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The highly nonlinear and coupling characteristics of a flexible air-breathing hypersonic vehicle create great challenges to its flight
control design. A unique parameter adaptive nonsingular terminal sliding mode method is proposed for longitudinal control law
design of a flexible coupling air-breathing hypersonic vehicle. This method uses adaptive reaching law gain instead of the
additional adaptive compensation term to handle the uncertainty to improve robustness. The stability of the close loop system is
proved via a Lyapunov way. The longitudinal tracking control law for velocity and angle of attack is designed based on a rigid
dynamic model of a flexible air-breathing hypersonic vehicle. A strong coupling model of the same vehicle, considering
aerodynamic-scramjet engine-flight dynamic-elastic couplings, is established as the verification platform of the designed control
law. The remarkable differences of flight dynamic characteristics between this strong coupling model and the rigid body model
can be seen, which mean the controller needs to endure very great uncertainty, unmodeled dynamics, and other types of internal
disturbance. Simulation results based on the coupling model demonstrate that the designed control law has good performance
and acceptable robustness.

1. Introduction

A hypersonic vehicle is a kind of aircraft which can fly at more
than Mach 5. Compared with conventional aircrafts, hyper-
sonic vehicles have much higher speed and stronger maneu-
verability. An air-breathing hypersonic vehicle (AHV) is one
of the configurations with the most potential in the research
and development of hypersonic vehicles. The special designs
of AHV, i.e., the high integration of the scramjet propulsion
system and airframe and the wave-rider configuration, bring
much more nonlinearity and cause strong couplings among
the aerodynamic, scramjet propulsion system, flight dynamic,
and flexible dynamic. Model uncertainties can arise due to the
obvious time-varying flight parameters brought by AHV’s
high speed and very wide flight envelope, which can also
further increase the nonlinearity. Meanwhile, the flexible
dynamic cannot be ignored anymore in flight dynamic analy-

sis and control design because it has significant impacts on
flight characteristics through complex couplings. Conse-
quently, the control design of AHV faces great challenges.

The researches on flight dynamic modelling and control
of AHV mainly focus on its longitudinal dynamic. Because
of the strong coupling among the aerodynamic, scramjet
propulsion system, flight dynamics, and flexible dynamic of
AHV, the flight dynamic characteristics of AHV interact with
aerodynamic, scramjet propulsion, and fuselage deforma-
tion. Chavez and Schmidt made pioneering works in the
1990s [1]. They used Newton’s collision theory to estimate
hypersonic aerodynamic forces and moment, used one-
dimensional Rayleigh flow and isentropic flow theory to
model the scramjet propulsion system, and established the
first AHV flight dynamic model. Besides, this model con-
siders the effect of elastic deformation of the fuselage, and
the coupling between aerodynamic and flexible dynamic is
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captured. On the basis of their work, many scholars have
made a lot of significant improvements. The well-known
work is the longitudinal dynamical modelling finished by
Bolender and Doman [2]. They used the oblique shock/ex-
pansion wave theory to estimate aerodynamic forces and
moment, while the engine model still used the isentropic flow
and one-dimensional Rayleigh flow relations, and took into
account the influence of elastic deformation of the fuselage.
To overcome the difficulty for these physics-based model
applications in flight control design, Parker et al. presented
some control-oriented models by replacing complex aerody-
namic force and scramjet thrust functions in physics-based
models with a curve-fitting method [3]. The AHV model
which they established describes the coupling among aerody-
namic, scramjet propulsion, and flexible dynamic. In fact, the
inertia forces generated by the unsteady motion of the air-
craft will cause the additional deformation of the fuselage
and then affect the aerodynamic and scramjet propulsion
system. Such coupling exists among flight dynamic, aerody-
namic, scramjet propulsion, and flexible dynamic. In this
paper, the flight dynamic model considering the coupling
among the aerodynamic, scramjet propulsion, and flexible
dynamic is referred to as the weak coupling flexible dynamic
model (WCFDM), and the flight dynamic model which also
includes the inertial coupling effects between the unsteady
motion of AHV and the flexible dynamic is called the strong
coupling flexible dynamic model (SCFDM).

Since Bolender and Doman established a general flexible
AHV dynamic model that can describe the coupling charac-
teristics among the aerodynamic, flight dynamic, scramjet
propulsion, and flexible dynamic of AHV on the basis of
Ref. [2], various nonlinear control methods have been
applied to the controller design of AHV. In the design of
AHV controllers, the robustness and the adaptability are
highly important and emphasized because of the dynamic
characteristics of AHV, such as strong coupling, nonlinear-
ity, and model uncertainties, as well as physical constraints
of control inputs and disturbances.

The control designs of AHV are mostly based on robust
control, adaptive control, inversion control, etc. These
methods always are combined with each other or with other
methods to synthesize or improve to meet the requirements
of the control performance of AHV. In Ref. [4], a robust opti-
mal controller design problem is investigated for the longitu-
dinal dynamics of a generic hypersonic vehicle. In the design
of the controller, parametric uncertainties, nonlinear and
coupling dynamics, unmodeled uncertainties, and external
atmospheric disturbances are treated as so-called equivalent
disturbances, and a linear time-invariant robust controller
is proposed to deal with these problems, which has two parts:
an optimal controller to achieve the desired tracking perfor-
mance and a robust compensator to restrain the influence
of the equivalent disturbances. A robust fuzzy disturbance
observer-based control design methodology with adaptive
bounding is proposed in Ref. [5] for the longitudinal dynam-
ics of a generic hypersonic vehicle using a linear variable
parameter model derived from the rigid model by using a
functional replacement method. And the stable tracking con-
trol of velocity and altitude commands is achieved under the

influence of uncertainties and disturbances. An adaptive
back-stepping control method considering rudder saturation
for the longitudinal control of a hypersonic vehicle is pro-
posed in [6]. Firstly, the linearized model is obtained by using
the small perturbation theory. On the basis of the linearized
model, the attitude back-stepping control is designed by
considering the rudder saturation, and the uncertainties are
estimated and compensated for by using the extended state
observer. Rollins et al. [7] designed a nonlinear adaptive
dynamic inversion control law including a control allocation
strategy to track the given flight path angle for a general
hypersonic vehicle. The final robustness analysis showed that
the controller could offset the effects of time delay and exter-
nal disturbances and also could deal with the situation of
engine inlet failure. A longitudinal inversion flight controller
of AHV using nonlinear dynamic inversion in the inner loop
and back-stepping method in the outer loop is developed in
Ref. [8] to ensure the control performance and the global sta-
bility of the system and to restrain the disturbance of uncer-
tainties. In Ref. [9], a fault-tolerant control method based on
the back-stepping control is established, which can reduce
the control performance degradation when one or more
actuators are saturated or faulty, to make the AHV reach a
specified steady state. In addition to conventional nonlinear
control methods, intelligent control such as fuzzy control
and neural network control is also used in the control design
of AHV. Since almost all of nonlinear systems can be
approached by fuzzy models with any specified accuracy,
the application of fuzzy control in the design of AHV con-
trollers has attracted a lot of attention, such as Ref. [10–14].
AHV control design based on neural network control is
another research hotspot and has achieved considerable
results. Johnson et al. [15] and Bahm et al. [16] have designed
a model reference adaptive control system based on neural
network for X-33 aircraft in the launch phase and compared
it with the conventional gain presetting method in the case of
engine failure. With the same control performance, the
adaptive control system shows stronger decoupling ability
and robustness compared with the gain presetting method.
In Ref. [17–19], neural network-based adaptive back-
stepping controllers are introduced, where nonlinear func-
tions in the AHV dynamic model are approached by various
kinds of neural networks. A back-stepping controller with
good control performance under strong disturbance is
designed using a radial basis function (RBF) neural network
in Ref. [20].

In addition to the control methods mentioned above, the
sliding mode control (SMC) has also been used in the control
design of AHV because of its robustness and fast response
capability. SMC, also known as variable structure control, is
a special kind of nonlinear control method. The main differ-
ence between SMC and other control strategies is that the
structure of the system is not fixed, which can change accord-
ing to the current situation of the system (such as deviation
and its derivatives) in the dynamic process, and therefore
makes the system move along the state trajectory defined
by the predetermined “sliding mode.” Because the sliding
mode can be chosen to be independent of the object param-
eters and disturbances, the sliding mode control has the
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advantages of fast response, insensitivity to the correspond-
ing parameter changes and disturbances, no need of online
identification of the system, etc. [21, 22]. As a result of these
advantages, the sliding mode control is common in practical
applications, and it is also applied to the control design of
AHV. Xu et al. [23] put forward an adaptive terminal sliding
mode controller for a rigid body linearization model of AHV,
in which parameters of the aircraft or aerodynamic parame-
ters are estimated online via an adaptive law, and the desired
performance is achieved under the influence of parameter
uncertainties. However, the control design does not take into
account the influence of flexible dynamic. In Ref. [24], based
on linearizing the flexible AHV model, an adaptive sliding
mode controller is designed. The controller adjusts one of
the parameters of the control law online through the adaptive
law and has good performance in tracking altitude and veloc-
ity command tracking. But the aerodynamic model used in
the control design does not consider the effects of elastic
deformation. In order to reduce chattering, a unique smooth
function with adjustable parameters is proposed to replace
the signum function in the sliding mode control law. How-
ever, the stability of the closed-loop system with the new
function is not proven. In Ref. [25], a fast adaptive terminal
sliding mode controller is designed for a rigid hypersonic
vehicle model with unknown upper bound disturbance,
which guarantees finite-time convergence of the sliding
mode. The upper bound of uncertainties is estimated online
by an adaptive law, and the estimation is used as a compen-
sation for the sliding mode control law. Based on the high-
order sliding mode theory, Sagliano et al. [26] propose an
adaptive sliding mode controller combined with an extended
sliding mode observer that reconstructs disturbance online.
The controller can be adjusted online under multiple uncer-
tainties to improve performance. Compared with the con-
ventional sliding mode control, the proposed controller has
higher tracking accuracy and better robustness for the change
of initial conditions or atmospheric parameters. In order to
improve the control performance and robustness under the
influence of external disturbance and model uncertainties,
Yu et al. [27] develop a continuous high-order finite-time
arrival sliding mode control method based on a continuous
adaptive second-order sliding mode disturbance observer.
Using the fuzzy interval type-2 system method, a sliding
mode controller is designed for the speed and height control
of AHV in [28]. The adaptive method is used to adjust
parameters of the fuzzy-system-based observer.

In the references mentioned previously, the good perfor-
mances of the AHV control system are achieved, as well as
robustness and disturbance rejection performance. Since
the upper bound of system uncertainty is needed for the slid-
ing mode control, adaptive methods or observers are added
to the sliding mode control to compensate for the effects of
uncertainties in these works. The application of the adaptive
method can be divided into three main ways. The first one is
to estimate some uncertain parameters of the aircraft online,
which mainly deal with the parameter uncertainties. The sec-
ond one is to estimate the composite disturbances consisting
of model uncertainties and disturbances online and compen-
sating for them directly to the control law, and the composite

disturbance estimating way is complex and can be regarded
as a disturbance observer. The third one is to adjust parame-
ters of the control law by the adaptive method online. In
these works, a rigid body or weakly coupling AHV model is
mainly used to simulate and verify. In Ref. [24], a coupling
model is used for simulation verification, but the aerody-
namic calculation of the model does not consider the effect
of elastic deformation of the body. Therefore, these models
used for simulation verification cannot verify the robustness
of the designed controller to model uncertainty including
inertia force. The differences between the rigid model and
the weak/strong coupling flexible model will be analysed in
order to elaborate their characteristics in this paper.

Therefore, in order to design a high-performance adap-
tive robust nonlinear AHV controller, a novel parameter
adaptive terminal sliding mode developed from the conven-
tional nonsingular terminal sliding mode is adopted in this
paper. The proposed method uses an adaptive method to
adjust the parameter of the control law online to reduce the
conservativeness of the system to the bounded uncertainties
of the model. Besides, the method replaces the conventional
signum function with a smooth function whose parameter
is adjustable to reduce the chattering and the aeroelastic
vibration that may be induced by the control inputs. With
these features, the proposed method achieves the stable
tracking control of the AHV velocity and angle of attack
commands.

This paper is organized as follows. In Section 2, the lon-
gitudinal dynamic model of AHV is described, and the modal
characteristics of the rigid AHV model and the weak/strong
coupling flexible AHV model are analysed and compared in
order to illustrate the differences among them and the fact
that the flexible modes and inertial coupling effects should
be fully considered in the design of modelling and control.
Then, the parameter adaptive terminal sliding mode control
method is introduced, and the closed-loop stability of the
method is analysed in the Section 3. After that, by dividing
the system into two subsystems, the AHV nonlinear rigid
body model is used to design the controller. After introduc-
ing the controller design, the adaptive terminal sliding mode
control method proposed in this paper will be simulated and
validated based on the strong coupling flexible AHV model.
Finally, conclusions are made.

2. AHV Model with Aerodynamic-Propulsion-
Flight-Flexible Dynamic Coupling

In this section, an aerodynamic-scramjet propulsion-flight-
flexible dynamic coupling model of AHV used in this paper
is introduced, and its coupling characteristics are analysed.
Wave-rider configuration is a relatively mature AHV config-
uration, and one of the earliest researches was performed by
Chavez and Schmidt in 1994 [1]. They established a compre-
hensive analytical model of the longitudinal dynamics of an
AHV using Newtonian impact and quasi one-dimensional
Rayleigh flow theory. The first flexible mode was estimated
by a complete NASTRAN analysis, and only the coupling
between the aerodynamic and the flexible dynamic was con-
sidered. Bolender and Doman improved and developed a

3International Journal of Aerospace Engineering



new model using a combination of oblique shock and
Prandtl-Meyer expansion theory to calculate the aerodynamic
forces and moments and conducted the first principle model
by Lagrangian formulation, which was capable of capturing
the strong coupling characteristics [2]. The model has a high
accuracy for its good grasp of the coupling among the aerody-
namic, scramjet propulsion, flight, and flexible dynamic.

Oblique shock and Prandtl-Meyer expansion wave theory
are used to calculate aerodynamic forces of the AHV dynamic
model in this paper. In addition, engine thrust is calculated by
isentropic flow relationship and one-dimensional Rayleigh
flow model using liquid hydrogen as fuel. For the slender
AHV, it is regarded as two cantilever beams fixed at the centre
of mass [29]. The theory of the cantilever beam is used to
model the elastic vibration, and then its deformation is
obtained to calculate the aerodynamic forces and thrust after
deformation.

For AHV, when the aerodynamic forces change, the
deformations of the fuselage will change, and consequently,
the aerodynamic shape will change. This change will also
cause the change of air mass flow and parameters of the air
flow entering the scramjet engine, which will lead to the
change of the working state of the engine, and the change
of the working state of the scramjet engine will cause the
change of the aerodynamic force and the deformation angle
of the afterward body. This is the so-called coupling effect
between aerodynamic, propulsion, and structure. The differ-
ential equations of the WCFDM are as follows [30]:

_V = T cos α −D
m

− g sin γ,

_α = q −
L + T sin α

mV
+
g sin γ

V
−
V cos γ
Re + h

,

_q =
My

Iy
,

_h =V sin γ,
_θ = q,

€ηf = −2ζωf _ηf − ω2
f ηf +Nf ,

€ηa = −2ζωa _ηa − ω2
aηa +Na,

ð1Þ

where ½V , α, q, h, θ, ηf , _ηf , ηa, _ηa� are AHV’s velocity, angle of
attack, pitching rate, flight altitude, pitching angle, general-
ized coordinates, and their derivate of modal shape of the for-
ward and the aft beam, respectively, and γ is the flight path
angle. Tðh, V , α, ηf , ηa, δe, ϕÞ, Dðh, V , α, ηf , ηa, δe, ϕÞ, Lðh,
V , α, ηf , ηa, δe, ϕÞ, and Myðh, V , α, ηf , ηa, δe, ϕÞ are the
engine thrust, drag, lift, and pitch moment, respectively.
They are nonlinear functions of the velocity V , the angle of
attack α, the flight altitude h, the generalized coordinates ηf
and ηa, and the control inputs δe and ϕ. These forces and
moment used in this paper are calculated by interpolation
based on a seven-dimensional interpolation table, which is
developed in Reference [31].

One of the important effects considered in this paper is
the presence of coupling between the rigid body accelerations
and flexible body dynamics. There may exist incorporation of
the effects of the rigid body vertical translation rotational
effects on the fuselage dynamics. The differential equations
of SCFDM capturing inertial coupling effects between the
pitching and normal accelerations of the aircraft and the
structural dynamics are as follows [2]:

m _U +mqW +mg sin θ + _q λaηa + λf ηf

� �
+ 2q λa _ηa + λf _ηf

� �
= Fx,

m _W −mqU −mg cos θ − q2 λaηa + λf ηf

� �
+ λa€ηa + λf €ηf = Fz,

Iy + η2a + η2f

� �
_q + _U + qW
� �

λaηa + λf ηf

� �
+ 2q ηa _ηa + ηf _ηf

� �
− ψa€ηa − ψf €ηf =My,

_h =U sin θ −W cos θ,
_θ = q,

€ηf + _W − qU
� �

λf − _qψf + 2ζωf _ηf + ω2
f − q2

� �
ηf =Nf ,

€ηa + _W − qU
� �

λa − _qψa + 2ζωa _ηa + ω2
a − q2

� �
ηa =Na:

ð2Þ

In the above differential equations, ½U ,W, q, h, θ, ηf , _ηf ,
ηa, _ηa� are the velocity along the x body axis, velocity along
the y body axis, pitching rate, altitude, pitching angle, gener-
alized modal coordinates, and their derivate of modal shape
of the forward and aft beams of the AHV, respectively, and
g is the gravity acceleration, m is the mass of the aircraft,
and Iy is the inertia of the aircraft, The natural frequencies
and damping ratios of the fuselage elastic modes of the for-
ward and aft beams of the AHV are ωi and ζi ði = f , aÞ,
respectively. λf = �mf

Ð �xf
0 ϕðxÞdx, λa = �ma

Ð �xa
0 ϕðxÞdx, ψf = �mfÐ �xf

0 xϕðxÞdx, and ψa = �ma

Ð �xa
0 xϕðxÞdx are parameters of iner-

tial coupling terms, and ϕðxÞ is the mode shape of the fuse-
lage beam. Fx = Ax + T −mg sin θ + ðmV2/Re + hÞ sin θ and
Fz = Az +mg cos θ − ðmV2/Re + hÞ cos θ are forces acting
on AHV along the x and z body axes.

For the reason that aerodynamic forces arewritten in terms
of lift and drag, it is necessary to rewrite the body axis equations
of motion in terms of stability axes. Based on the definition

tan α =
W
U

,

V2
t =U2 +W2,

ð3Þ

we can get the differential equations

Vt =
_UU + _WW

Vt
,

_α =
U _W −W _U

U2 +W2 :

ð4Þ
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The SCFDM considers not only the coupling among
aerodynamic, scramjet propulsion, and flexible dynamic
but also the influence of inertia forces caused by the
unsteady motion of the vehicle. When AHV has a certain
rotational angular acceleration or oscillation, the fuselage
will be affected by the inertia force due to this motion.
The inertia forces will cause the change of load on the
fuselage, which will lead to deformation angles of the fuse-
lage and change the aerodynamic shape. This will cause
the change of aerodynamic forces on the AHV and the
change of airflow parameters and air mass flow entering
the scramjet engine. Eventually, the working state of the
scramjet engine will change. The coupling is a strong cou-
pling among flight, aerodynamic, scramjet propulsion, and
flexible dynamic.

The control inputs ½δe, ϕ� of AHV are the elevator deflec-
tion angle and fuel equivalent ratio. They are implicit in the
longitudinal dynamic model of AHV through aerodynamic
force and moment, thrust, and generalized forces of the for-
ward and aft beams. The speed limit second-order models
of the actuators are as follows:

€δe = ω2
eδec − ω2

eδe − 2ωeξe
_δe,

€ϕ = ω2
ϕϕc − ω2

ϕϕ − 2ωϕξϕ _ϕ:
ð5Þ

The aerodynamic forces, moment, and thrust of AHV are
obviously coupled with the elastic deformation of its forward
and aft beams. This leads to the fact that the aerodynamic
forces, moment, and thrust of AHV affected by elasticity
are very different from those of a rigid body [31]. Therefore,
the influence of body elasticity and inertia force cannot be
ignored in control law design and verification.

In order to demonstrate the influence of elastic dynamics
on the open-loop characteristics of AHV, several typical level
flights are selected and trimmed using a rigid body model
and flexible models. The trim results of the rigid body and
flexible models are shown in Table 1. The angle of attack
required for the flexible model is smaller and the elevator
deflection is bigger, which is due to the warping of the
forward and aft beams of the fuselage. Because the pitching
rate and angular acceleration of AHV and the speed and
acceleration of elastic vibration of the airframe are all zero,
the trim conditions of the two flexible models are the same.

The rigid body AHV model and the two flexible AHV
models are linearized at different trim conditions. Table 2
gives the eigenvalues of the linearized dynamics. Similar
results can be found in [2, 3].

The linearized dynamics shows the significant differences
among the three models. The SCFDM demonstrates a new
aeroelastic mode and a very different natural frequency and
damping ratio of each mode. SCFDM is much more unstable
than the rigid body model. For control design in this paper, a
short-period mode is crucial and its instability increases
almost 40%.

From the analysis above, it can be seen that the flexible
modes and inertial force coupling of AHV have a significant
impact on its open-loop dynamic characteristics, which
should not be ignored in control design. In the following

sections, we design controllers only using the rigid body
dynamic model, while verifying the whole control law
based on SCFDM with additional internal disturbance.
The unmeasurable flexible modes and inertial coupling
terms are treated as model uncertainties or unmodelled
dynamics, which is solved via an adaptive terminal sliding
mode method.

3. Parameter Adaptive Terminal Sliding Mode
Control Method

3.1. Terminal Sliding Surface. Affine nonlinear systems with
uncertainties are considered as follows:

_x = f xð Þ + g xð Þu + d: ð6Þ

In Equation (6), x ∈ Rn is the state vector of the system;
u ∈ Rm is the control inputs of the system; f ðxÞ and gðxÞ,
the certain part of the system, are, respectively, n × 1 and n
×m matrix functions of x, and gðxÞ is reversible; and d
denotes the uncertainty of the system, including the model-
ling error, external disturbance, and parameter uncertainty
of the system. It is assumed that d and its derivative terms
are bounded, i.e., kdk ≤D1, k _dk ≤D2, in which D1,D2 are
unknown positive constants.

To avoid the singularity and slow convergence of the con-
ventional terminal sliding mode, the following nonsingular
fast terminal sliding mode surface is adopted to accelerate
the convergence of tracking error [32]:

σ = e +
ðt
0
k1sigγ1 eð Þ + k2sigγ2 eð Þð Þdτ, e = x − xc, ð7Þ

where k1, k2 > 0, γ1 ≥ 1, 0 < γ2 < 1 are constants, e is the
tracking error, and xc is the reference input.

The function sigγðxÞ is defined as the following:

sigγ xð Þ = xj jγ sgn xð Þ: ð8Þ

This function sigγðxÞ is used in the reaching law too, as
shown in Section 3.2. sigγðxÞ is continuous and smooth,
and it replaces the conventional switch function such as sgn
ð⋅Þ to avoid adverse discontinuities in system response and
control inputs (e.g., chattering), thereby improving system
performance.

When the system reaches the sliding mode surface given
by Equation (7), the sliding mode dynamic equation can be
obtained as follows:

σ = 0,

_σ = _e + k1sigγ1 eð Þ + k2sigγ2 eð Þ = 0:

(
ð9Þ

That is,

_e = −k1sigγ1 eð Þ − k2sigγ2 eð Þ: ð10Þ
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On the sliding mode surface, the tracking error of the
system will converge to zero in finite time.

Lemma 1. If both a1, a2,⋯an and 1 < q < 2 are real numbers,
the following inequality always holds [33]:

a1j jq + a2j jq +⋯ + anj jq ≥ a21 + a22 +⋯a2n
� �q/2

: ð11Þ

Proof. The sliding mode equation, Equation (10), can con-
verge to zero in finite time, and the convergence time satisfies

T ≤
ek k1−γ2

1 − γ2ð Þk2
: ð12Þ

The Lyapunov function candidate is chosen as V =
ð1/2Þ∑n

i=1e
2
i . Introducing Equation (10) in the derivative

with respect to time

_V = 〠
n

i=1
ei _ei = 〠

n

i=1
ei −k1sig

γ1 eið Þ − k2sig
γ2 eið Þð Þ

= −〠
n

i=1
k1 eij jγ1+1 − 〠

n

i=1
k2 eij jγ2+1

≤ −k2 〠
n

i=1
eij jγ2+1

≤ −k2 〠
n

i=1
e2i

 ! γ2+1ð Þ/2

= −k2 2Vð Þ γ2+1ð Þ/2

= −2 γ2+1ð Þ/2k2V
γ2+1ð Þ/2:

ð13Þ

Then, the tracking error will converge to zero in finite
time after reaching the sliding surface. The maximum con-
vergence time can be obtained from Equation (13).

T ≤
e 0ð Þk k1−γ2
1 − γ2ð Þk2

: ð14Þ

The sliding mode defined by Equation (10) is developed
from the conventional terminal sliding mode. When the slid-
ing mode of the system on the sliding mode surface is far
away from zero, the convergence rate depends more on the
term k1sigγ1ðeÞ, while k2sigγ2ðeÞ decides the convergence rate
when the sliding mode is close to the zero.

3.2. Parameter Adaptive Terminal Control Law. Conven-
tional reaching law using discontinuous switching function,
such as the exponential reaching law shown in Equation
(15), results in the discontinuity of the conventional sliding
mode control and may cause close loop system chattering.

_σ = −η sgn σð Þ − kσ, η > 0: ð15Þ

Many ways to improve the reaching law have been pro-
posed to avoid the discontinuity and chattering. In this paper,
the following sliding mode reaching law is used for control
design [34]:

_σ = −l1σ − l2sigη σð Þ, ð16Þ

where l1 and l2 are positive constants and η ∈ ð0, 1Þ. From
Equation (16), it can be determined that the time for σðtÞ

Table 1: Trim points of AHV.

Flight condition Rigid body model Flexible model

Ma = 6:5, H = 24 km α = 3:512°, δe = 9:976°, Ф = 0:211 α = 2:820°, δe = 10:8204°, Ф = 0:233, ηf = 6:3035, ηa = 2:290

Ma = 8, H = 26 km α = 3:695°, δe = 10:087°, Φ = 0:264 α = 2:967°, δe = 10:946°, Φ = 0:2935, ηf = 6:3035, ηa = 2:290

Ma = 6:5, H = 24 km α = 3:655°, δe = 10:593°, Φ = 0:363 α = 2:905°, δe = 11:521°, Φ = 0:407, ηf = 7:009, ηa = 3:273

Table 2: Modal characteristics at Ma = 8, H = 26 km.

Rigid body dynamic model WCFDM SCFDM Mode

-1.25 -1.25 -1.732 Short period

1.20 1.25 1.670 Short period

‐1:15 × 10‐5 ± 3:69 × 10‐2i 1:18 × 10‐2 ± 1:42 × 10‐2i 1:18 × 10‐4 ± 3:02 × 10‐2i Phugoid

‐5:97 × 10‐4 ‐2:20 × 10‐2 ‐5:329 × 10‐4 Altitude

‐0:39 ± 19:96i Flex

‐0:32 ± 14:93i Flex

‐2:344 ± 44:9i Aeroelastic

‐1:112 ± 26:045i Aeroelastic
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to converge from the arbitrary initial state σð0Þ to terminal
sliding surface is

T σ 0ð Þð Þ = ln 1 + l2/l1ð Þ σ 0ð Þj j1−η� �
l1 1 − ηð Þ : ð17Þ

When the above reaching law is applied, the parameter η
is related to the convergence rate of the system to the sliding
mode surface. The smaller ηmeans that the system converges
faster when the sliding mode is near the sliding surface.
When η equals zero, the reaching law Equation (16) is equiv-
alent to _σ = −l1σ − l2 sgn ðσÞ, which is the traditional expo-
nential reaching law. Therefore, the reaching law Equation
(8) can be regarded as an improvement of the conventional
exponential reaching law. The sgn ð⋅Þ function is replaced
by the term sigηðσÞ in the formula to alleviate the chattering
phenomenon caused by the direct use of itself.

The derivative with respect to time of the nonsingular fast
terminal sliding mode surface defined by Equation (7) is

_σ = _e + k1sigγ1 eð Þ + k2sigγ2 eð Þ
= f + gu + d − _xc + k1sigγ1 eð Þ + k2sigγ2 eð Þ: ð18Þ

The nonsingular fast terminal sliding mode control law
can be constructed as follows according to Equation (18)
and the reaching law Equation (16):

uTSMC = −g−1 f − _xc + k1sigγ1 eð Þ + k2sigγ2 eð Þ½
+ l1σ + l2sigη σð Þ + d�: ð19Þ

In this control law, the upper bound D1 of system uncer-
tainties d is needed, but it is difficult to obtain the determined
value in advance in practical application. Therefore, in order
to satisfy the accessibility of the sliding mode surface func-
tion, an adaptive method can be used to estimate the system
uncertainties.

For the system uncertainty d contained in the control law
Equation (19), the following adaptive law is used to estimate
the uncertainties online, and the online estimation is then
used in the control law.

_̂d = λσ, ð20Þ

where d̂ is the online estimation of the uncertainties d of the
system and λ is the learning gain. Then, the final adaptive
nonsingular fast terminal sliding mode control law is

uATSMC = −g−1 f − _xc + k1sigγ1 eð Þ + k2sigγ2 eð Þ½
+ l1σ + l2sigη σð Þ + d̂�:

ð21Þ

The introduction of uncertainty estimation adds an error
integral term to the closed-loop system. Excessive learning
gain will cause unacceptable overshoot and oscillation in
the closed-loop system. To avoid this disadvantage, a param-
eter adaptive method without the estimate of uncertainties of

the system is proposed in this paper, and the control law can
be redesigned as

uATSMC = −g−1 f − _xc + k1sigγ1 eð Þ + k2sigγ2 eð Þ½
+ l1σ + l̂2sigη σð Þ�:

ð22Þ

The parameter l̂2 is an adaptive parameter, which is
adjusted online using the adaptive law:

_̂l2 = μ σk k: ð23Þ

μ > 0 is the parameter of the adaptive law. By adjusting l̂2
online, the chattering caused by the large gain to satisfy the
reachability of the sliding mode surface function is avoided,
and the upper bound of uncertainty no longer needs to be
known.

3.3. Stability Analysation. Using κ to represent ð1/λÞj~dT _dj,
for system Equation (6), it is closed-loop stable, and its slid-
ing mode will converge to the following region when the
adaptive nonsingular fast terminal sliding mode control law
Equation (21) applied

σk k ≤min
κ

l2

� �1/ η+1ð Þ
,

κ

l1

� �1/2
( )

: ð24Þ

Proof. The error between online estimation and actual uncer-
tainties is represented by ~d = d̂ − d. The Lyapunov function
candidate is defined as follows:

V = 1
2
σTσ + 1

2λ
~d
T~d, ð25Þ

and its derivative with respect to time is:

_V = σT _σ +
1
λ
~d
T _~d = σT f + gu + d − _xc + k1sigγ1 eð Þð

+ k2sigγ2 eð ÞÞ + 1
λ
~d
T _~d

= −σT l1σ + l2sigη σð Þ + ~d
� �

+
1
λ
~d
T _~d

= −σT l1σ − σT l2sigη σð Þ − σT~d +
1
λ
~d
T _̂d − _d
� �

= −σT l1σ − σT l2sigη σð Þ − 1
λ
~d
T _d

≤ −l1 σk k2 − l2 σk kη+1 + 1
λ

~d
T _d

��� ���:

ð26Þ

It can be seen from Equation (32) that the sliding mode of
the system will converge to the following regions:

σk k ≤min
κ

l2

� �1/ η+1ð Þ
,

κ

l1

� �1/2
( )

: ð27Þ

So it can be proven that the system is closed-loop stable
by using adaptive nonsingular fast terminal sliding mode
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control law Equation (21), and the sliding mode of the system
can converge to the neighbourhood containing the origin
point by adjusting the parameters l1, l2.

For system Equation (6), it is closed-loop stable when the
adaptive nonsingular fast terminal sliding mode control law
Equation (22) is applied.

Proof. Assuming that there is a positive number l2d >D1 and
~l2 = l̂2 − l2d , δ = l2d −D1, δ > 0. The Lyapunov function candi-
date is defined as follows:

V1 =
1
2
σTσ +

1
2μ

~l
2
2: ð28Þ

Its derivative with respect to time is

_V1 = σT _σ +
1
μ
~l2
_~l2 = σT d − l1σ − l̂2sigη σð Þ

� �
+
1
μ

l̂2 − l2d
� �

_̂l2

≤ σk k dk k − l1 σk k2 − l̂2 σk kη+1 + l̂2 σk k − l2d σk k
= −l1 σk k2 − l̂2 σk kη+1 − δ σk k + l̂2 σk k:

ð29Þ

Lettingκ1kσk = −δkσk + l̂2kσk, the conclusions can be
drawn as:

(i) If κ1kσk − l1kσk2 < 0, then _V < −̂l2kσkη+1, the sliding
mode of the system will converge to the following
regions:

σk k ≤ κ1
l1

� �
ð30Þ

(ii) If κ1kσk − l̂2kσkη+1 < 0, then _V < −l1kσk, the sliding
mode of the system will converge to the following
regions:

σk k ≤ κ1
l∧2

� �1/η
ð31Þ

To summarize, sliding mode of the system will converge
to the following regions:

σk k ≤min
κ1
l1

� �
,   κ1

l∧2

� �1/η
( )

: ð32Þ

4. AHV Longitudinal Control Design

Considering the obvious differences between SCFDM and
the rigid model, a controller designed based on the rigid
model will face great uncertainties. Disturbances including
internal disturbances and aerodynamic parameters should
be considered. The control design objective of this paper is
to enable AHV to track the given velocity and angle of attack
commands stably and accurately with good transmission in
the presence of uncertainties and disturbances. The following
longitudinal rigid dynamic model of AHV is adopted in the

control law design:

_V =
T cos α −D

m
− g sin γ,

_α = q −
L + T sin α

mV
+
g sin γ

V
−
V cos γ
Re + h

,

_q =
My

I
,

_h =V sin γ,
_θ = q:

ð33Þ

Since the form of the rigidmodel (33) is different from that
of the affine nonlinear system (6), which is the basic form for
the control design method proposed in this paper, it is neces-
sary to change the rigid model (33) into (6). This procedure
will be further introduced in each control design section.

Because the control inputs δe and ϕ cannot directly
change the angle of attack effectively, they are usually used
to generate the pitch moment and change thrust. It is neces-
sary to control the angle of attack via controlling the pitch
rate. This means that the pitch rate is a virtual control input
in the angle of attack controller. The control structure is
divided into two parts, and the control law is designed. The
first part is the angle of attack control loop, and the pitch rate
command required by the second part is generated according
to the angle of attack command. The second part is the speed
and pitch rate control loop of AHV, and it obtains the phys-
ical control inputs needed by the whole system.

Linearized dynamics show great differences between the
rigid body model and the strong coupling model SCFDM.
However, the control law design is only based on the rigid
body, and the SCFDM is used as the test simulation platform
of controllers. There exist very strong uncertainties in the
dynamics of velocity, angle of attack, and pitch rate simulta-
neously in designing the control. In simulation verification,
there are additional internal disturbances introduced in the
dynamics of the angle of attack and pitch rate to test the
robustness of those controllers. From these considerations,
we design the whole control structure and all control laws
with the proposed adaptive nonsingular terminal sliding
mode-based method.

The block diagram of the adaptive nonsingular terminal
sliding mode control law of AHV is shown in Figure 1.

4.1. Angle of Attack Loop Control Law Design. The differential
equation of the angle of attack in Equation (33) can be rewrit-
ten into an affine nonlinear form as follows:

_α = f α xð Þ + q, ð34Þ

where f αðxÞ is

f α xð Þ = −
L + T sin α

mV
+
g sin γ

V
−
V cos γ
Re + h

: ð35Þ
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The lift L and thrust T are contained in the nonlinear
item f αðxÞ, which will be used in derivation of the controller
of angle of attack.

The angle of attack tracking error is eα, where αc is
the command of the angle of attack. According to
Equation (34):

_eα = f α xð Þ + q − _αc: ð36Þ

The sliding mode surface is taken as the form of
Equation (7), and it is

σα = eα +
ðt
0
kα1sigγα1 eαð Þ + kα2sigγα2 eαð Þð Þdτ: ð37Þ

Then, the terminal reaching law Equation (38) is
considered,

_σα = −lα1σα − lα2sigηα σαð Þ: ð38Þ

Considering the sliding surface and the reaching law
introduced above, the control law of the angle of the
attack loop is

qc = −f α xð Þ + _αc − kα1sigγα1 eαð Þ − kα2sigγα2 eαð Þ − lα1σα

− l̂α2sigηα σαð Þ:
ð39Þ

In the control law, parameter l̂α2 is tuned online by
the adaptive law described earlier:

_̂lα2 = μα σαk k: ð40Þ

kα1, kα2, γα1, γα2, lα1, μα, ηα are parameters of the control
law. The range of these parameters and the tuning law can
be referred to the analysis in Section 4.3. Notice that qc is
the virtual control input to track the angle of attack com-
mand, and it is the pitch rate command of the speed and
pitch rate control loop at the same time.

4.2. Speed and Pitch Rate Loop Control Law Design. The dif-
ferential equations of velocity and pitch rate in Equation (33)
can be rewritten as follows:

_V = f V xð Þ + gV x, uð Þ,
_q = gq x, uð Þ,

(
ð41Þ

where f VðxÞ = −g sin ðθ − αÞ, gVðx, δe, ϕÞ = ðT cos α −DÞ/m,
and gqðδe, ϕÞ =My/I. Equation (41) can be further rewritten
into the affine nonlinear form approximately, as follows:

_V ≈ ~f V xð Þ + ~gVδe
xð Þδe + ~gVϕ xð Þϕ,

_q ≈ ~f q xð Þ + ~gqδe
xð Þδe + ~gqϕ xð Þϕ:

8<
: ð42Þ

The related functions are as follows:

~f V xð Þ = f V xð Þ + gV x, δe = 0, ϕ = 0ð Þ,
~f q xð Þ = gq x, δe = 0, ϕ = 0ð Þ,

~gVδe
xð Þ = gV x, δe, ϕð Þ − gV x, δe = 0, ϕð Þ

δe
,

~gVϕ xð Þ = gV x, δe, ϕð Þ − gV x, δe, ϕ = 0ð Þ
ϕ

,

~gqδe xð Þ = gq x, δe, ϕð Þ − gq x, δe = 0, ϕð Þ
δe

,

~gqϕ xð Þ = gq x, δe, ϕð Þ − gq x, δe, ϕ = 0ð Þ
ϕ

:

ð43Þ

For the convenience of calculation and expression, formula
Equation (42) is written as the following form:

_V = FV + GVϕ, ð44Þ
_q = Fq +Gqδe, ð45Þ

Velocity and
pitching rate SMC

controller
Actuator

Angle of
attack SMC
controller

Parameter
adaptive law

Adaptive
uncertainties

estimate

Disturbances

AHV dynamic
model

y

𝛿ec , 𝜙c

𝛼c

Vc

qc

𝛿e , 𝜙

Figure 1: AHV adaptive nonsingular terminal sliding mode control block diagram.
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where FV = ~f VðxÞ + ~gVδe
ðxÞδe, GV = ~gVϕðxÞ, Fq = ~f qðxÞ +

~gqϕðxÞϕ, and Gq = ~gqδeðxÞ. The lift T, drag D, and pitch
moment My are included in these items.

It should be noted that the control design in the following
sections is not based on any specific trim status. The com-
plete control input command but not its changing amount
about some trim value will be generated directly through
the required control force or moment relative to zero control
input. Based on this consideration, we chose to calculate the
control effectiveness relative to 0, which is Equation (43).

4.2.1. Velocity Controller Design. Based on the affine nonlin-
ear form of the differential equation of velocity Equation
(44), the tracking error of velocity command is defined as
eV = V −Vc, then

_eV = FV + GVϕ − _Vc: ð46Þ

Take the terminal sliding mode surface as the form of
Formula (7), that is,

σV = eV +
ðt
0
kv1sigγV1 eVð Þ + kv2sigγV2 eVð Þð Þdτ: ð47Þ

Then, considering the terminal reaching law Equation (48),

_σV = −lV1σV − lV2sigηV σVð Þ: ð48Þ

As a result, the control law of the velocity controller can be
calculated as

ϕc = −G−1
V FV − _Vc + kv1sigγV1 eVð Þ	

+ kv2sigγV2 eVð Þ + lV1σV + lV2sigηV σVð Þ�:
ð49Þ

kV1, kV2, γV1, γV2, lV1, lV2, ηV are parameters of the con-
trol law. ϕc is the fuel equivalent ratio command that drives
AHV to track the velocity command.

4.2.2. Pitching Rate Controller Design. The reference input of
the pitch rate control loop is qc, which is the pitch rate com-
mand generated by the angle of attack controller. Define the
pitch rate control tracking error as eq = q − qc, then

_eq = Fq + Gqδe − _qc: ð50Þ

Taking the terminal sliding mode surface as the form of
Equation (7), that is,

σq = eq +
ðt
0
kq1sig

γq1 eq
� �

+ kq2sig
γq2 eq
� �� �

dτ: ð51Þ

Then, the terminal reaching law Equation (52) is
considered,

_σq = −lq1σq − lq2sig
ηq σq
� �

: ð52Þ

As a result, the control law of the pitching rate con-
troller can be calculated as

δec = −G−1
q

h
Fq − _qc + kq1sig

γq1 eq
� �

+ kq2sig
γq2 eq
� �

+ lq1σq + lq2sig
ηq σq
� �

+ d̂q
i
:

ð53Þ

In the control law, parameter d̂q is tuned online by the
adaptive law described earlier:

_̂dq = λqσq: ð54Þ

kq1, kq2, γq1, γq2, lq1, λq, ηq are parameters of the con-
trol law.

In order to simplify the derivation operation of the pitch
rate command generated by the angle of control law and
avoid the problem of “differential expansion” when calculat-
ing the differential of the virtual control variable, the pitch
rate command is processed using the following first-order
low-pass filter:

_qcmd =
qc − qcmd

ωq
, qcmd 0ð Þ = qc 0ð Þ: ð55Þ

Finally, the control law of the pitch rate controller can be
obtained:

δec = −G−1
q

h
Fq − _qcmd + kq1sig

γq1 eq
� �

+ kq2sig
γq2 eq
� �

+ lq1σq + lq2sig
ηq σq
� �

+ d̂q
i
:

ð56Þ

4.3. Control Parameter Determination. The sliding surface
parameters ki1, ki2 ði = V , α, qÞ determine the convergence
rate to zero on the sliding surface of the system. When the
error ei is far from the equilibrium point, the convergence
rate is mainly affected by ki1. Increasing γi1 properly can also
increase the convergence rate. When the error ei is close
to the equilibrium point, the convergence rate is mainly
affected by ki2, and when γi2 decreases, the convergence
rate increases. Note that the integral term

Ð t
0ki2sig

γi2ðeiÞdt
in the sliding surface appears explicitly in the form of ki2
sigγi2ðeiÞ in the control law, and a smaller γ makes the func-
tion hðe, γÞ = sigγðeÞ closer to the signum function, and the
switch would be less smooth consequently. As a result, too
large ki2 and too small γi2 will lead to too fast convergence
and can cause system chattering.

According to Equation (17), for the parameter design of
the reaching law, the smaller parameter ηi is, the faster the
convergence rate of the system is when it is close to the
sliding mode surface. When ηi is 0, the reaching law Equa-
tion (16) is equivalent to the conventional exponential
reaching law. The reaching law used in this paper can be
regarded as a development of the traditional exponential
reaching law. Similarly, because it appears in the control
law explicitly, a too small ηi value will make the function
hðσ, ηÞ close to the signum function and generate the
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chattering phenomenon. Chattering of control variables
may excite high frequency vibration of flexible modes.

For the parameters λ of the adaptive law, it can be
regarded as introducing an error integration feedback with
gain λ. The larger the value of λ, the faster the adaptive term
learns from uncertainty, but too large λ will lead to overshoot
and oscillation of the system.

Therefore, when choosing the parameters of the con-
trollers, the influence of the above factors should be consid-
ered comprehensively. The controller that meets the actual
system needs can be obtained by setting the appropriate
control parameters.

5. Simulation and Analysation

In order to verify effectiveness of the designed control strat-
egy, the adaptive nonsingular fast terminal sliding mode con-
trol law is simulated in MATLAB based on the SCFDM,
Equation (2). The specific parameters and other related
parameters of the aircraft are listed in the appendix.

As a representative case study, the AHV was initially
trimmed at the speed of Mach 8 and height of H = 26000m
. Under this condition, the initial states except height and
speed are shown in Table 1. The parameters of the angle of
attack loop controller, velocity controller, and pitching rate
controller are selected as shown in Tables 3 and 4.

The parameters of the second-order actuators, the eleva-
tor position limitation and throttle thermally choked limita-
tion, and the rate limitations are shown in Table 5.

The amplitude limit of the elevator deflection angle is a
physical limit of elevator deflection, and the upper limit of
the throttle amplitude is mainly the thermal resistance limit
of the scramjet.

In order to compare the difference between the parame-
ter adaptive method proposed in this paper and the uncer-
tainty estimation method, the two methods are used in the
angle of attack control loop in simulation. The response
curves of the close loop systems with command are shown
in Figure 2.

It can be seen from the response curves that a larger
learning gain of the certainty estimation method causes an
obvious overshoot, which should be decreased because the
AHV’s states are sensitive to the angle of attack, while a
smaller learning gain causes a longer convergence time. It is
because introduction of uncertainty estimation adds an error
integral term to the closed-loop system. The system has a
smaller overshoot and a faster convergence rate compared
with the uncertainty estimation method when using the
parameter adaptive method presented.

Compared with the angle of attack control, the pitch rate
control emphasizes the response rate more, so the uncertainty
estimation method is applied in the pitch rate controller.

When the commands are ΔV = 50m/s and Δα = 1°, the
response curves without any parameter perturbation and dis-
turbances are shown in Figure 3.

From the velocity and the angle of attack tracking curves,
it can be seen that under the action of the controller, the
velocity of AHV can track the velocity step signal accurately
in 40-50 seconds and reach the maximum throttle limit at the

beginning of the simulation. Due to the coupling of AHV
propulsion and aerodynamics and the action of the control-
ler, the overshoot occurs in the first 10 seconds of the process
and then gradually converges to the initial value of angle of
attack, that is, the reference command of the angle of attack.

Table 3: Parameters of the angle of attack controller.

Parameter Value Parameter Value

kα1 0.001 lα1 1

kα2 0.001 ηα 0.75

γα1 1.01 μα 55

γα2 0.65

Table 4: Parameters of velocity controller and pitching rate
controller.

Parameter Value Parameter Value

kV1 0.0001 kq2 0.25

kV2 0.005 γq1 1.6

γV1 1.001 γq2 0.85

γV2 0.2 lq1 0.3

lV1 0.1 lq2 4.5

lV2 0.1 ηq 0.95

ηV 0.5 λq 10

kq1 0.5

Table 5: Actuator parameters.

Parameter Value Parameter Value

ωnδe 80 δe −30° ≤ δe ≤ 30°

ζδe 1 _δe −100°/s ≤ _δe ≤ 100°/s
ωϕ 6.2 ϕ 0 ≤ ϕ ≤ 0:55

ζϕ 1 _ϕ −5/s ≤ _ϕ ≤ 5/s
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Figure 2: Response curves of different methods and parameters.
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In order to further verify the control law, more model
uncertainties are introduced, such as model perturbation
and unmodeled dynamics. Considering a worse situation,
20% perturbation on aerodynamic parameters is taken into
account and additional disturbances are added to the angle
of attack control loop and the pitch rate control loop[35], as
shown in Equation (57)–(59).

_α = Fα SCFDM V , α, q, h, θ, ηf , _ηf , ηa, _ηa
� �

+ Δ _α,

Δ _α = 0:02 sin 0:029πtð Þ °ð Þ/s,
ð57Þ

_q = Fq SCFDM V , α, q, h, θ, ηf , _ηf , ηa, _ηa
� �

+ Δ _q,

Δ _q = sin 0:0286πtð Þ °ð Þ/s2,
ð58Þ

T = 1 ± 20%ð ÞTnominal,

D = 1 ± 20%ð ÞDnominal,

My = 1 ± 20%ð ÞMynominal,

ð59Þ

where Fα SCFDM and Fq SCFDM are the angle of attack and the
pitch rate equation of SCFDM, respectively, and ð⋅Þnominal
means the nominal aerodynamic force and moment.

The effects of perturbation on aerodynamic parameters
are not shown in dynamical Equations (57) and (58) explic-
itly. They are included in the calculation of the lift T , drag
D, and pitch momentMy of Fα SCFDM, Fq SCFDM, and velocity
equation in SCFDM. The additional disturbances of the angle
of attack and pitch rate are directly put in the right side of
their dynamical equation as an extra term to represent
unknown unmodeled dynamics.

The tracking results of the simulation with commands
ΔV = 50m/s and Δα = 1° are shown in Figure 4. Meanwhile,
the tracking results of the control design with the uncertainty
estimation method are also shown.

From the simulation results in Figure 4, it can be seen
that under the combined influence of parameter perturbation
and additional disturbances, the controller designed in this

paper can still ensure that the AHV can track the given veloc-
ity and angle of attack commands stably. The response time
of the angle of attack has only slightly changed compared
with that of no disturbance and parameter perturbation,
but the convergence time becomes a little bit longer. It can
be seen that under the influence of parameter perturbation
and system disturbances, the performance of the controller
designed in this paper does not show an unacceptable degra-
dation, which reflects the robustness of the method. Com-
pared with the uncertainty estimation method, the
parameter adaptive method proposed in this paper has more
reasonable transition and performance.

The goal of the control law of this paper is tracking of
velocity and angle of attack commands. It guarantees good
response of velocity and angle of attack under the effect of
coupling. There are no commands of other flight states and
the generalized coordinates of the beams in the control struc-
ture. The control law assumes that these coordinates are
unmeasurable and does not use them. Simulation shows that
there is no high frequency and low damping oscillation with
high or low amplitude, while this kind of oscillation is the
main phenomenon of aeroelastic motion. This demonstrates
the advantage of the control design in this paper: no excita-
tion of undesirable aeroelastic motion. However, the control
law does not control the coordinates of the beams and other
flight states directly when controlling the velocity and angle
of attack. So they might show very low frequency and low
damping change dominated by other motion modes, which
will not end up in the time scale of the finishing velocity
and angle of attack command tracking.

It can be seen from the velocity response curves in the
above simulation results that the controller accelerates the
AHV at the maximum acceleration at the beginning of the
control phase. This causes the fuel equivalence ratio com-
mand to exceed the current fuel equivalence ratio saturation
value of the AHV for a long time. On the other hand, when
the velocity of AHV is close to the velocity command, the
controller makes AHV spend a long time in deceleration.
The dynamic process of the system is not ideal. The control-
ler should avoid actuator saturation in the control process
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Figure 3: Response of SCFDMwithout disturbances and perturbation. (a) The response of velocity. (b) The response of the angle of attack. (c)
The elevator deflection. (d) The equivalence ratio. (e) The pitch rate. (f) The pitch angle. (g) The generalized modal coordinate of the forward
beam. (h) The generalized modal coordinate of the afterward beam.
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and have a reasonable acceleration and deceleration pro-
cess. This is where improvements need to be made in
the follow-up.

6. Conclusions

The longitudinal rigid dynamic model and the strong/weak
coupling flexible model of an AHV are fully compared and
analysed. Integrative design and special geometry make the
flexible dynamic of the AHV strongly coupled with flight
dynamic, scramjet propulsion, and aerodynamic. The rigid
body model cannot capture these coupling characteristics,
while the weak coupling model does not consider the influ-
ence of inertial force caused by unsteady motion of the
AHV. There are great differences among the rigid model
and the strong/weak coupling flexible model, which cannot
be ignored in control design.

The velocity and angle of attack tracking controller based
on the AHV rigid model is designed using the parameter
adaptive nonsingular terminal sliding mode control method
proposed in this paper. In order to reduce the conservative-
ness of the sliding mode control to the upper bound of com-
posite disturbance, the controller adjusts the reaching control
law gain online via adaptive law rather than the uncertainty
estimation whose control performance might be unsatisfac-
tory and achieves stable tracking control when the upper
bound of the composite disturbance is unknown. The simu-
lation results based on the strong coupling flexible model
show that the designed controllers still have good tracking
performance under the influence of model uncertainty,
parameter perturbation, and internal disturbance and at the
same time avoid exciting the vibration of flexible modes, so
as to achieve accurate and stable tracking of velocity and
angle of attack commands. The simulation results also show
that the proposed method has a smaller overshoot and a fas-
ter convergence rate while no additional parameters are
required compared with the uncertainty estimation method.

Appendix

The following is a list of the parameter values for the air-
craft configuration: L = 30:48m, Lf = 14:32m, La = 10:06m,
Ln = 6:096m, τ1,u = 3°, τ1,l = 6:2°, τ2 = 14:41°, �x = 16:76m,
�z = 0m, xcs = 9:144m, zcs = 1:0668, Scs = 5:1816m2, hi =
1:067m, Ae = 1:524m2, An = 6:35, and Ad = 1.

The mass properties of the vehicle are the following:
m = 14364 kg, m̂f = 385:57 kg/m, m̂a = 575:99 kg/m, Iy =
2:2241 × 106 kg ⋅m2, and EI = 6:323 × 108 N ⋅m2.
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