the closed-loop are bounded. Thus, the tran-
sient performance and steady-state accuracy of the altitude
subsystem are guaranteed.

3.2. Velocity Control Design. A PI controller is designed for
the velocity subsystem because the velocity dynamics is much
simpler than the altitude dynamic change.

Φ = −kV1ε2 tð Þ − kV2

ðt
0
ε2 tð Þdt +Φ0, ð40Þ

with ε2ðtÞ = ln ðð~V/ρ2ðtÞ + 1Þ/ð1 − ~V/ρ2ðtÞÞÞ, ~V =V −V ref ,
and ρ2ðtÞ = csch ðl2t + ρ20Þ + ρ2∞. The correction term Φ0

is introduced into the control law so that the tracking error
can converge to zero.

Since the stability of the PI controller has been proven
many times in early research, it will not be repeated here.
Obviously, the boundedness of ε2ðtÞ can be guaranteed via
the PI control law. Furthermore, all the signals in the
closed-loop are bounded. Thus, the prescribed transient per-
formance and steady-state accuracy of the velocity subsystem
are achieved.

4. Simulation Results

In order to verify the practicability of the designed con-
trollers, this section will prove this via digital simulation
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Figure 2: Case 1 simulation diagrams.
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experiments. The performance functions are selected as
ρhðtÞ = csch ð0:1t + 0:3Þ + 1:8, ρ1ðtÞ = csch ð0:15t + 2:8Þ +
0:05, and ρ2ðtÞ = csch ð0:1t + 0:2Þ + 0:9. The design parame-
ters are chosen as follows: kh = 8, k1 = 0:05, k2 = 0:1, k3 = 0:8,
kV1 = 0:6, kV2 = 1, and Φ0 = 0:38. Meanwhile, the pneumatic
parameters to account for uncertainties in the HFV dynam-
ics are changed by defining C = C0½1 + 0:3 sin ð0:1πtÞ�. The
initial trim conditions of HFV are listed in Table 1. In the
simulation process, when the time exceeds 30 s, the velocity
subsystem and the altitude subsystem are interfered with
dV = 5 sin ð0:1πtÞ and dh = 0:02 sin ð0:5πtÞ, respectively.
In order to show the superiority of the proposed controller,
the simulation results compare the prescribed performance
tracking controller (PPT) with the novel robust control

(NRC) in Ref. [39] and the concise neural control (CNC)
in Ref. [40]. At the same time, the simulation experiments
are carried out in the following two cases:

Case 1. The HFV velocity step and altitude step of cruise
flight are required to be 100m/s and 100m, respectively.

Case 2. The HFV velocity input for cruise flight is required
to be a signal with a step amplitude of 100m/s per 100
seconds, and the height input is a square wave signal with
an amplitude of 100m and a period of 200 seconds.

The simulation results are shown in Figures 2 and 3.
From the velocity and altitude tracking performance, three
methods can realize stable tracking of reference inputs
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Figure 3: Case 2 simulation diagrams.
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under the premise of interference. The PPT method has
smaller overshoot and faster convergence speed. The alti-
tude angle and elastic states of the three methods do
not appear as high-frequency chattering phenomenon,
but the PPT method has a smoother response. The con-
trol inputs of the three methods can be stable within the
limited range, and the PPT method also has a smoother
response. The transform error functions in both cases
are bounded.

5. Conclusions

In this paper, a prescribed performance tracking control is
designed for HFV with model uncertainties. Based on the
timescale principle, the HFV longitudinal motion model is
decomposed into the velocity subsystem and the altitude
subsystem. A novel performance function is designed
which does not depend on the initial error. The perfor-
mance function limits the tracking error within the pre-
scribed range so that the system has satisfactory transient
performance and steady-state accuracy. The control objec-
tive of the altitude subsystem is changed by model trans-
formation, and the prescribed performance backstepping
controller is designed. The prescribed performance PI con-
troller is proposed for the velocity subsystem which has
better engineering practicability. Obviously, the designed
controllers are more convenient. Finally, the simulation
results show that the proposed controller has good practi-
cability. Meanwhile, compared with two other control
methods, it has better transient performance and steady-
state accuracy and a smoother response.

Data Availability

The data used to support the findings of this study are
included within the supplementary information file.

Conflicts of Interest

The authors declare that there is no conflict of interest
regarding the publication of this paper.

Acknowledgments

This work was supported by the National Natural Science
Foundation of China (Grant No. 61603410).

Supplementary Materials

The model parameters and aerodynamic coefficient data of
HFV used to support the findings of this study are included
within the supplementary information file. (Supplementary
Materials)

References

[1] L. F. Peter, “USAF to develop near-space UAVs,” Flight Inter-
national, vol. 172, no. 5102, p. 10, 2007.

[2] T. V. Markova, A. A. Aksenov, S. V. Zhluktov, D. V. Savitskiy,
A. D. Gavrilov, and E. E. Son, “Numerical simulation of gas

flow past scale model of hypersonic vehicle in wind tunnel,”
High Temperature, vol. 55, no. 2, pp. 280–285, 2017.

[3] W. Zhu, J. Li, and Y. Xu, “Optimum attitude planning of near-
space solar powered airship,” Aerospace Science and Technol-
ogy, vol. 84, pp. 291–305, 2019.

[4] L. Fiorentini, A. Serrani, M. A. Bolender, and D. B. Doman,
“Nonlinear robust adaptive control of flexible air-breathing
hypersonic vehicles,” Journal of Guidance, Control, and
Dynamics, vol. 32, no. 2, pp. 402–417, 2009.

[5] X. Bu, Y. Xiao, and H. Lei, “An adaptive critic design-based
fuzzy neural controller for hypersonic vehicles: predefined
behavioral nonaffine control,” IEEE/ASME Transactions on
Mechatronics, vol. 24, no. 4, pp. 1871–1881, 2019.

[6] C. Mu, Z. Ni, C. Sun, and H. He, “Air-breathing hypersonic
vehicle tracking control based on adaptive dynamic program-
ming,” IEEE Transactions on Neural Networks and Learning
Systems, vol. 28, no. 3, pp. 584–598, 2017.

[7] J. T. Parker, A. Serrani, S. Yurkovich, M. A. Bolender, and D. B.
Doman, “Control-oriented modeling of an air-breathing
hypersonic vehicle,” Journal of Guidance, Control, and
Dynamics, vol. 30, no. 3, pp. 856–869, 2007.

[8] S. Zhao and X. Li, “Prescribed performance fault tolerant con-
trol for hypersonic flight vehicles with actuator failures,” IEEE
Access, vol. 7, pp. 100187–1100204, 2019.

[9] X. Bu, H. Lei, and Y. Gao, “Robust tracking control of hyper-
sonic flight vehicles: a continuous model-free control
approach,” Acta Astronautica, vol. 161, pp. 234–240, 2019.

[10] P.Wang, G. J. Tang, and J.Wu, “Sliding mode decoupling con-
trol of a generic hypersonic vehicle based on parametric com-
mands,” Science China Information Sciences, vol. 58, no. 5,
pp. 1–14, 2015.

[11] J. G. Sun and S. M. Song, “Tracking control of hypersonic vehi-
cles with input saturation based on fast terminal slidingmode,”
International Journal of Aeronautical and Space Sciences,
vol. 20, no. 2, pp. 493–505, 2019.

[12] B. Jiang, P. Shi, C. C. Lim, and D. Xu, “Adaptive neural
observer-based backstepping fault tolerant control for near
space vehicle under control effector damage,” IET Control The-
ory & Applications, vol. 8, no. 9, pp. 658–666, 2014.

[13] S. Zhang, Q.Wang, G. Yang, andM. Zhang, “Anti-disturbance
backstepping control for air-breathing hypersonic vehicles
based on extended state observer,” ISA Transactions, 2019.

[14] Z. Zhao, J. Yu, L. Zhao, H. Yu, and C. Lin, “Adaptive fuzzy
control for inductionmotors stochastic nonlinear systems with
input saturation based on command filtering,” Information
Sciences, vol. 463-464, pp. 186–195, 2018.

[15] J. Yu, P. Shi, C. Lin, and H. Yu, “Adaptive neural command fil-
tering control for nonlinear MIMO systems with saturation
input and unknown control direction,” IEEE Transactions on
Cybernetics, pp. 1–10, 2019.

[16] J. Yu, B. Chen, H. Yu, C. Lin, and L. Zhao, “Neural networks-
based command filtering control of nonlinear systems with
uncertain disturbance,” Information Sciences, vol. 426,
pp. 50–60, 2018.

[17] P. Wang, J. Wang, X. Bu, C. Luo, and S. Tan, “Adaptive fuzzy
back-stepping control of a flexible air-breathing hypersonic
vehicle subject to input constraints,” Journal of Intelligent &
Robotic Systems, vol. 87, no. 3-4, pp. 565–582, 2017.

[18] Q. Hu and Y. Meng, “Adaptive backstepping control for air-
breathing hypersonic vehicle with actuator dynamics,” Aero-
space Science and Technology, vol. 67, pp. 412–421, 2017.

10 International Journal of Aerospace Engineering

http://downloads.hindawi.com/journals/ija/2019/3505614.f1.pdf
http://downloads.hindawi.com/journals/ija/2019/3505614.f1.pdf


[19] Q. Hu, Y. Meng, C. Wang, and Y. Zhang, “Adaptive backstep-
ping control for air-breathing hypersonic vehicles with input
nonlinearities,” Aerospace Science and Technology, vol. 73,
pp. 289–299, 2018.

[20] X. Bu and Y. Xiao, “Prescribed performance-based low-
computational cost fuzzy control of a hypersonic vehicle using
non-affine models,” Advances in Mechanical Engineering,
vol. 10, no. 2, 2018.

[21] X. Bu, X. Wu, J. Huang, and D. Wei, “Robust estimation-
free prescribed performance back-stepping control of air-
breathing hypersonic vehicles without affine models,” Inter-
national Journal of Control, vol. 89, no. 11, pp. 2185–2200,
2016.

[22] C. P. Bechlioulis and G. A. Rovithakis, “Robust adaptive con-
trol of feedback linearizable MIMO nonlinear systems with
prescribed performance,” IEEE Transactions on Automatic
Control, vol. 53, no. 9, pp. 2090–2099, 2008.

[23] Y. Wang and J. Hu, “Improved prescribed performance
control for air-breathing hypersonic vehicles with unknown
deadzone input nonlinearity,” ISA Transactions, vol. 79,
pp. 95–107, 2018.

[24] C. Mu and Y. Zhang, “Learning-based robust tracking control
of quadrotor with time-varying and coupling uncertainties,”
IEEE Transactions on Neural Networks and Learning Systems,
pp. 1–15, 2019.

[25] J. D. Shaughnessy, S. Z. Pinckney, J. D. McMinn, C. I. Cruz,
and M. L. Kelley, “Hypersonic vehicle simulation model:
winged-cone configuration,” Tech. Rep. NASA TM-102610,
NASA Langley Research Center, 1990.

[26] F. R. Chavez and D. K. Schmidt, “Analytical aeropropulsive-
aeroelastic hypersonic-vehicle model with dynamic analysis,”
Journal of Guidance, Control, and Dynamics, vol. 17, no. 6,
pp. 1308–1319, 1994.

[27] M. A. Bolender, “An overview on dynamics and controls
modelling of hypersonic vehicles,” in 2009 American Control
Conference, pp. 2507–2512, St. Louis, MO, USA, 2009.

[28] M. A. Bolender and D. B. Doman, “Nonlinear longitudinal
dynamical model of an air-breathing hypersonic vehicle,”
Journal of Spacecraft and Rockets, vol. 44, no. 2, pp. 374–
387, 2007.

[29] C. P. Bechlioulis and G. A. Rovithakis, “Prescribed perfor-
mance adaptive control for multi-input multi-output affine
in the control nonlinear systems,” IEEE Transactions on Auto-
matic Control, vol. 55, no. 5, pp. 1220–1226, 2010.

[30] C. P. Bechlioulis and G. A. Rovithakis, “Robust partial-state
feedback prescribed performance control of cascade systems
with unknown nonlinearities,” IEEE Transactions on Auto-
matic Control, vol. 56, no. 9, pp. 2224–2230, 2011.

[31] B. Xu, C. Yang, and Y. Pan, “Global neural dynamic surface
tracking control of strict-feedback systems with application
to hypersonic flight vehicle,” IEEE Transactions on Neural
Networks and Learning Systems, vol. 26, no. 10, pp. 2563–
2575, 2015.

[32] X. Bu, X. Wu, J. Huang, and D. Wei, “A guaranteed transient
performance-based adaptive neural control scheme with low-
complexity computation for flexible air-breathing hypersonic
vehicles,” Nonlinear Dynamics, vol. 84, no. 4, pp. 2175–2194,
2016.

[33] B. Xu, “Robust adaptive neural control of flexible hypersonic
flight vehicle with dead-zone input nonlinearity,” Nonlinear
Dynamics, vol. 80, no. 3, pp. 1509–1520, 2015.

[34] X. Huang, W. Lin, and B. Yang, “Global finite-time stabiliza-
tion of a class of uncertain nonlinear systems,” Automatica,
vol. 41, no. 5, pp. 881–888, 2005.

[35] Z. Zhang, G. Duan, and M. Hou, “Global finite time
stabilization of pure-feedback systems with input dead-zone
nonlinearity,” Journal of the Franklin Institute, vol. 354,
no. 10, pp. 4073–4101, 2017.

[36] S. I. Han and J. M. Lee, “Fuzzy echo state neural networks and
funnel dynamic surface control for prescribed performance of
a nonlinear dynamic system,” IEEE Transactions on Industrial
Electronics, vol. 61, no. 2, pp. 1099–1112, 2014.

[37] J. Wu, W. Chen, and J. Li, “Global finite-time adaptive stabili-
zation for nonlinear systems with multiple unknown control
directions,” Automatica, vol. 69, pp. 298–307, 2016.

[38] J. Li, J. Wu, X. Guo, X. Li, and L. Ai, “Global finite-time
stabilization for a class of high-order nonlinear systems with
multiple unknown control directions,” International Journal
of Control, Automation and Systems, vol. 15, no. 1, pp. 178–
185, 2017.

[39] W. Tang, W. Long, and H. Gao, “A novel robust flight control-
ler design for an air-breathing hypersonic vehicle,” Automatic
Control and Computer Sciences, vol. 52, no. 3, pp. 198–207,
2018.

[40] X. Bu, Q. Wang, Y. Zhao, and G. He, “Concise neural non-
affine control of air-breathing hypersonic vehicles subject to
parametric uncertainties,” International Journal of Aerospace
Engineering, vol. 2017, Article ID 1374932, 16 pages, 2017.

11International Journal of Aerospace Engineering



International Journal of

Aerospace
Engineering
Hindawi
www.hindawi.com Volume 2018

Robotics
Journal of

Hindawi
www.hindawi.com Volume 2018

Hindawi
www.hindawi.com Volume 2018

 Active and Passive  
Electronic Components

VLSI Design

Hindawi
www.hindawi.com Volume 2018

Hindawi
www.hindawi.com Volume 2018

Shock and Vibration

Hindawi
www.hindawi.com Volume 2018

Civil Engineering
Advances in

Acoustics and Vibration
Advances in

Hindawi
www.hindawi.com Volume 2018

Hindawi
www.hindawi.com Volume 2018

Electrical and Computer 
Engineering

Journal of

Advances in
OptoElectronics

Hindawi
www.hindawi.com

Volume 2018

Hindawi Publishing Corporation 
http://www.hindawi.com Volume 2013
Hindawi
www.hindawi.com

The Scientific 
World Journal

Volume 2018

Control Science
and Engineering

Journal of

Hindawi
www.hindawi.com Volume 2018

Hindawi
www.hindawi.com

 Journal ofEngineering
Volume 2018

Sensors
Journal of

Hindawi
www.hindawi.com Volume 2018

International Journal of

Rotating
Machinery

Hindawi
www.hindawi.com Volume 2018

Modelling &
Simulation
in Engineering
Hindawi
www.hindawi.com Volume 2018

Hindawi
www.hindawi.com Volume 2018

Chemical Engineering
International Journal of  Antennas and

Propagation

International Journal of

Hindawi
www.hindawi.com Volume 2018

Hindawi
www.hindawi.com Volume 2018

Navigation and 
 Observation

International Journal of

Hindawi

www.hindawi.com Volume 2018

 Advances in 

Multimedia

Submit your manuscripts at
www.hindawi.com

https://www.hindawi.com/journals/ijae/
https://www.hindawi.com/journals/jr/
https://www.hindawi.com/journals/apec/
https://www.hindawi.com/journals/vlsi/
https://www.hindawi.com/journals/sv/
https://www.hindawi.com/journals/ace/
https://www.hindawi.com/journals/aav/
https://www.hindawi.com/journals/jece/
https://www.hindawi.com/journals/aoe/
https://www.hindawi.com/journals/tswj/
https://www.hindawi.com/journals/jcse/
https://www.hindawi.com/journals/je/
https://www.hindawi.com/journals/js/
https://www.hindawi.com/journals/ijrm/
https://www.hindawi.com/journals/mse/
https://www.hindawi.com/journals/ijce/
https://www.hindawi.com/journals/ijap/
https://www.hindawi.com/journals/ijno/
https://www.hindawi.com/journals/am/
https://www.hindawi.com/
https://www.hindawi.com/

