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Abstract
A comprehensive strategy that combines improved fast nonsingular terminal slidingmode (IFNTSM) control and an extended
state observer (ESO) is developed to solve the problems of uncertainty in the aeronautical field. First, the IFNTSM control
method is proposed to solve the singularity problem and guarantee a faster finite-time convergence speed. Second, an ESO is
introduced to estimate the parameter uncertainties, and then a control scheme that combines IFNTSM and ESO is developed
to overcome the drawback of large switching gains in a sliding mode controller and alleviate the chattering problem. The
stability of the composite system is analyzed via the Lyapunov stability theorem. Finally, the simulation demonstrates that the
composite controller accelerates the convergence speed and offers excellent robustness for complex parameter uncertainties.

Keywords Sliding mode control · Attitude control · Parameter uncertainty · Extended state observer

1 Introduction

High-precision attitude control of an aircraft is crucial for
the success of a flight mission. Consequently, complex and
unknown parameter uncertainties during flights make the
accurate control of aircraft a challenge. Aircraft fuel con-
sumption, fuel transfer, wing icing, and abrupt structural
damage cause complex changes in the aerodynamic cen-
ter of gravity (CG) and inertial parameters. These parameter
uncertainties not only have an adverse impact on control per-
formance but also can cause aircraft to lose control, which
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affects safety. Thus, an advanced control approach to han-
dling parameter uncertainties is critical.

Many research institutions have undertaken research on
the advanced control problem of aircraft subject to param-
eter uncertainties in depth. Control methods for solving the
problem of uncertainty include robust control [1–4], adaptive
control [5–9], optimal control [10–12], and slidingmode con-
trol [13–17]. Slidingmode control (SMC) is effective in flight
control systems due to its intrinsic robustness against param-
eter uncertainties, effectiveness and simplicity. Bluman et al.
[13] developed classical SMC strategies for a model bumble-
bee that hovers in the pitch plane. The results demonstrated
the effectiveness of the controller in precise control while
subjecting the bumblebee to non-equilibrium control inputs,
uncertainties, wind gusts and wing damage. Xiong et al. [17]
designed a flight control system for an unmanned aerial vehi-
cle using a second-order SMCmethod. This controller tracks
control for position and attitude of a vehicle under uncertain-
ties ofmass and inertia. The classical slidingmodes that were
previously mentioned typically select switching manifolds
as asymptotical stable linear switching hyperplanes, which
can guarantee only asymptotic error convergence. However,
asymptotical stability may cause a slow convergence rate
for high-precision control unless a strong control surface is
imposed. Nonlinear switching manifolds, such as the termi-
nal slidingmode (TSM), are developed; they can significantly
improve the transient performance and enable the system
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states to attain the equilibrium point within a finite time [18,
19]. The TSM with nonlinear switching hyperplanes has a
potential drawback. Singularity appears in some regions of
the state space of the TSMmethods,which prohibits practical
applications. To address this problem, nonsingular terminal
sliding mode control (NTSM) is developed to effectively
solve the problem of singularity by transferring the trajec-
tory to the designated area where TSM is not singular in the
state space [20–22]. Feng Y. and Man Z. et al. solved the
problem of singularity associated with conventional TSM by
proposing a new TSMmanifold for the second-order system
and demonstrated that the convergence time is finite for any
initial state [20].

For the conventional NTSM control method, people usu-
ally choose a sufficiently large switching gain of the NTSM
to address the system uncertainties and disturbances. When
the switching gains are sufficiently large, robust stabilization
is theoretically achieved. Nevertheless, unmodeled dynam-
ics and disturbances always exist in flight control systems.
Therefore, large switching gains may cause chattering in real
systems, which indicates that the state oscillates around the
sliding manifold.

To relax the requirement on the upper bound of uncer-
tainties, a novel comprehensive strategy that combines the
improved fast nonsingular terminal sliding mode (IFNTSM)
control method and extended state observer (ESO) strategies,
i.e., IFNTSM–ESO, is proposed in this paper. This method
offers chattering-free robust control with improved finite-
time convergence. In the comprehensive IFNTSM–ESO
method, an IFNTSM control method for solving the problem
of singularity and guaranteeing a faster finite-time conver-
gence speed for any initial state is developed. An ESO is
introduced to overcome the drawback of large switching
gains in NTSM and alleviate the chattering problem. Han
first proposed the ESO [23] which has been considered
in different control methods [24–27]. The stability of the
method is theoretically demonstrated via the Lyapunov the-
orem.

The structure of the paper is organized as follows:
the mathematical modeling and problem formulation are
described in Sect. 2. The design and stability analysis of
IFNTSM–ESO are developed in Sect. 3. In Sect. 4, simu-
lation studies are conducted to prove the effectiveness and
superiority of the IFNTSM–ESO scheme. The conclusions
are discussed in Sect. 5.

2 Problem Formulation

Considering angular and linear velocity as state variables, the
aircraft model [28] in body-fixed frame can be obtained as
(1), which includes CG variations:

[
dV b
dt

dωb
dt

]
�

[
mI3×3 −mD
mD I

]−1{[
Fb

Mb

]
−

[
m� −m�D
m�D �I − mVD

][
V b

ωb

]}
,

(1)

where

� �
⎡
⎣ 0 −r q

r 0 −p
−q p 0

⎤
⎦,V �

⎡
⎣ 0 −w v

w 0 −u
−v u 0

⎤
⎦,

D �
⎡
⎣ 0 −�zcg �ycg

�zcg 0 −�xcg
−�ycg �xcg 0

⎤
⎦, I �

⎡
⎣ Ix −Ixy −Ixz

−Ixy Iy −Iyz
−Ixz −Iyz Iz

⎤
⎦,

m represents the mass. I3×3 represents the 3×3 unit matrix.
ωb� [p, q, r ]T represents the aircraft angular velocities, and
V b�[u, v, w]T represents the linear velocities. Fb and Mb

represent the resultant external forces and moments defined
in the body-fixed coordinate system. �xcg ,�ycg and �zcg
are the CG variations on the body axes. Matrix I represents
the inertia tensor of aircraft.

Denoting the resultant external moment Mb as U, and
note that (�D)T V b � �DV b − VDωb, we can express the
angular motion equation as (2).

ω̇b � −I−1�Iωb + I−1U − I−1(m�D)T V b − I−1mDV̇ b.

(2)

Based on (2), the aerodynamic and inertial parameter
uncertainties can be defined as follows:

�I � kI I,

�C =
[
�Cx ,�Cy,�Cz

]T � kCCM , (3)

where�I,�C represent the inertial and aerodynamic param-
eter uncertainties. CM is the aerodynamic moment coeffi-
cient of aircraft. kI , kC indicate the percentage values of
the uncertainties, respectively. �Cx ,�Cy,�Cz indicate the
aerodynamic coefficient uncertainties of the roll, pitch and
yaw moments, respectively.

The impact of the aerodynamic parameter uncertainties
on (2) can be expressed as (4).

�U � QS
[
�Cxb,�CycA,�Czb

]T
, (4)

where Q, S, b and cA represent the dynamic pressure,
wing area, wing span and mean aerodynamic chord, respec-
tively.Then the angular motion equation with parameter
uncertainties can be written as

ω̇b � −I−1�Iωb + I−1U + I−1
[
�U − kI

1 + kI
(U + �U)

− 1

1 + kI
(m�D)T V b − 1

1 + kI
mDV̇ b

]
. (5)
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The roll angle φ, pitch angle θ and yaw angle ψ can be
written in vector form as the Euler angle X . Thus, the angular
velocity ωb satisfy the following equation:

ωb � PX Ẋ, (6)

where

PX �
⎡
⎣ 1 0 − sin θ

0 cosφ cos θ sin φ

0 − sin φ cos θ cosφ

⎤
⎦ X �

⎡
⎣ φ

θ

ψ

⎤
⎦.

Differentiating the angular velocity, we have

ω̇b � ṖX Ẋ + PX Ẍ .

As det(I) =
(
Ix Iz − I 2xz

)
Iy �� 0, the inertia matrix I is invert-

ible. When the Euler angle θ is in the definitional domain,
i.e., |θ | < 90◦, det(PX) � cos θ �� 0 always holds, then
the matrix PX is invertible. Considering this analysis, as the
matrixes I and PX are invertible, then (IPX)−1 is existent.
Thus, a new form of (5) can be obtained as (7).

Ẍ � −(IPX)
−1(�IPX + IṖX)Ẋ + (IPX)

−1U

+ (IPX)
−1

[
�U − kI

1 + kI
(U + �U)

− 1

1 + kI
(m�D)T V b − 1

1 + kI
mDV̇ b

]
. (7)

Therefore, we can obtain the attitude equations as (8).

Ẍ � FẊ + BU + d(t), (8)

where

F � −(IPX)
−1(�IPX + IṖX),

B � (IPX)
−1,

d(t) � (IPX)
−1

[
�U − kI

1 + kI
(U + �U)

− 1

1 + kI
(m�D)T V b − 1

1 + kI
mDV̇ b

]
,

where d(t) represents the parameter uncertainties, which
include the aerodynamic, CG and inertial impact.

3 Robust IFNTSM–ESO Control Design

To address system uncertainties, a comprehensive design of
IFNTSM control and ESO is developed for aircraft with
parameter uncertainties. Compared with the NTSMmethod,

IFNTSM guarantees that equilibrium will be attained, and
the convergence time of IFNTSM will be finitely improved.
The system uncertainties will be effectively addressed using
the IFNTSMmethod. An ESO is introduced to eliminate the
effects of strong uncertainties and overcome the drawback
of large switching gains in the NTSM. Finally, the stability
of IFNTSM–ESO control methods is analyzed via the Lya-
punov theorem.

3.1 IFNTSM Controller

Define X � x1 and Ẋ � x2. The aircraft model (8) is
rewritten as (9).{
ẋ1 � x2
ẋ2 � Fx2 + BU + d(t)

, (9)

In Eq. (9),U is the virtual control input of the aircraft, and
the deflections of control surfaces canbeobtained through the
control allocation approach, which can allocate the desired
control moments to each control surface.

The system tracking error can be written as (10).

e � x1 − r, (10)

where r is the desired reference signal, which is assumed to
be twice differentiable.

The NTSM concept, which is proposed in [20], can be
introduced as (11).

s � e +
1

β
ėh/g, (11)

where β > 0 is a design constant and g, h(h>g) are positive
odd integers.

Define the finite time TNi as

TNi �
∫ ei (0)

0

1

(βei )g/h
dei � |ei (0)|1−g/h

βg/h(1 − g/h)
,

where ei (i� 1,2,3) represents the element of the tracking
error e. For any initial state ei (0) �� 0, ei will tend to be zero
in the finite time TNi .

The nonlinear part of the NTSM model can deteriorate
the convergence speed at some distance from equilibrium
[29]. If the state variables of the system are not in the equi-
librium neighborhood, the model will not prevail over the
linear counterpart (setting h� g). An effective approach to
solve the problem is to develop the IFNTSM model as (12).

s � e + γ emh/ng + αeh/g +
1

β
ėh/g, (12)

where m, n are positive odds. The conditions α, β, γ > 0
and m>n are satisfied.
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When the system state enters the sliding mode phase s �
0, we obtain the following expression:

ėh/g � −βγ emh/ng − βαeh/g − βe. (13)

When state variables of a system are in the equilibrium
neighborhood, i.e.,|ei | < 1, IFNTSM has a fast convergence
rate. The introduction of the nonlinearity term emh/ng accel-
erates the convergence speed when the state of the system is
far from equilibrium (|ei | > 1).

The convergence time of the proposed method is deter-
mined as follows:

TI FNi �
∫ ei (0)

0

1

(βei + αβeh/g
i + βγ emh/ng

i )g/h
dei .

We have TI FNi < TNi based on the previous equation,
which indicates that the method will accelerate the conver-
gence process. This process also guarantees that the time that
is used to reach equilibrium is bounded and finite [30].

Differentiate the variable s in (12) and define the reaching
law (14).

ṡ � − h

βg
Q1εsgn(s) (14)

whereQ1 � diag
(
ėh/g−1
i

)
and ε � diag(εi ), with i� 1,2,3.

Thus, we can obtain the control law (15).

U � −B−1
[
Fx2 − r̈ +

βg

h
ė2−h/g +

βγm

n
Q3 ė

2−h/g

+αβQ2 ė
2−h/g + εsgn(s)

]
, (15)

where Q2 � diag
(
eh/g−1
i

)
and Q3 � diag

(
emh/ng−1
i

)
,

with i� 1,2,3.

Theorem 1 Consider the nonlinear system described by (9),
with the IFNTSM control law (15). The system tracking error
e will converge to zero in a finite time if the conditions εi >

|di (t)| (i� 1,2,3) and 2 > h > g > 1, m > n are satisfied.

Proof Select the Lyapunov function as follows:

V � 1

2
sT s.

Take the derivative of V,

V̇ � sT
(
ė +

γmh

ng
Q3 ė +

αh

g
Q2 ė +

h

βg
Q1 ë

)
.

Substitute (10) and (15) into this equation and obtain the
following equation:

V̇ � sT
{
ė +

γmh

ng
Q3 ė +

αh

g
Q2 ė +

h

βg
Q1

·[Fx2 + BU + d(t) − r̈]
}

� sT {ė + γmh

ng
Q3 ė +

αh

g
Q2 ė +

h

βg
Q1

· [Fx2 − Fx2 + r̈ − βg

h
ė2−h/g − βγm

n
Q3 ė2−h/g

− αβQ2 ė2−h/g − εsgn(s) + d(t) − r̈]}
� −sT

h

βg
Q1[εsgn(s) − d(t)]

� −|si | h

βg
ėh/g−1
i [εi − di (t)] i � 1, 2, 3.

Since g and h are positive odds and satisfy 1 < h/g <

2, ėh/g−1
i > 0 is always true when ėi �� 0. If εi > |di (t)|,

then V̇ � sT ṡ ≤ −η‖s‖ holds.
When ėi � 0, substitute the control law (15) into (9) to

obtain the following expression:

ë � d(t) − εsgn(s).

Similarly, if εi > |di (t)|, then

ëi � di (t) − εi sgn(si ) ⇒
{

ëi ≤ −η si > 0

ëi ≥ η si < 0
.

According to Feng et al. [20], the system states that any
initial position can converge to a sliding surface.

Negative power terms will not exist in the control law if
2 > h > g > 1 andm>n. Therefore, the singularity problem
in the conventional TSM method is completely solved.

As previously discussed, the derivative V̇ � sT ṡ ≤ −η

‖s‖ can be proved to always hold if the conditions 2 > h >

g > 1, εi > |di (t)|(i � 1, 2, 3) and m>n are satisfied.
That is, for the nonlinear system described by (9) with the
IFNTSM control law (15), the system states can converge to
s � 0. After the state variables reach the sliding surface, any
initial error will eventually reach the state e � 0, and the
convergence time determined by TI FNi is finite.

3.2 Novel Comprehensive IFNTSM–ESOMethod

Aimed at the complex uncertainties in aircraft aerodynamic,
center of gravity and inertial parameters, an ESO is designed
to provide an effective method of estimating d(t) and then
overcoming the drawback of large switching gains in sliding
mode control caused by the strong uncertainties.

Define D(t) � Fx2 +d(t) and expand it to the new system
state variable x3. The system (9) is expressed as follows:⎧⎨
⎩
ẋ1 � x2
ẋ2 � BU + x3
ẋ3 � ξ

. (16)
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Subsequently, an observer is designed in (17) to simulta-
neously estimate the state x1, x2 and uncertain item D(t).⎧⎪⎪⎨
⎪⎪⎩
x̃1 � z1 − x1
ż1 � z2 − β1 x̃1
ż2 � BU + z3 − β2 f al2(x̃1, α2, δ2)
ż3 � −β3 f al3(x̃1, α3, δ3)

, (17)

where z1, z2, and z3 are estimations of the system states
x1, x2, and uncertain item D(t), respectively, and x̃1 �
[x̃11, x̃12, x̃13]T represents the estimation error of x1; βi (i �
1, 2, 3) is the positive observer gain; and f al(·) is the non-
linear function, which is defined as:

f al j (·)
� [ f al j1(x̃11, α j , δ j ), f al j2(x̃12, α j , δ j ), f al j3(x̃13, α j , δ j )]

T

f al ji (x̃1i , α j , δ j ) �
{

x̃1i
δ
1−α j

|x̃1i | ≤ δ j

|x̃1i |α j sign(x̃1i ), |x̃1i | > δ j
i � 1, 2, 3, j � 2, 3,

where 0 < α j < 1 and δ j > 0 are the observer coefficients
to be designed.

Choose appropriate values of the observer gains βi ,
α j , δ j . The observer states z1 and z2 tend to the orig-
inal states x1(t), x2(t), and the observer state z3 �
[z31, z32, z33]T tends to the system uncertainties D(t) �
[D1(t), D2(t), D3(t)]T .

Define the observer errors as{
x̃2 � z2 − x2
x̃3 � z3 − x3

,

where x̃2 � [x̃21, x̃22, x̃23]T and x̃3 � [x̃31, x̃32, x̃33]T

denote the estimation error of x2 and x3.
Substituting (16) into (17) causes an error system⎧⎪⎪⎨

⎪⎪⎩
˙̃x1 � x̃2 − β1 x̃1
˙̃x2 � x̃3 − β2 f al2(x̃1, α2, δ2)

˙̃x3 � ξ − β3 f al3(x̃1, α3, δ3)

. (18)

For the i-th element x̃1i , we define the following functions:

g1(x̃1i ) � 1

k1

β3| f al3i (x̃1i )|
β2 f al ′2i (x̃1i )

,

h2(x̃1i , x̃2i ) � x̃2i − β1 x̃1i + k1g1(x̃1i )sign(x̃1i ),

g2(x̃1i , x̃2i ) �
{

k3|h2|, |h2| > g1

k3|g1|, |h2| ≤ g1
,

h3(x̃1i , x̃2i , x̃3i ) � x̃3i − β2 f al2i (x̃1i ) − β1(x̃2i − β1 x̃1i )

+ k2g2(x̃1i , x̃2i )sat(h2/g1),

g3(x̃1i , x̃2i , x̃3i ) �
{ |h3|, |h3| > g2

g2, |h3| ≤ g2
,

where k1 > 1, k2 > 1, and k3 >
k1(k1+1)
(k2−1)

∣∣∣ dg1
dx̃1i

∣∣∣.
Lemma 1 [31]. For system (9) and the nonlinear extended
state observer designed as (17), if the system disturbances
satisfy |ξi | < W and the observer parameters are properly
chosen as (19), the trajectories of observer error system (18)
will reachandbe constrained in the area that contains the ori-
gin G0 �

{
(x̃1i , x̃2i , x̃3i ) : β1g3 ≤ c

c−1W
}
in a finite time,

i.e., the observer errors converge to a small neighborhood
around zero.

β1

c
> (1 + 2k2)k3 +

∣∣∣∣β2 f al ′2i
k3

− β1k2 − k2
β3

β2

(
f al3i
f al ′2i

)′
+ k22k3

∣∣∣∣
+

∣∣∣∣β3

β2

(
f al3i
f al ′2i

)′∣∣∣∣ + k1(1 + k2)

∣∣∣∣β3

β2

(
f al3i
f al ′2i

)′∣∣∣∣
,

(19)

where c > 1.

Theorem 2 Considering the nonlinear system (9)with the
comprehensive IFNTSM–ESO control law obtained as (20),
the system tracking error e can converge to zero in a finite
time if conditions 2 > h > g > 1, εi > |Di (t) − z3i (t)| (i�
1,2,3) and m > n are satisfied, where z3i is obtained from
the nonlinear ESO (17) that satisfies Lemma 1.

U � −B−1
[

− r̈ +
βg

h
ė2−h/g +

βγm

n
Q3 ė

2−h/g

+ αβQ2 ė
2−h/g + z3 + εsgn(s)

]
. (20)

Proof Construct the Lyapunov function as follows:

V � 1

2
sT s.

Differentiating it with respect to time along system (12)
and (20) generates the following expression:

V̇ � sT
{
ė +

γmh

ng
Q3 ė +

αh

g
Q2 ė +

h

βg
Q1

·[Fx2 + BU + d(t) − r̈]}
� sT

{
ė +

γmh

ng
Q3 ė +

αh

g
Q2 ė +

h

βg
Q1

·
[
−βg

h
ė2−h/g − βγm

n
Q3 ė2−h/g

−αβQ2 ė2−h/g − ε sgn(s) + D(t) − z3(t)
]}
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� −sT
h

βg
Q1[ε sgn(s) − (D(t) − z3(t))]

� −|si | h

βg
ėh/g−1
i [εi − (Di (t) − z3i (t))] i � 1, 2, 3.

Based on Lemma 1, the observer errors converge to a small
neighborhood around zero G0, which indicates that the
observer can obtain an estimate of uncertainties Di (t) with
a bounded error. According to Theorem 1, the inequality
V̇ ≤ −η‖s‖ and the reachability of the sliding surface are
satisfied and always holds when εi > |Di (t) − z3i (t)|. Con-
sequently, the system tracking error will reach e � 0 in a
finite time due to the characteristics of the sliding manifold
(12).

According to Theorem 2, the system stability conditions
change to εi > |Di (t) − z3i (t)| (i � 1, 2, 3) for the novel
control law (20). Compared with the original εi > |di (t)|, we
can easily observe that the switching gains ε � [ε1, ε2, ε3]T

in the control laws may decrease from the upper bound of
the unknown uncertainties |di (t)| to the observer errors
|Di (t) − z3i (t)| due to introduction of the ESO. The gains
of noncontinuous items in the novel IFNTSM–ESO method
decrease inmost cases and the chattering phenomenon can be
effectively alleviated. The maximum limits of uncertainties
that the control system can handle are broken and the ability
of the system to address large disturbances and uncertainties
is improved.

4 Simulation Results

Numerical simulation results are provided to demonstrate the
ability of IFNTSM–ESO to improve the convergence rate and
effectively address parameter uncertainties.

A certain blended wing body (BWB) aircraft model is
considered as the nonlinear controlled object. The aircraft
model is a typicalBWBaircraft that uses the high-aspect ratio
tailless configuration, as shown in Fig. 1. A multi-control
surface scheme is realized in this aircraft to provide control
for the roll, pitch, and yaw channels. Two sets of elevons on
the trailing edge of left and right wings, i.e., inner and outer
elevons, are used to control the pitch and roll motion of the
BWB aircraft by the coordinate deflections and differential
deflections of the elevons, respectively. A set of split drag
rudders on the wingtips is used to control the yaw motion.

The basic parameters of the BWB aircraft are listed in
Table 1, and the saturation and rate limits of the control actu-
ators are denoted in Table 2.

The initial condition of the BWB aircraft is set to the alti-
tude h0 � 12 km, the Mach number Ma � 0.6, φ0 � 0°, ψ �
0°, θ � 3.85°, and the angular velocity p � q � r � 0 rad/s.
The range of uncertainties in the CG, aerodynamic and

Fig. 1 Layout of the blended wing body aircraft

Table 1 BWB aircraft parameters

Parameters Value

Weight, kg 109,260

Wing area, m2 407

Wing span, m 72.9

Mean aerodynamic chord, m 7.8

Moment of inertia Ix , kgm2 2,007,535

Moment of inertia Iy, kgm2 2,183,303

Moment of inertia Iz , kgm2 1,128,960

Product of inertia Ixz , kgm2 − 71,383

Flight height, km 12

Ma 0.6

Trim angle of attack, deg 3.85

Zero angle-of-attack lift coefficient 0.1752

Derivative of lift coefficient 5.36

Lift-to-drag ratio 31.8

Table 2 Saturation and rate limits of the actuators

Inner elevon Outer elevon Split drag rudder

Deflection limit,
deg

[− 20,20] [− 20,20] [− 20,20]

Rate limit, deg/s [− 100,100] [− 100,100] [− 100,100]

inertial parameters is set to [10%cA, 2%cA, 2%cA],±30%,
and±30%.

The sgn(·) function that is involved in (15) and (20) pro-
duces chattering phenomena in the system. To further solve
the problem of oscillation, a continuous function is proposed
instead as follows:

ṡi � εi · si
|si | + σ

.

To prove the performance of the IFNTSM method in
the convergence rate, we compare the conventional and
proposed methods by flight simulation. NTSM and FNTSM
are employed for contrast as the conventional methods.
Square wave command signals of 5° and 4° are given to the
roll and pitch channels of the aircraft. Each command begins
at 2 s and ends at 8 s. Figures 2, 3 and 4 show a comparison
of the attitude response among the three different control
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Fig. 2 Roll angle responses

Fig. 3 Pitch angle responses

Fig. 4 Yaw angle responses

laws. The corresponding parameters of the three controllers
are listed in Table 3.

As shown in Figs. 2, 3 and 4, compared with the con-
ventional methods of SMC, the IFNTSM method definitely

Table 3 Control parameters of the three different methods

Sliding surface Reaching
law

αi βi γi h g m n εi δi

NTSM 1 – – 13 11 – – 20 0.8

FNTSM 1 1 – 13 11 11 9 20 0.8

IFNTSM 1 1 1 13 11 11 9 20 0.8

Table 4 Comparison of tracking speed of different controllers

Attitude
command
(deg)

Steady-state
errors (deg)

Settling time (s)

NTSM FNTSM IFNTSM

Pitch channel 4 0.0020 3.049 2.116 1.828

Roll channel 5 0.0025 3.267 2.270 1.696

improves the response performance of aircraft. The detailed
numerical comparison results of the three controllers are
listed in Table 4.

As shown in Table 4, the response speeds of the IFNTSM
in the pitch channel and roll channel increase by 40.0%
and 48.1%, respectively, compared with the NTSM, and
increase by 13.6% and 25.3%, respectively, compared with
the FNTSM.

We introduce parameter uncertainties into the aircraft
model, and the similar square wave commands are given
to the model, which verifies the robustness performance of
the IFNTSM–ESO method. The parameter uncertainties are
denoted as follows:

a. CG uncertainty:

[
�xcg �ycg �zcg

] � [
10%cA 2%cA 2%cA

]
.

b. Aerodynamic parameter uncertainty:

kC � −30% ∼ 30%.

c. Inertial parameter uncertainty:

kI � −30% ∼ 30%.

These parameter uncertainties are usually assumed to be
known and time varying. In the simulation, we define the
uncertainties as their boundaryvalue and introduceparameter
uncertainties in the fifth second.

Assume that these uncertainties are continuous in the air-
craft model. Figures 5, 6 and 7 show the attitude tracking
performance of the IFNTSM controller in all channels of air-
craft attitude. Figures 8, 9 and 10 depict the attitude tracking
performance of the comprehensive IFNTSM–ESO controller
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Fig. 5 IFNTSM roll response with uncertainties

Fig. 6 IFNTSM pitch response with uncertainties

in the three channels to verify the ability of theESO to address
strong system uncertainties. Figures 11 and 12 show the
comparison of the attitude response between IFNTSM–ESO
andNTSM–ESO. The corresponding actuator deflections are
shown in Fig. 13.

As shown in Figs. 5, 6 and 7, the uncertainties lead to large
deviations in the attitude angles, especially in the pitch axis,
and that is because the CG uncertainty �xcg is much larger
than �ycg and �zcg .

And the partial enlarged drawings in Figs. 5 and 6
illustrate that the IFNTSM method definitely improves the
response performance of aircraft. However, the parameter
uncertainties have a negative effect on the IFNTSM control
performance. The attitude responses in all attitude channels
can also track the commands in the presence of certain errors.

When the nonlinear observer is introduced to estimate
and compensate the system uncertainties, the tracking per-
formance of the controller is significantly improved in all
channels, which indicates that the ability of the control sys-

Fig. 7 IFNTSM yaw response with uncertainties

Fig. 8 IFNTSM–ESO roll response with uncertainties

Fig. 9 IFNTSM–ESO pitch response with uncertainties

tem to address uncertainties is enhanced and the robust
performance of the system is considerably increased. This
simulation test effectively proves the robustness and capa-
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Fig. 10 IFNTSM–ESO yaw response with uncertainties

Fig. 11 Comparison of the roll response between IFNTSM–ESO and
NTSM–ESO

Fig. 12 Comparison of the pitch response between IFNTSM–ESO and
NTSM–ESO

bility in handling the problem of parameter uncertainties of
the IFNTSM–ESO method.

Fig. 13 IFNTSM–ESO actuator deflections

Table 5 Comparisons of the peak value in the yaw channel

NTSM FNTSM IFNTSM

Peak value, deg (with uncertainty) 0.027 0.1498 0.2502

Peak value, deg (without uncertainty) 0.0487 0.1685 0.2859

As shown in Figs. 11 and 12, both the IFNTSM–ESO
method and NTSM–ESO method show excellent robustness
against parameter uncertainties due to the introduction of the
nonlinear observer. The proposed IFNTSM–ESO method is
superior in the finite-time convergence speed to NTSM–ESO
due to the novel nonlinear sliding mode surface.

As shown in Figs. 4, 7 and 10, the IFNTSMmethod seems
to increase the peak value in the yaw channel. The compar-
isons of the peak value of the different three control laws,
i.e., NTSM, FNTSM, IFNTSM, are listed in Table 5. This is
mainly because the larger control deflections of the IFNTSM
produces a stronger lateral and directional coupling effect.

In addition, the influence of different values of the control
parameter ε on the response performance of IFNTSM–ESO
is shown in Figs. 14 and 15. The uncertainty in each channel
and its estimation value from the ESO are shown in Figs. 16,
17 and 18.

As shown in Figs. 14 and 15, the roll and pitch responses
show relatively similar performance for three typical values
ε � 6, 10, and 20, which indicates that different values of
the control parameters ε have a minimal effect on the control
performance of IFNTSM–ESO.

As shown in Figs. 16, 17 and 18, the ESO designed in this
paper can precisely estimate the uncertainty of aerodynamic,
center of gravity and inertia parameters in each channel. The
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Fig. 14 IFNTSM–ESO roll response with different ε

Fig. 15 IFNTSM–ESO pitch response with different ε

Fig. 16 Estimation value of D(t) in the roll channel

combination of the ESOand slidingmode controller achieves
excellent tracking performance and shows superior ability
while handling parameter uncertainties.

Fig. 17 Estimation value of D(t) in the pitch channel

Fig. 18 Estimation value of D(t) in the yaw channel

The simulation results demonstrate the effectiveness of
the proposed IFNTSM–ESO method in quick convergence
and outstanding robust performance properties.

5 Conclusion

In this paper, a comprehensive IFNTSM–ESO controller
design is developed for aircraft subject to composite uncer-
tainties in aerodynamic, center of gravity and inertial param-
eters. A 6-DoF aircraft model with parameter uncertainties is
established. Then, the robust IFNTSM–ESO control method
is proposed,which combines the advantages of IFNTSMcon-
trol and ESO. For any initial state, IFNTSM can guarantee a
fast rate for convergence and finite time to attain equilibrium.
The introduction of the ESO can overcome the drawback
of large switching gains in the sliding mode controller and
effectively improve robustness to system parameter varia-
tions. Aircraft flight simulations are performed to prove the
capability of the IFNTSM–ESO controller in addressing the
problem of parameter uncertainties and accelerating the con-
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vergence rate. The results of the simulations verify that the
proposed method can precisely and rapidly track the com-
mand signals in all three channels of aircraft in the presence
of complex parameter uncertainties.
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