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Abstract The problem of finite-time trajectory tracking control for a multivectored propeller airship with 

model parameter uncertainties and unknown disturbances is addressed in the paper. In order to obtain a fast 

transient response and finite time convergence without singularity, an incremental backstepping nonsingular 

terminal sliding mode controller is designed to track desired trajectory within finite time. To overcome the 

limitation of backstepping terminal sliding-mode control design being dependant on prior knowledge, a 

nonlinear disturbance-observer is designed to estimate the external observable disturbances. Meanwhile, to 

reduce system chattering when the tracking error reaches the sliding mode surface, an adaptive learning rate 

design is proposed for the terminal sliding mode controller such that the tracking error approaches the sliding 

mode surface at a low speed and so the system chattering is restrained. The closed-loop trajectory tracking 

control system is proved to be stable and finite time convergence by using Lyapunov theory. The results are 

compared with traditional backstepping sliding mode control and different learning rate based control design, 

and they demonstrate the averaged tracking error in altitude and pitch motion is reduced more than 30% by 

using the disturbance-observer based incremental backstepping terminal sliding mode controller for the 

multivectored propeller airship to execute a realistic trajectory tracking mission, even in the presence of 

aerodynamic coefficient uncertainties, unknown disturbances. 
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I. INTRODUCTION 

 

Multi-vectored propeller airships are lighter-than-air vehicles that have potential applications as earth 

observation, remote sensing and communication relay platforms. A flat peach shape for the stratospheric 

platform is proposed; this has smaller drag coefficient and higher lift efficiency than conventional airships 

and meets the requirement for the stratospheric environment [1]. However, the airship dynamics are 
__________  
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NOMENCLATURE  

 

α, β
 

Angle of attack, side-slip angle in wind 
frame respectively. 

 Tu v w=υ
 

Airship speed in the body frame 

αγ, β TSMC parameters in Eq.(50) 
dv  Desired virtual control command. 

Ch, CZ and Cmy Aerodynamic force coefficients along the 
horizontal and z-axis, and moment 
coefficient along y- axis, respectively 

 Tp q r=
 

Airship angular rate in the body frame 

h,   Reachability condition parameters in 
Eq.(52) 

xG , zG
 

Coordinate position of CG alone x-
and z-axis respectively. 

Ii , Iia  
 

Airship moments and apparent moments of 
inertia along the body axis respectively (i = 
x, y, z), 

|x| Modulus of vector x 

Ixz , Ixza   
 

Airship apparent product of inertia and 
products of inertia along xz-axis in Fb 
respectively. 

Tx x x=  Euclidean norm of vector x. 

In   An n×n identity matrix 
z1 Position and attitude tracking error 

vector 

Ji     
 

Sum of apparent moments of inertia and 
moments (or product) of inertia with Ji = 
Ii+Iia (i = x, y, z, xz in Fb). 

z2 Speed tracking error vector 

m , mia  
 

Total mass and apparent masses of the 
airship respectively with mi = mia + m, i = x, 
y, z.  

 T  =
 

Airship attitude vector 

q R  Dynamic pressure μi   Deflection angle of the ith propeller 

s(.) , c(.) Sine and cosine functions respectively 
diag(a,b,c) Diagonal matrix with 

diagonal elements of a,b,c 
s Sliding mode surface 


 

Angle between the body x-axis and 
the horizontal component of the 
airspeed, see Fig.2. 

Sref , lref
 

Reference area and length of the airship 
respectively 

s  The sliding surface boundary layer 
parameter 

sgn(.) Sign function  Tx y z=  Airship position in the inertial frame 

Ti The ith propeller thrust λ, p, q ITSMC parameters in Eq.(52) 
ud The desired thruster control inputs.   
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inherently nonlinear. The center of gravity (CG) of the airship is often beneath the center of volume (CV), 

which is easily affected by air pressure and temperature, and the apparent mass and inertia of the airship are 

not constant [2]. Furthermore, the four vectored propellers which are used for attitude and position control 

are both coupled and saturate easily since the airship lacks aerodynamic control surfaces. Hence the control 

is a challenging problem. 

Wen, Chen et al. [3] proposed a nonlinear model predictive control for station keeping of a multivectored 

propeller airship, but the approach requires significant online computation resource. Liu and Whidborne [4] 

proposed neural network adaptive backstepping method to deal with actuator fault and unknown disturbances 

of the multi-vectored propeller airship, but neural network need complicate calculation to approximate the 

nonlinear function.  

The trajectory tracking problem of the stratospheric airship is also nonlinear, multivariable and with 

uncertainty. Traditional control design approaches such as gain scheduling are hard design successfully due 

to nonlinear dynamics [5, 6]. Hence many nonlinear control approaches have been considered, among which 

there are two well-known methods, that is, backstepping control [7] and sliding mode control [8]. The 

backstepping approach has been proposed robust control of nonlinear systems in the strict feedback form 

through construction of control Lyapunov functions (CLFs) [7]. Nonlinear backstepping design has been 

widely studied for various aerospace control problems, see [9, 10] for example.  

SMC is the other well-known nonlinear control method, which can make the system first reach a desired 

manifold, then reach the equilibrium point by moving along the sliding manifold by means of a variable 

structure control law design [11, 12]. Because of the insensitivity to matched uncertainties, robustness to 

external perturbations, simplicity and ease of implementation, and its finite-time convergence, sliding mode 

control is widely used in aircraft control [12, 13]. Liu, Whidborne et al. used SMC to improve the adaptive 

capability of a nonlinear system [12]. Chen and Edwards [13] proposed a sliding mode online control 

allocation scheme for fault tolerant control of an aircraft. To improve the speed of the output responses, 

terminal sliding mode control (TSMC) has been proposed [14]. To overcomes the common singularity 



 
 

4 

problem in TSMC, Yu el al. proposed non-singular TSMC [15, 16]. Recently Yang proposed a time-specified 

TSMC for airships to improve their response speed [17].  

SMC can, however, suffer from control chattering. To suppress this, Yang et al. proposed a neural network 

approximation-based sliding-mode approach for positioning control of an autonomous airship [18]. To 

exploit the advantages of both backstepping and SMC, a combination of adaptive backstepping and SMC has 

been proposed [19]. Vieira and Paiva et al. proposed a unified backstepping sliding mode framework for 

airship control design [20]. Van et al. proposed a backstepping nonsingular TSMC to improve robustness 

and fast transient responses for fault tolerant control of a PUMA560 robot [21]. However, these methods 

depend on an accurate model and so it is hard to deal with highly nonlinear airship dynamics with 

aerodynamic model uncertainties and unknown variable disturbances. Jia et al proposed an integral 

backstepping sliding mode control for quadrotor helicopter with external uncertain disturbances [22]. Singh 

proposed a robust backstepping sliding mode method for the aircraft attitude and altitude control, and an 

adaptive neural network is use to approximate such an unknown non-linear function with symmetric barrier 

Lyapunov function to constrain the state [23]. However they are passive methods to process the unknown 

disturbances, which will produce some conversation.  

Since an operating airship is subject to unknown disturbances such as wind, actuator friction and 

environmental noises, a Disturbance Observer-Based Control (DOBC) approach is introduced in this paper 

to enhance the disturbance attenuation ability and reduce the control conversation [24, 25]. Chen et al 

proposed a backstepping sliding mode control and observer-based fault estimation for a quadrotor UAV [26], 

Liu and Whidborne have proposed a nonlinear disturbance observer to deal with bounded unknown 

disturbances[27]，but these observers do not cope well with variable disturbances or actuator faults. 

Furthermore, motivated by the work of Yang et al. [17], Van et al. [21], Chen et al. [28] and Lu et al. [29], 

this paper mainly considers the trajectory tracking control of the multi-vectored propeller stratospheric 

airship. The main contributions are listed as follows:  

1) A disturbance observer based incremental backstepping terminal sliding-mode control (DO-IBTSMC) 
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is proposed for trajectory tracking of a multi-vectored propeller stratospheric airship. The benefits of this 

approach are that it has the non-singular TSMC merits of high robustness and fast convergence, as well as 

backstepping control in terms of globally asymptotic stability. The IBTSMC does not depend on the accurate 

model and is robust for the disturbances and model uncertainties. 

2)An adaptive learning rate is designed to avoid the tracking error to converge at an over-fast speed and to 

overcome the problem of system chattering when the error reaches the sliding mode surface.  

3) A nonlinear disturbance observer and an adaptive observer are designed for coping with aerodynamic 

coefficient uncertainty and variable external bounded disturbances. Thus the limitation of the BTSMC 

dependent on prior knowledge of the bound value of the disturbance and uncertainties is overcome.  

4) A weighted pseudo inversion method-based control allocation is embedded into the DO-IBTSMC 

design to find the optimal control inputs under actuator saturation constraints.  

Simulation results show the proposed DO-IBTSMC method has better performance for trajectory tracking 

control for a multi-vectored propeller airship by comparing with common backstepping sliding mode method. 

This paper is organized as follows. Section II gives the nonlinear dynamics model of the multivectored 

propeller stratospheric airship and presents the trajectory tracking problem. Section III proposes a DO-

IBTSMC design, and stability is analyzed for the closed-loop tracking system. Simulations and performance 

of three scenarios with the DO-IBTSMC method are demonstrated in Section IV. Section V gives some 

conclusions. 
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II. DYNAMICS MODELING AND PROBLEM FORMULATION 

This section describes the airship model for control law design. The multi-vectored propeller stratospheric 

airship is shown in Fig.1. Due to its large volume, it’s often drawn by a tractor balloon during the flight. 

There are four vectored propellers located on the left, right, front and rear of the airship body and there are 

no aerodynamic control surfaces. The gondola below the airship envelope is equipped with the control system 

and payloads. It is assumed that the Earth is flat and non-rotating, so the ground frame is equal to the inertial 

frame. 

A. Airship kinematics model 

 

The kinematics model of the multi-vectored propeller airship’s position and attitude are as follows [3, 4]. 

                                               1 2( ) ( )t t=x Tx                                         (1) 

where 1

TT T =  x   , 2

TT T =  x   . ξ and ν denote airship position vector and speed vector respectively. 

η and ω denote airship attitude vector and angular rate vector respectively. The transition matrix 

                                          

( )
( )

 
=  
 

0

0

R
T

J




,                           (2) 

The direction cosine matrix is 

Tractor balloon

Stratospherical 
airship

Gondola

Iron circles

Gondola

og xg

yg

zg

oc

v

xb

yb

zb

Thruster 1

Thruster 2

Thruster 4

Thruster 3

µ3

T3

 
Fig. 1. Structure of the multi-vectored propeller airship 
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                       ( ) =R η
( ) ( ) ( ) ( ) ( ) ( ) ( ) ( ) ( ) ( ) ( ) ( )

( ) ( ) ( ) ( ) ( ) ( ) ( ) ( ) ( ) ( ) ( )

( ) ( ) ( ) ( ) ( )

c c c s s s c s s c s c

c s c c s s s s c c s s

s s c c c

           
           

    

− + + 
 + − + 
 − 

         
(3) 

and the transformation matrix J is 

                                     

1 ( ) tan ( ) tan

( ) 0 ( ) ( )

0 ( )sec ( )sec

s c

c s

s c

   
 

   

 
 = − 
 
 

J η

                     

  (4) 

where |θ| < π/2 is assumed to avoid the singularity of matrix because θ = ±π/2 is not likely to be encountered 

during practical operation of the airship.  

B. Dynamics model of the multi-vectored propeller airship 

 

The dynamics model of the multi-vectored propeller airship with consideration of an external disturbance 

D is established as follows [30-31]: 

                                

( )
+

( )
a k GB A T D

t
F F F F F

t



 

= + + + 
 

M    ,                   (5) 

where subscripts A, T, k, GB and D denote aerodynamic force, thrusts, kinematics force, sum of gravity and 

buoyancy, disturbance force respectively. aM denotes the generalized mass matrix as follows 

 

0 0 0 0

* 0 0

* * 0 0

* * * 0

* * * * 0

* * * * *

x G

y G G

z G

a

x xz

y

z

m m z

m m z m x

m m x

J J

J

J

 
 −   
 − 

=  − 
 
 
  

M

  

 

where * denotes the symmetrical elements of the matrix. 

Let the control input be TU F= , and then (5) can be rewritten as 

                                  
2 2 1 2 2( ) ( , ) ( )x t f x x g U t D= + + , 

                       
(6) 

where ( )1
2 a k GB Af F F F−=  + +M , 1

2 = ag −M . Since there exist winds, environmental and sun-radiation noise 

for the stratospheric airship, then the model disturbance D is introduced, 6D R denotes a unknown 

disturbance vector. Suppose that the disturbance is generated by a linear exogenous system,  
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( )= ( )

( ) ( )

d d d

d d

t W t

D t V t

 



 =

                                     
 (7)

 

where p
d R  ,Wd, Vd are matrices with corresponding dimensions, and this model represents a wide range 

of periodic disturbances. 

Airship aerodynamic force, kinematics force, sum force of gravity and buoyancy, and their moments on 

the right hand side of (6) are as in [3, 4].  

The airship aerodynamic forces and moments on the right hand side of (5) can be expressed as follows [1], 

 cos sin

cos sin 0

T

A ref h h z

T

A ref ref my my

qS C C C

qS l C C

 

 

 =


 = −  

F

τ
                         (8) 

where  denotes the angle between the body x-axis and the horizontal component of the airspeed, see 

Fig.2,the reference area Sref and length lref of the airship satisfy 2/3
refS V= , 1/3

refl V= .   

The kinematics force vector of the airship is 

2 2

2 2

2 2

( )

( )

( ) ( )

( ) ( ) ( ) ( )

( ) ( )

z y G G

x z G G

y x G G

k

y z xz G

z x xz G G

x y xz G

m wq m vr mz pr mx r q

m ur m wp mz qr mx pq

m vp m uq mz p q mx pr
F

J J qr J pq mz ru pw

J J pr J r p mz qw rv mx pv qu

J J qp J qr mx ru pw

 − + − + +
 − + − − 
 − + + + −

=  
− + + − 

 − + − − − + −
 

− − − −  

                 (9) 

Assume the center of buoyancy is the center of volume, and the sum force of gravity and buoyancy in the 

body-fixed frame Fb can be described as   

ocv
xb

yb

zb

V

αφ
β

Fa

Fah

 
Fig. 2.  Vector graph of aerodynamic forces  
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( ) ( )
( ) ( )
( ) ( )

( )
( ) ( )

( )

3,1

3,2

3,3
=

3,2

3,1 3,2

3,2

GBx

GBy

GBz

GB

GBx G

GBy G G

GBz G

f G B

f G B

f G B
F

n G z

n G z G x

n G x

−   
   −   
   − 

=   
−    

     −  
  

       

R

R

R

R

R R

R
                  

(10) 

where ( ),i jR denotes the element in the ith line and the jth column of the direction cosine matrix ( )R η . 

To descript the vectored thrust, a vectored thrust frame is established as shown in Fig.3. The vectored 

propeller can rotate the vectored axis at a range of [‒180°, 180°], in this paper the thrust T is presented in 2-

dimensional variant instead of 3-dimensional one, that is, each vector thrust is decomposed into two 

orthogonal force in the vectored rotation plane, thus the thrusts and their moments in the body frame can be 

easy to described by each vector angle μi and their thrust Ti, so the ith propeller thrust Ti can be decomposed 

into two orthogonal forces Tih and Tiv, see Fig.3, with 

90°

Tiv

Tihμi 0°

Ti

  
Fig. 3. Vectored thrust frame and its deflection angle 

 

cos

sin

ih i i

iv i i

T T

T T




=
 = −

, (i =1, 2, 3, 4).                          (11) 

Due to the symmetric configuration of the four thrusters, see Fig.4, 
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xb

yb

T1x

T1y T1h

T4x

T4yT4h

T3x

T3y
T3h

T2x

T2y T2h

O
45°

Rp

 

Fig. 4. Decomposition of horizontal thrust in the body-frame 

the forces along the body axis are 

cos
4

sin
4

ix ih

iy iv

T T

T T





 =

 =
                                  

(12) 

and the vectored thrusts and their moments are 

11 12

21 22

u

hT

vT

U
    

= =     
     

uB

TF B B

Tτ B B                         (13) 

where =
T

T Tx Ty TzF F F  F , =
T

T Tx Ty Tz    τ ,  1 2 3 4=
T

h h h h hT T T TT ,  1 2 3 4=
T

v v v v vT T T TT , Bu is the 

control transformation matrix,  

11

1 1 1 1
2

= 1 1 1 1
2

0 0 0 0

− − 
 − − 
  

B , 12

0 0 0 0

= 0 0 0 0

1 1 1 1

 
 
 
  

B , 21

0 0 0 0

= 0 0 0 0

1 1 1 1
pR

 
 
 
 − − − − 

B , 22

1 1 1 1
2

= 1 1 1 1
2

0 0 0 0
pR

− − 
 − − 
  

B ,
  

  

u represents thrust forces, and pR denotes the distance from CV of the airship to the propeller. 

C. The trajectory tracking control problem 

 

Consider the airship models of (1) and (6). Let 6
1 ( ) :[0, )dx t R →  be a given attainable and sufficiently 

smooth time-varying reference trajectory with its time-derivatives ( 1 ( )dx t ， 1 ( )dx t ) bounded. The control 

task is to design a trajectory tracking controller such that the closed-loop system meets following 
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requirements: 

1) The trajectory tracking error dynamics are asymptotically stable under specified model uncertainty and 

unknown bounded disturbances; 

2) The output trajectory 1x  is steered towards a given reference trajectory 1dx within finite time.  

III. DO-IBTSMC TRAJECTORY TRACKING DESIGN 

In this section, a nonlinear disturbance observer is given, and a DO-IBTSMC design is proposed for 

trajectory tracking control. 

A. Nonlinear disturbance observer design 

To the best knowledge of the authors, there is no available device so far to measure accurately the wind 

field information in stratosphere in real time. Hence a disturbance observer is designed as follows according 

to the airship motion,

 

 

               

( )2 2 2 2 2 1 2 2

2

( ) ( ( ) ) ( )+ ( ) ( ) ( ) ( , ) ( )

ˆ ( ) ( ) ( )

ˆ ˆ( ) ( )

d d d d d d

d d

d d

z t W l x V z t W p x l x V p x f x x g U t

t z t p x

D t V t





 = − − + +


= +
 =

      (14) 

where D̂ is estimated disturbance, ( , )d dW V is assumed to be observable. l(x2) is the vector of observer gains 

to be tuned for performance, zd is the internal state vector, and p(x2) is nonlinear function to be designed. The 

nonlinear disturbance observer (NDOB) gain l(x) is determined by 

                                            

2
2

2

( )
( )=

p x
l x

x




                                      (15) 

Integrating l(x2) with respect to the airship state x 

yields                                                                                            

                                   2 2
1( )= ( )r

d fp x L Lie h x−                               (16) 

where dL is a gain vector, fLie denotes a Lie derivative of function f(x), and r is the relative degree. Select

2 2( )=h x x . 
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It has been shown that the estimation D̂ of the NDOB approaches the disturbance D(t) exponentially if the 

observer gain l(x) is chosen such that (14) is global exponentially stable for all nx R  [24]. The estimation 

of harmonic disturbance, D̂ , yielded by the DO of (14) approaches disturbance, D, is global exponentially 

stable if the following inequalities are satisfied [25] 

1
0

2
T

d

V d d >


= ,
 

0V 
                           

(17) 

where the nonlinear disturbance estimation error or unobservable disturbance is ˆd D D= − . Hence the 

disturbance compensator can be designed as 

                                1
2

ˆ( ) ( )du t g D t−= −
                                 

(18) 

By using the nonlinear disturbance observer, D̂ will approach D, so the disturbance can be attenuated 

through the disturbance compensator (18) and the system
 
(6) can be transformed as follows  

2 2 1 2 2( ) ( , ) ( )x t f x x g U t D= + +   

( )2 1 2 2( , ) ( )+ ( ) ( )BTSMC df x x g U t u t D t= + +
 

                                  2 2= ( ) ( ) ( )BTSMCf x g x U t d+ + .
                         

(19)
 

B. BTSMC based trajectory tracking control  

 

Lemma 1 [21]. Consider the dynamics described as 

1 2

-1
2 1 1 2

1

( ) ( , )

x x

x M x u f x x

y x

=
 = + + 
 =

                       (20) 

where 1 2( , )f x x denotes the lumped known component,  denote the lumped unknown component in the 

system dynamics. Select an integral nonsingular fast terminal sliding mode surface as follows 

( )/
1 2 dp qs e k e k e t= + +                             (21) 

where 1 1= de x x− , 1 11 12 1diag( , , ) n n
nk k k k R =  , 2 21 22 2diag( , , ) n n

nk k k k R =  are positive definite matrices, 
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p and q are positive odd numbers satisfying the relation 1 < p/q <2 and λ > p/q. When the sliding mode surface 

(21) converges to zero, i.e., /
1 2 =0p qe k e k e+ + , the defined finite time tc that is taken to travel from ( ) 0re t 

 

to ( ) 0r ce t t+ =  is given by  

1

1
1

1 1

1

| ( ) | 1 1

, ;1 ; | ( ) |

( 1) ( 1) ( 1)

q

p

r

c r

p p p
x t

qq q q
t k x t

p p ppk
q q q



 

−

−

 − − 
 =  + −
 − − − 
               

(22) 

where Ω denotes Gauss’s hyper-geometric function [32]. 

This section is to design the backstepping sliding mode controller. The objective is to make the system 

output x1 converge to the desired value vector x1d . Now consider the kinematics (1), (2) and dynamics (6), 

the trajectory controller is derived in two steps. 

Step 1(Backstepping for the variable z1).   

The tracking error vector of trajectory is defined as  

                                          1 1 1d= −z x x                              (23) 

and its derivative is  

                                      1 1 1 2 1= d dT− = −z x x x x                          
(24) 

Since the desired behavior for 1x  can still be chosen, it can be considered as the “virtual” control input. In 

the backstepping design this desired dynamic behavior is called the stabilizing function. Define the stabilizing 

function 1( )x , as the virtual speed vector of 1rx    

1 1 1 1 1( )= dx K −x z ,                         (25) 

where 1rx represents the reference or virtual speed vector, K1 > 0 is often chosen as a diagonal matrix to 

simplify the design, i.e., K1 = diag(k11, …, k16), k1i (i = 1, 2,…,6) is constant value. 

Now construct a candidate Lyapunov function V1, which is required positive definite around the desired 

position as follows: 
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1 1 1

1

2
TV = z z                               (26) 

and its derivative is  

1 1 1
TV = z z .                                    (27) 

Step 2 (Backstepping for the variable z2). Because there exists a dynamic error between the speed 1x  and 

its desired behavior of , the speed tracking error vector for the position and attitude dynamics is defined 

as 

2 1 1 1 2 1 1= ( ) ( )x x − = −z x x                            (28) 

and its derivative is  

2 1 1 1 1d K= − +z x x z
 
.
                              

(29) 

Substituting (25) and (28) into (24) yields 

1 2 1 1 1 2 1 1( ) dx K= + − = −z z x z z                          (30) 

that is, 

2 1 1 1+K=z z z .
                                  

(31) 

The derivative of V1 by (26) and (30) is then 

                                   ( )1 1 1 1 2 1 1 1 1 1 1 2=T T T TV K K= − = − +z z z z z z z z z
             

(32) 

Differentiating (31) and substituting (23) yields 

2 1 1 1 1d K= − +z x x z
 
.
                            

(33) 

From (25) and (30), the derivative of the stabilizing function 1( )x is 

( ) 2
1 1 1 1 2 1 1 1 1 2 1 1( ) = +d dx K K K K = − − −x z z x z z  .               (34) 

To obtain a fast transient response and finite time convergence without singularity, a non-singular terminal 

sliding mode (NTSM) surface or manifold is designed by using the fractional order derivative as follows [21]  

/ /
1 1 2 1 1 1 2 2

1 1
= | | sgn( ) | | sgn( )p q p q 

  
 

= + + + +s z z z z z z z z
         

(35)
 

1dx
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where the SMC parameter λ > p/q,   6
1 6

T
s s R= s denotes sliding mode surface, 1< p/q <2, β > 0.  

To improve system tracking performances, the coefficient  is defined as  

0 1 1| |    = + z ,                            (36) 

where 1 is learning rate, which is defined as 1| |
1 1b = −z , 0 is a positive constant, b>0 and b≠1. 

Remark 1 The variable coefficient   is introduced to adjust the speed that the output tracking errors 

converge to zero. As the output tracking error z1 are relative large at the initial stage, the rate of change of 

the tracking error 1z  is also large due to the effect of the sliding mode surface. The learning rate changes at 

an exponential rate with the rate of change of z1, so that the coefficient  rapidly changes with the change 

of the tracking error z1, thus causing the tracking error to converge at a fast speed. However, the relative high 

tracking error rate will result in the problem of system chattering when the error reaches the sliding mode 

surface. The learning rate will follow the change with the tracking error rate, making the coefficient αγ change 

into a small number, so that the tracking error approaches the sliding mode surface at a low speed, and the 

system chattering has been restrained. 

The derivative of sliding mode surface s is then 

1 ( / 1)
1 1 1 2 2

1
| | | | p qp

q


 


− −= +  +  s z z z z z
 

( )1 ( / 1)
1 1 1 2 1 1 1 1

1
| | | | p q

d

p
K

q


 


− −= +  +  − +z z z z x x z
    

(37) 

The second candidate CLF is constructed as 

2 1

1 1

2 2
T T

d

V V


= + +s s d d ,
                             

(38) 

where γd is a positive constant that determines the convergence speed of the estimation. Differentiating (38) 

yields 

2 1 1

1T T T

d

V


= + +z z s s d d   .                        (39) 

With the assumption that the unobservable disturbance d is an unknown slowly varying disturbance, the 
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derivative of the estimated parameter error is ˆ ˆ= − d d d d ,where d̂ and d are the estimated parameter vector 

of d and the associated estimated parameter error vector respectively. Substituting (29), (30), (32), (34) and 

(35) into (39) yields  

2 1 1

1T T T

d

V


= + +z z s s d d
 

( )1 ( / 1)
1 1 1 1 2 1 1,i 1 2 1 1 1 1

1 1 ˆdiag(| | ) | |T T T p q T
d

d

p
K K

q


 
 

− − 
= − + + +  +  − + + 

 
z z z z s z z z z x x z d d

 

( )( ) ( )1 ( / 1)
1 1 1 1 2 2 1 1 1,i 2 1 1 1 1

1 1 ˆ1 diag(| | ) | |T T T p q T
d

d

p
K K K

q


 
 

− − 
= − + + − + +  − + + 

 
z z z z s z z z z x x z d d

 

( )( ) ( )1 ( / 1)
1 1 1 1 2 2 1 1 1,i 2 2 2 2 1 1 1

1 1 ˆ1 diag(| | ) | |T T T p q T
BSMC d

d

p
K K Tf Tg T T K

q


 
 

− − 
= − + + − + +  + + + + − + 

 
z z z z s z z z z U d x z x d d

 

( ) ( )( ) ( )1 ( / 1)
1 1 1 2 1,i 2 1 1 2 2 2 2 1 1 1

1 1 ˆI diag(| | ) | |T T T T p q T
n BSMC d

d

p
K K Tf Tg T K T

q


 
 

− −= − + + −  + + + − + +z z z + z s z z s + s z U x z x d d d
  

(40) 

A desired control input is selected as follows to make (40) semi-negative definite, 

( ) ( )1 1 (2 / )
2 1,i 2 1 1 2 2 1

ˆ( ) I diag(| | ) | | sgn( )p q
BTSMC n d

q
Tg K Tf T T h

p


   − − − 
= −  + − − − + − − + 

 
U z z z x x d s s

     

(41) 

Substituting (41) in (40) gives 

( )( ) ( )( )1 ( / 1)
2 1 1 1 1 2 1,i 1 1 2

1 1ˆ ˆI diag(| | ) + | | ( ) sgn( )T T T T p q T
n

d

p
V K K T h

q


  
 

− −= − + + −  − − + +z z z z + z z s s z d d s s d d  

(42) 

Because 

( ) ( ) ( )1 1 /
1 1 1 2 1,i 1 1 1 1 1 1 2 1,i 1 1 1 1 2

1
I diag(| | ) = + I diag(| | )T T T T T p q

n nK K K K  
      


− −  

− + − + − − + + + 
 

z z z z z s z z z z z z z z z

( ) ( ) ( )1 1 1 /
1 1 1 1 2 1,i 1 1 1 1,i 1 1 1 1,i 1 1 2

1
= + I diag(| | ) I diag(| | ) I diag(| | )T T T T T p q

n n nK K K K   
         


− − −− − + − + − +z z z z z z z z z z z z z

( ) ( ) ( )1 1 1 1 / 1
1,i 1 1 1 1,i 1 1 1 1 1 2 1,i 1 2 1 2

1
= 2I |diag(| | ) I diag(| | ) | + I diag(| | ) |T T T p q T

n n nK K K   
         


− − − − −− + − + − +z z z z | z z z z z z | z z z
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( ) ( )1 2 2 2 1 / 1
1 1 1,i 1 1,i 1 1 1 2 1,i 1 2, 1 2

1
= 2 ( 1) diag(| | )+ diag(| | ) + I diag(| | ) diag( | )T T p q T

n iK K K K  
       


− − − −− + + − + z z z z z z z | z z z  

(43) 

and define positive definite matrix 

  
11 12

n n

Q Q
Q

I O

 
=  − 

                                     

(44)

 

where 1 2 2 2
11 1 1 1,i 1 1,i=2 ( 1) diag(| | )+ diag(| | )Q K K K 

    − −+ + z z , ( )1 / 1
12 1,i 1 2

1
= I diag(| | ) diag( | )p q

nQ K
 


− −+ z | z . Then it 

yields 

( ) ( ) 11
1 1 1 2 1 1 1 1 2

2

I | | =T T T T
nK K Q

  −  
 − + − + −   

 

z
z z z z z s z z

z
                          (45) 

Substituting (45) and T Ts d d s= into (42) yields 

( )( )1 ( / 1)
2 1 2 2

2

1 1ˆ ˆ+ | | ( ) sgn( )T T T p q T

d

p
V Q T h

q


 
− 

 = −  − − + +  
 

z
z z s z d d s s d d

z
 

( )1 ( / 1) ( / 1)
1 2 2 2

2

1 1 1 ˆ= | | sgn( ) | |T T T p q T p q T

d

p p
Q h T

q q


  
− − 

 − −  + −  +  
 

z
z z s z s s s z d d d

z
 

( )1 ( / 1) ( / 1)
1 2 2 2

2

1 1 1 ˆ= | | sgn( ) + | |

T

T T T p q T p q

d

p p
Q h T

q q


  
− −

       − −  + −  +         

z
z z s z s s d z s d

z
       (46) 

Choose the update law as:  

( )( / 1)
2

1ˆ | |
Tp q

d

p
T

q



−= d z s

                           

(47) 

If 0h  , 0  , then 

( )1 ( / 1)
2 1 2 2

2

1
| | sgn( )T T T p qp

V Q h
q




− 
 = − −  +  

 

z
z z s z s s

z
 

( )1 ( / 1) 2
1 2 2

2

1
| | | |T T p qp

Q h
q




− 
 = − −  +  

 

z
z z z s s

z
 

6

2
1

( ) |i
i


=

 − z | s                                                     (48) 
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where ( / 1)
2 2,

1 6

1
( ) inf | | p q

i
i

p

q



−

 

 
=  

 
z z . Since p and q are odd numbers and 1 / 2p q  , there exist two 

possible cases: 1) ( / 1)
2,| | 0p q

i
− z when 2, 0i z ; 2) ( / 1)

2,| | 0p q
i

− =z when 2, 0i =z . Consider sliding mode 

surface (35), when 0is  , two different cases may occur: 1) 2, 0i z and 2) 2, 0i =z . When 0is  and 

2, 0i z , we get 2( ) 0 z and 2 0V  . Therefore, the closed-loop system is stable According to the 

Lyapunov stability theory when 2, 0i z ; the system will move fast to the sliding mode 0is = within finite 

time. When 0is  and 2, 0i =z , but 1, 0i z , by substituting (41) into Eq.(33), we get 

2 1 1 1 1d K= − +z x x z
 

2 2 2 1 1 1BSMC dTf Tg T T K= + + + − +U d x x z  

( )ˆ( ) sgn( )T h = − − +d d s s                                     (49) 

Since d can be approximated by d̂ , the effect of the term ˆ( )T −d d  can be neglected. Now considering (49) 

when 0is  , we have 2,i  −z  and when 0is  , we have 2,i z . It means that 2,iz is not an attractor 

and the system will not always keep staying on the points ( 1, 0i z and 2, 0i =z ). It also means that there 

exists a vicinity of 2, 0i =z such that for a small 0   and 2, |i | z ,there are 2, |i  −| z for 0is   and 

2,i z for 0is  , respectively. Therefore, the crossing of the trajectory from the boundary of the vicinity 

2,i =z to 2,i = −z for 0is  , and from 2,i = −z to 2,i =z for 0is   occurs in finite time. For other 

regions where 2, |i | z the switching line 0is =  can be reached in the finite time because we have 2, |i  −| z

for 0is  and 2,i z for 0is  . Therefore, it is concluded that the system will converge to 0is = from 

everywhere in the phase plane.
 
When the sliding surface (35) converges to zero, we have  

/
1 1 2

1 p q
 

+ +z z z  /
1 1 1 1 1

1
= ( + ) p qK

 
+ +z z z z  

/ /

1 1 1 1 1

1 1
=

p q p q

K
  

 
+ + + 
 

z z z z  =0 ,     (50) 

where 1z is the terminal attractor of the system. By using Lemma 1, the defined finite time tc that is taken to 
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travel from 1( ) 0rt z to 1( ) 0r ct t+ =z  as [21]. 

The robustness of such a backstepping design can be improved by introducing its incremental counterpart, 

using the implicit approach with the recursive control law,  

0BTSMC IBTSMC U= +U U                                  (51) 

where 0U denotes the control input at the last time step according to incremental nonlinear design [29], which 

can be calculated using (13) via the last step thrust Ti and vector angle i . 

According to the backstepping control law (41) and considering the approximate dynamics around the 

current reference state for the dynamics 2 20 2 IBTSMCx x G + U , the backstepping control (41) can be rewritten in 

incremental form as,  

( )1 1 (2 / )
2 1,i 2( ) I diag(| | ) | | p q

IBTSMC n

q
Tg

p


  − − −
= −  +


U z z ( ))1 1 0 0 2 1

ˆ sgn( )
TT T

dK T T T h  − − − + − − + z x x d s s .(52) 

The output 20x  represents the current estimated angular acceleration, which is measured by differentiating 

the angular rates. The approximation function from 20x to derivative 20x  is 

2

2 2
( )

2
n

n n

s
H s

s s



 

=
+ +

.                                (53) 

where  denotes the filter damping ratio, ωn denotes the filter natural frequency. 

Remark 2 In order to effectively eliminate the chattering phenomenon of reachability condition 

= sgn( )h − −s s s  in (41) in the sliding mode control, a continuous function is used to define practical sliding 

surface dynamics using the hyperbolic tangent function[33], 

= tanh( / )sh  − −s s s ,                            (54) 

where s  is the sliding surface boundary layer parameter that is used to retain continuity of control as the 

motion trajectories cross the sliding surface and so prevent chattering. Thus high frequency chattering of the 

control is prevented by using the boundary layer. 

Therefore the control law (41) with the hyperbolic tangent function (54) will eliminate the chattering 

phenomenon and ensure the finite-time convergence of the system state to the equilibrium. From the above 
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analysis, the structure of the DO-IBTSMC controller can be designed as Fig.5. The structure of the DO-

IBTSMC design includes an incremental BTSMC, a nonlinear disturbance observer, a multi-vectored 

propeller airship dynamics and a control allocation module. 

Airship dynamics f2

∫g2

+

+

+

IBTSMC    

d̂

1dx

s

Eq.(52)

( )IBTSMC u
1 1 2, ,z z z

∫ Eq.(47)

Control 
allocation

U=[T1,T2,T3,T4, 
μ1,μ2,μ3,μ4 ]T

Eq.(35)

r

Eq.(53)
0 0,

2x

Nonlinear Eq.(14)

Disturbance Observer

+

D

D̂ud
1

2
−−g

BTSMCU
+

+
0U

+

1 2 1, ,x x x

1 1 1, ,d d dx x x
–

+

U
1 2,x x

+

 

Fig.5 block diagram of the DO-IBTSMC controller 

So the desired control (52) can be implemented as following information flowchart: 

1

1

1 1

2
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1

1

.(23)

 .(31) ;   .(35)

.(24)  

d

d

Eq

Eq Eq

Eq

−−−−−−−−−−−−

−−−−−−−−−−−− −−−−−−−−−−−−

−−−−−−−−−−−−


 

 
 

 
  

x
z

x z
z s

zx
z

x

; 

( )ˆ ˆ ˆ.(47) ; sgn( )  ;smcEq dt h 
−−−−−−−−−−−−

→ → → = − +s d d d s u s s  1 2
ˆˆ, , .(14) , ,d dU Eq z D

−−−−−−−−−−−−
x x ; 

 2 0 0.(53)Eq 
−−−−−−−−−−−−

x  ;

1 2 1 1 0 0
ˆ

  .(52)
.(2) , ;  

d smc

IBTSMC

x

Eq
Eq T T



−−−−−−−−−−−−

−−−−−−−−−−−−







z z z d u

U




.     (55) 

To obtain the practical control surfaces and thruster inputs, a control allocation problem is presented to 
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solve (13) with actuator saturation constraints, i.e., 

CP

CP

U Bu
 

= = 
 

f


  ,                            (56) 

s.t. 

min min max maxmax( ( ) , ) min( ( ) , )s s s su t T u T u u u u u t T u T u− + =   = − +  ,         (57) 

where umin, umax minu and 
maxu  denote lower and upper bounds of the actuator position and rotation rate, 

respectively. ( )st T−u  denotes control input at previous Ts, min su T denotes incremental variable. u  and u  

are lower and upper bounds of the actuator inputs. Ts denotes sample period or motion period. The objective 

of the control allocation is 

min ( )u a dJ = −
u

W u u                      (58) 

s.t.  

= d u a=U v B u                         (59) 

where m m
u R W is symmetric positive definite matrix. The control allocation problem of (58) and (59) can 

be transformed into a constrained optimization problem by using a weighted pseudo inverse (WPI) method 

[4].  Through the WPI control allocation algorithm, the control allocation component can be implemented 

and incorporated into the DO-IBTSMC scheme. When the optimal solution u∗ is found, the practical control 

input signals, including thrusts and tilt angles, are obtained.  

IV. SIMULATION RESULTS AND ANALYSIS  

 

In this section three scenarios are presented that demonstrate the proposed DO-IBTSMC performance. The 

physical parameters of the unmanned airship are listed as follows [3, 4], 
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m=72 kg, m11=10.8147 kg, m22= m11, m33=38.9521 kg, m44=19.3024 kg, m55= m44, m66=0, Ix=409.4482 

kg·m2, Iy= Ix, Iz=34.591 kg·m2, Ixz =0, Sref =10.7m2, V =35m3,lref = 3.27 m, Rp =2.81 m, [xG, yG, zG] = [0, 0, 

2] (m), total length L0 = 8.37m, and diameter D0 = 5.11m. 

The aerodynamic parameters of Ch, Cz and Cmy are shown in Table 1, which are transformed from the wind 

frame to the body frame. 

Table 1 Aerodynamic coefficients of the multi-vectored propeller airship 

Parameter 
α(˚) Ch Cz Cmy 

0 0.1388 0 0 
9 0.1051 -0.1615 0.1846 
18 0.1062 -0.4492 0.3391 

27 0.1644 -0.6873 0.4435 
36  0.0081 -0.8402 0.5045 
45 -0.1286 -0.8694 0.5640 
54 -0.2663 -1.1755 0.4605 
63 -0.4804 -1.4046 0.3521 
72 -0.2020 -0.8802 0.2336 
81 -0.0681 -0.8351 0.1086 
90 0.0045 -0.8306 -0.0008 

  

The constant aerodynamic control coefficients of the unmanned airship are as follows 

uX = ‒10.8147, vY = uX , wZ = ‒38.9521, pL =‒19.302, qM = ‒19.3024, rN =0. 

In the simulation example, the initial position of the airship is 
0 = [0, 0, 0]T (m), the initial velocity in Fb 

is υ0 = [0,0,0]T(m/s), initial attitude is η0 = [0, 0, 0]T, the initial angular velocity is
 
ω0= [0, 0, 0]T. 

To validate the trajectory tracking control performance of the DO-IBTSMC design, the three studied 

scenarios are as follows. 

Scenario I:  Trajectory tracking control under unknown bounded disturbances. 

In this case the external unknown bounded disturbance is  

 ( ) 2.5sin(0.05 ) 1 1 1 0.02 0.02 0.01
T

t t= D . 

 (unit: m/s2 for acceleration, rad/s2 for angular acceleration)                       (60) 

The trim inputs of forces and moments for the airship are Utrim =1.0e2 *[0.24431，  -0.00085，  -3.7237,   

0.00687,   1.5222,   0.00032]T, (unit: N for forces, Nm for moments) and the parameters of the DO-
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IBTSMC and IBTSMC controllers for scenario I are designed as follows, 

 ( )1 diag 0.025, 0.025, 0.025, 0.0005, 0.006, 0.03K = , ( )diag 3, 3, 3, 0.1, 2.5, 6 ,h =
 

( )diag 15, 15, 15, 50, 35, 10 , = =0.4s , p=5,q =3, ( )1| |
110 3 1 | |r = + −z z ,  

       β =diag(1, 1, 1, 0.5, 0.5, 0.3),         λ =1.8*diag(1,1,1,1,1,1), =1d .                 (61) 

The disturbance parameters of (7) are    

0 0.05
=

0.05 0
dW

 
 − 

 ,  = 2 0dV ,                           (62) 

The associated DO gains of (15) are designed as follows 

 ( , )= 2.5 0.17
T

l u u , ( , )= ( , )= ( , )l v v l w w l u u ,  ( , )= 0.4 0.03
T

l p p , ( , )= ( , )l q q l p p ,  ( , )= 2.5 0.17
T

l r r , 

(63) 

and because maximum thrust is 110N and the maximum vector deflection angle is 180deg, the weighted 

matrix for control allocation is selected as diag(1/110,1/110,1/110,1/110,u =W 1/ ,1/ ,1/ ,1/ )    .The reference 

trajectories and the desired attitude vector are a series of square wave signals along the x, y and z-axis. For 

an easier comparison, the averaged tracking error is defined as 

( )2

1

1
= ( )

N

k

E e k
N =
                                    

(64) 

where N is the number of simulation steps, and the elapsed time (ET) is the time that MATLAB has used to 

complete the 10-s simulation time. This may not reflect the true computational burden of the controllers, but 

it can be used to provide a general idea about the comparison in computational time among the controllers.  

The simulation results of trajectory and attitude tracking control are shown in Figs 6 and 7 and Table 2.  
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Fig. 6. Position tracking responses under unknown disturbances  

 

Fig. 7. Attitude angles tracking responses under unknown disturbances  

Table 2 Tracking errors and ET of the airship under the input of the controller  

Controller Error EE(m) EN(m) EH(m) Eφ(rad) Eθ(rad) Eψ(rad) ET(s) 

DO- IBTSMC 0.6402 1.9636 1.6545 0.0501 0.2571 0.0437 354.1460 
IBTSMC 1.8003 2.0729 6.2095 0.0637 0.9952 0.0463 204.8385 
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From Figs 6 and 7 and Table 2, it is clear that the reference trajectory and attitudes have been accurately 

tracked by using DO-IBTSMC. The DO-IBTSMC position responses have smaller overshoots and shorter 

transient times. Compared with the responses of IBTSMC without the nonlinear disturbance observer, there 

are smaller steady tracking errors of positions and attitudes for DO-IBTSMC. In Fig 7, the difference for roll 

angle performance is small, this reason is the trim input for roll moment is small (0. 687Nm) , while there 

are great differences in pitch motion, because of its large trim input (152.22Nm), which will affect the 

performances of the IBTSMC, whose averaged tracking error Eθ is more about four times than that of the 

DO-IBTSMC. Hence the DO-IBTSMC can reduce the unknown disturbances affected by disturbance-

observer compensation, but the elapsed time (ET) of the DO-IBTSMC is more than that of IBTSMC due to 

the DO, see Table 2.  

To further illustrate our method in trajectory tracking control, a DO-BTSMC and a backstepping sliding 

mode control (BSMC) design from [12] is used for comparison. The sliding mode surface of BSMC is 

designed as 

1 1 2= +s z z
                                 (65) 

and the BSMC controller is designed as follows 

( )( )1
2 1 1 1 2 2 1

ˆ( ) ( ) sgn( )BSMC dTg K Tf T T h −= − + − − + − − +U z x x d s s

               

(66)
 

The parameters of the DO-BSMC controller is designed as   

( )1 diag 7.5, 7.5, 7.5, 1.5, 1.5, 1.5K = , ( )diag 4, 4, 4, 5, 5, 5 ,h =
 

( )diag 15, 15, 15, 50, 40, 10 , = ( )1=0.5 diag 1, 1, 1, 1, 1, 1 .              (67) 

and the parameters of the DO-BTSMC controller is designed as 

( )1 diag 5, 5, 5, 0.05, 0.8, 2.5K = , ( )diag 3, 3, 3, 0.1, 2.5, 6 ,h =
 

( )diag 15, 15, 15, 50, 20, 8 , =  
                                   

(68) 

The other parameters are the same as the DO-IBTSMC. The reference trajectories and the desired attitude 

vector are the same as before. The simulation results of trajectory and attitude tracking control are shown in 
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Figs 8 and 9. 

 

Fig. 8. Position tracking responses under unknown disturbances  

 

Fig.9. Attitude angles tracking responses under unknown disturbances  

From Figs 8 and 9, it is clear that the reference trajectory and attitudes have been accurately tracked by 

using DO-IBTSMC and DO-BSMC. The DO-IBTSMC position and attitude responses have smaller 

overshoots and shorter transient times, the tracking errors converge rapidly and the steady state errors are 
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smaller than DO-BSMC. This demonstrates is better tracking performances for the proposed DO-IBTSMC. 

The unknown observable disturbances are estimated via the DO as shown in Fig.10. The results show that 

the time-varying disturbances of unknown forces and moments have been precisely estimated. 

 

 

Fig. 10 Observable disturbances estimation 

The unobservable disturbances have been estimated by the adaptive disturbance observer of (47). The 
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results are shown in Fig.11, from which it can be seen that the DO-BSMC disturbance estimation responses 

are larger than DO-IBTSMC; this shows that IBTSMC has more capability in rejecting unobservable 

disturbances. Furthermore the DO-IBTSMC steady state values are closer to their desired values of zero. 

 

 

Fig. 11 Unobservable disturbances estimation  

Scenario II: Trajectory tracking control under unknown disturbances with different learning rate. 
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To improve the tracking performances and restrain chattering, the variable coefficient   is designed as 

(36), and different learning rates are designed to compare the tracking performances. Case1. Select

0 {810100} = , , ， 3b = ，i.e., ( )1| |
0 13 1 | |r  = + −z z . By using the proposed DO-IBTSMC design and the 

same design parameters as Scenario I, the simulation results of trajectory and attitude tracking control are 

shown in Figs 12 and 13. 

 

Fig. 12. Position tracking responses under with different learning rates 
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Fig. 13. Attitude angles tracking responses with different learning rates 

 

Case2. Consider different learning rate, 1| |
1 1b = −z , whereb is selected as {0.3,3,30}b = ， 0 10 = ，i.e.,

( )1| |
110 1 | |r b = + −z z . By using the proposed DO-IBTSMC design, the simulation results of trajectory and 

attitude tracking control are shown in Figs 14 and 15.  
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Fig. 14. Position tracking responses with different learning rates 

 

Fig. 15. Attitude angles tracking responses with different learning rates 

The tracking errors are listed as Table 3. 

Table 3 Tracking errors and ET of the airship under the input of the controller  

Controller Error EE(m) EN(m) EH(m) Eφ(rad) Eθ(rad) Eψ(rad) ET(s) 
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αr0 = 8 2.2043 2.3620 2.0545 0.0766 0.2979 0.0473 239.7733 
 

αr0 = 10 2.0716 2.2359 1.9366 0.0762 0.2930 0.0466 188.3364 
 

αr0 = 100 1.0476 1.1655 1.0286 0.0749 0.2130 0.0458 240.0545 
 

b = 0.3 1.9123 2.0947 1.7463 0.0698 0.2443 0.0476 231.5199 
 

b = 3 1.9121 2.0945 1.7462 0.0696 0.2441 0.0475 151.0156 
 

b = 30 1.9120 2.0936 1.7460 0.0694 0.2440 0.0470 148.0612 
 

 

From Figs 12 and 13, it is clear that the tracking performance is the worst for 0 8 = . With an increase of 

0 the tracking speed is gradually faster and steady state errors are gradually smaller. From Figs 14 and 15, 

it is clear that with an increase of b the tracking speed is gradually faster and steady state errors are gradually 

smaller, and the tracking performances are approximate for 0.3b = , 3b = and 30b = , see Table 3. 

Scenario III: Trajectory tracking control under parameter uncertainty and unknown disturbances. 

This scenario considers model parameter uncertainty due to the aerodynamic derivatives varying with 

angle of attack (AOA). The aerodynamic coefficients are set as follows 

( )
( )
( )
( )
( )
( )

1.3 0.4

1.3 0.4

1.3 0.4

0.7 0.4

0.7 0.4

0.7 0.4

xt x

yt y

zt z

mxt mx

myt my

mzt mz

C C

C C

C C

C C

C C

C C








+  
   +  
   −

=    −  
   −
  

−      

,                           (69) 

where subscript of t denotes a perturbation value. In this scenario the parameter uncertainty and external wind 

disturbances are considered simultaneously. 

The parameters of the DO-IBTSMC controller for Scenario III are designed as follows   

( )1 diag 0.025, 0.025, 0.025, 0.0005, 0.006, 0.03K = , ( )diag 3 3 3 0.1 2.5 6 ,h = =0.4s , p=5, 

q =3, ( )1| |
110 3 1 | |r = + −z z , ( )diag 15,15,15,50,35,10 , = β=diag(1, 1, 1, 0.5, 0.5, 0.3), λ =1.8*diag(1, 1, 1, 

1, 1, 1), =1d .                                                                      (70) 

The reference trajectory is also the same as scenario I. By using the proposed algorithm, the simulation results 
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of trajectory and attitude tracking control are shown in Figs 16 and 17 and Table 4. 

 

Fig.16. Positions tracking responses for Scenario III with model uncertainty 

 

 

Fig.17. Euler angles tracking responses for Scenario III with model uncertainty  
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Table 4 Tracking errors and ET of the airship under the input of the controller  

Controller Error EE(m) EN(m) EH(m) Eφ(rad) Eθ(rad) Eψ(rad) ET(s) 

DO- IBTSMC 1.9013 2.2403 2.0314 0.0707 0.9516 0.0434 193.0207 
 

IBTSMC 1.9890 2.9766 6.7184 0.0759 1.7383 0.0702 105.0246 
 

DO-BSMC 6.5532 3.2536 9.3065 0.0762 0.9895 0.0905 117.2025 
 

 

The 3-D reference trajectory and its trajectory tracking responses are shown in Figs16 and 17 where it 

can be seen that desired positions are well tracked. Compared with the IBTSMC without the nonlinear 

disturbance observer, there are larger position and attitude tracking errors, especially for altitude and pitch 

responses, where the averaged tracking error EH is only 2.0314 m for DO- IBTSMC while EH =6.7184 m 

for IBTSMC, and EΘ is 0.9516 rad for DO- IBTSMC while EΘ= 1.7383rad for IBTSMC, that is, the 

averaged tracking error in altitude and pitch motion is reduced more than 30%, see Table 4. This is because 

the DO-IBTSMC can reduce the unknown disturbances and uncertainties affected by disturbance-

observer compensation.  

The transitional speed and angular rate responses are shown in Figs18, 19 and 20. Because there is no 

control surface for the MVP airship, and the AOA and side-slip angle are controlled by the thrusters and the 

vectored angles, so it’s easy to change the AOA and side-slip angle for the MVP airship. And it easily breaks 

up saturation limitation of AOA and side-slip when the thrusters and the vectored angles realize the flight 

task, so an envelope protect is embedded into the control loop to avoid saturation of the AOA and side-slip 

angle. It can be seen from Fig.18 that AOA and side-slip angle for IBTSMC with the maximum AOA 

α=30ºand β=30º is steady although it reaches their maximum or minimum values. Comparing with DO-

BSMC, the IBTSMC is easier to be saturation due to its trimming input Utrim. Figs 19 and 20 show the 

transitional speed and angular rate responses of the DO-IBTSMC, DO-BSMC and IBTSMC, which shows 

the smaller overshoots of the DO-IBTSMC than the other controllers. 
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Fig. 18. Responses of the transitional speed for Scenario III  

 

 

Fig. 19. Transitional speed responses for Scenario III 
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Fig. 20. Angular rate responses for Scenario III 

The associated control inputs are shown in Figs 21 and 22. 

 

Fig. 21. Vectored thrust inputs for Scenario III 
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Fig. 22. Deflection angles of the vectored thruster for Scenario III   

It can be seen that the thrust inputs and the deflection angles of the vectored thrusters of the DO-IBTSMC 

are close to those of the IBTSMC, but the inputs for the DO-BSMC are larger than those for the IBTSMC, 

this shows the robust performances of the IBTSMC. Again the control inputs have some oscillation after 60 

sec because the forces and moments are required for the desired altitude and yaw commands when the airship 

flight in low airspeed. The disturbances and aerodynamic coefficient uncertainties are estimated, the results 

are consistent with Figs 10 and 11, which this shows that the IBTSMC has more capability in rejecting 

unobservable disturbances.   

V. SUMMARY AND CONCLUSION  

 

In this paper we propose the DO-IBTSMC approach with learning rate for multi-vectored propeller airship 

control. Based on a full 6-DOF nonlinear model, the trajectory tracking controller is designed. The developed 

controller stabilizes the attitude and position of the airship within finite-time convergence via backstepping 

fast nonsingular terminal sliding mode method. Furthermore, an adaptive learning rate is designed to improve 

system tracking performances and restrain system chattering. Meanwhile, a weighted pseudo inversion 
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method is applied to find the optimal thruster and control surface inputs under saturation constraints. Stability 

analysis shows that the closed-loop trajectory tracking error dynamics are globally exponentially stable. 

Three scenarios of the variable bounded disturbances and aerodynamic coefficient uncertainties were 

simulated and showed the proposed robustness. Compared with conventional BSMC and BTSMC 

controllers, the DO-IBTSMC achieves better trajectory tracking performances even though the airship is 

affected by parametric uncertainties and external bounded disturbances. Therefore, the effectiveness and 

availability of the DO- IBTSMC design are demonstrated. Autonomous trajectory generation for the 

stratospheric airship is an interesting work [34, 35], which will be studied for future works. 
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