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Abstract 

In this paper, a global non-singular fast terminal sliding mode controller (FTSMC) is designed for an active gravity 
field simulator (AGFS). The stability of the control algorithm can be easily verified by using Lyapunov theory. It is 
shown that the proposed controller can eliminate the chattering effect without losing the robustness property. 
Simulation results show that faster and high-precision tracking performance can be obtained compared with the 
conventional continuous sliding mode control method.  
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1. Introduction 

Gravity field simulators are necessary equipment for 
spacecraft ground verification such as space 
manipulators, solar array deployments, lunar rovers and 
so on. The control objectives are to keep these 
spacecraft vertically and the gravity of the objects are 
partly or completely compensated as demanded. And 
the dynamics of the simulators are nonlinear coupling 
system with interferences and uncertainties. It is now 
known that terminal sliding mode (TSM) control1-4 as 
an effective robust control method has been effectively 
applied to the control of nonlinear systems such as 
robotic manipulators, electrical motors and power 
systems. TSM is a finite time stability control strategy, 
which can stabilize system states to their equilibrium 
points or track the desired trajectory in finite time. Due 
to some superior properties, such as fast convergence, 
strong robustness, and high precision, TSM has 
attracted extensive attention in control theory studies 
and in practical applications. In this paper, a non-

singular fast terminal sliding mode controller is applied 
to an AGFS. 

The rest of this paper is organized as follows. The 
simulation mechanism of the platform is introduced in 
section 2. In section 3, a NFTSMC is developed and the 
stability is proved. Simulation examples are given to 
demonstrate the effectiveness of the proposed control 
algorithms in section 4. Finally, we end this paper with 
some conclusions. 

2. Simulation Mechanism 

The simulation platform5 is a servo system consisting of 
an x-axis direction mechanism driven by the x-axis 
direction motor, a y-axis direction mechanism driven by 
the y-axis direction motor, a z-axis direction mechanism 
driven by the z-axis direction motor, a universal joint, a 
spring buffer, a dual-axis tilt sensor, a tension sensor 
and an unconstrained suspension section (USS). As 
described in Fig. 1 the object is connected to the 
platform through the USS. The USS is linked to the 
spring buffer. The spring buffer is attached to the 
universal joint. The universal joint is connected to the z-
axis direction mechanism through a tension sensor to 
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detect the force between them. A dual-axis tilt sensor is 
mounted on the spring buffer to determine the angle of 
the spring buffer with respect to the vertical axis or z-
axis direction. 

 

Fig. 1.  The USS and coordinate system of the AGFS 

3. Continuous FTSMC 

The dynamics of the AGFS5 can be written as 

2 2 1 1 2 2
T

m
−+ + = − M q Cq G F M M F                 (1) 

Define 1 1 2 2( ) , , T
m d

−= = = −M q M F F F M M F , and 
we obtain 

( ) ( , ) ( ) d+ + = +  M q q C q q q G q F F                (2) 

where 3, , ∈ q q q R  are the vectors of position, velocity 
and acceleration, respectively , 0( ) ( )= +M q M q  

3 3( ) ×∈δM q R , 0( , ) ( , ) ( , ),= +C q q C q q δC q q    ( ) =G q  
3

0 ( ) ( ) ,+ ∈G q δG q R  3∈F R  is the vector of applied 
torque or equivalent force, 3

d ∈F R  is the vector of 

driving force operating on the object, d df≤F . Here 

0 0( ), ( , )M q C q q  and 0 ( )G q  are the nominal parts, 
whereas ( ), ( , )δM q δC q q  and ( )δG q represent the 
perturbations in the system matrices. Then, the 
dynamical model of the AGFS can be rewritten as 

0 0 0( ) ( , ) ( ) ( , , )d+ + = + +    M q q C q q q G q F F T q q q     (3) 

where 3( , , ) ( ) ( , ) ( )= − − − ∈    T q q q δM q q δC q q q δG q R is 
the lumped system uncertainty, which is bounded by the 
following function 

2
0 1 2( , , ) b b b≤ + +  T q q q q q                 (4) 

Let 3
d ∈q R  be a twice differentiable desired 

trajectory, and define the tracking error as d= −e q q . 
The control objective is to design a feedback control F  
such that the AGFS output q  tracks the desired 
trajectory dq  in finite time.  

Before giving the main results, the following 
vectors are defined as 
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where [ ]1,..., T n
nx x= ∈x R , and )(⋅sgn is the sign 

function. 
Hence, the TSM can be defined as 

 ( ) 0sgn= + = γs αe β e                          (5) 

where [ ] 3
1 2 3, , Ts s s= ∈s R , 1 2 3( , , )diag a a a=α , =β

1 2 3( , , )diag β β β and 1 2 31 , , 2g g g< < . For simplicity, 
we choose 1 2 3g g g g= = =  . The reaching law is defined 
as 

1 2 ( )sgn= − − ρs k s k s                         (6) 
where 1 11 12 13( , , )diag k k k=k , 2 21 22 23( , , )diag k k k=k ,

1 2 30 1ρ ρ ρ ρ< = = = < . 
 
Theorem 1. For the AGFS (3), if the TSM manifold is 
defined as (5), the reaching law is chosen as (6) and the 
continuous FTSM control is designed as 

0 1

0 0 0 0
1 1 2

0

,
( , ) ( ) ( )

( ) ( )
d

sgn g− − −

= +
= + +

−

F F F
F C q q q G q M q q

αM q β γ e

  



 

1 0 1 2( )( ( ) )sgn= − + ρF M q k s k s          (7) 
where ( , , )diag g g g=γ . Then the system trajectory will 
converge to the neighborhood of 0=s  as 

{ }1 2

21
1 0 0 1 2 1

min , ,

( ) ( )db b b f k

∆ ∆ ∆

∆ −

≤ =

= + + +

s

M q q q
 

( )121
2 0 0 1 2 2( ) ( )db b b f k

ρ
∆ −= + + +M q q q  (8) 

in finite time, where { }1 1min 0i ik k= > ,and 2k =

{ }2min 0i ik > . Furthermore, the tracking errors e and
e  will converge to the regions 

2i e ie ∆ ∆ a≤ =  

 ( )1 i

i e ie g∆ ∆ β≤ =             (9) 
in finite time. 
 
Proof. Consider a Lyapunov candidate function as: 

1
2

TV = s s                                 (10) 

By differentiating V  with respect to time, 
substituting (6) and (7) into it, we have 
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1 1
1 2 0( )( ( ) ( )( )(11)T

dV diag sgn− −= − + − + 
γ ρs βγ e k s k s M q T F

which can be further changed into the following two 
forms: 

1 1
1 0( )(( ( ( )TV diag diag− −= − −γs βγ e k M q   

1
2( )) ( )) ( ) )d diag sgn−× + + ρT F s s k s           (12) 

1 1
1 2 0( )( ( ( ( )TV diag diag− −= − + −γs βγ e k s k M q   

1( )) ( ( ) )) ( ) )d diag sgn sgn−× + ρ ρT F s s         (13) 
For Eq. (11), if we can keep the matrix 

1 1
1 0( ( )( )) ( )ddiag diag− −− +k M q T F s  positive definite, 

the structure  
1 2 ( )T TV sig= − − ρs k s s k s                        (14) 

is kept and 1 1
1 1 0( )( ( ( )(diag diag− −= − +γk βγ e k M q T  

1)) ( ))d diag −F s , 1
2 2( )diag −= γk βγ e k . It can be proved 

that 
( 1) 2 ( 1) 2

1 22 2V k V k Vρ ρ+ +≤ − −                   (15)  
and the settling time is 

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

2

ln(( 2 ) 2
(1 )

k V k kT
k

ρ ρ ρ

ρ

− − −+
≤

−
       (16) 

therefore finite-time stability is guaranteed. Assume
1 3

0 1 2 3( )( ) [ , , ]T
d Q Q Q− + = = ∈M q T F Q R ; then if 1k −

0i iQ s > , the region  

1i is Q k≤  
21

0 0 1 2 1( ) ( )db b b f k−≤ + + +s M q q q       (17) 
can be reached infinite time. For Eq. (13), by similar 
analysis for (12), we can have that the region 

2i is Q kρ ≤  

( )121
0 0 1 2 2( ) ( )db b b f k

ρ
−≤ + + +s M q q q   (18) 

can be reached infinite time. 
Synthesizing inequalities (17) and (18), we have that 

the region (8) can be reached infinite time. We can 
explain 0i =e  does not hinder the finite-time 
reachability of the region (17) by substituting the 
control (7) into (3).                                                        □ 

4. Simulation 

The nominal values are 1 2 0ˆ ˆ ˆ0.5 , 4 , xm kg m kg m= =

16 ,kg= 0
ˆˆˆ 40 , 10 , 500 ,ym kg M kg k N m= = = 0̂ 1 ,l m=

2 ˆˆ 10 , 0.02g m s R m= = . The parameter values are

1 2 0 00.55 , 4.4 , 17.6 , 44 ,x ym kg m kg m kg m kg M= = = = =
2

011 , 550 , 1.1 , 9.8 , 0.022kg k N m l m g m s R m= = = = . 

The bound parameters of system uncertainties in (4) are 
assumed to be 0 1 20.8, 1, 8b b b= = = . 

The reference signals are given by [ ( ),0,0]T
d u t=q

according to the simulation mechanism of AGFS and 
(t)u  represent offload quantity of the object gravity. 

When (t) 0u =  the object’s gravity is compensated 
completely and when ( ) 0.2u t =  the object’s gravity is 
at normal situation. When the value of (t)u is between
(0,0.2) , the object’s gravity is partly compensated and 
when (t)u is negative, the object’s gravity is greater 
than earth's gravity. 

Firstly, define = Iα  corresponding to the controller 
designed in reference [2].  

The object driving input is shown in Fig.2 which is 
regarded as the system disturbance.  

Fig. 3 shows the system output, system output error, 
the sliding surface function and system control input 
when ( ) ( )u t tε= with TSM controller. 

0.2sin(20 ) 40
( )

0.2 40
t t

t
t

π
ε

π
≤

=  >
 

Fig. 4 shows the system output, system output error, 
the sliding surface function and system control input 
when ( ) ( )u t tε= with controller (7). 

Fig. 5 shows the system output with FTSMC when 
the object gravity varies according to the law role of the 
gravity effect. 

For the uncertain system with bounded disturbances 
and noises, the control parameters of the TSM 
controller are chosen according to (8) as 

1 2(2500,8000,8000), (2000,2000,2000),diag diag= =k k
  1.6, 1 3, (0.4,5,5)diagg ρ= = =β   

for ( ) )u t tε= ( . 
The boundary layer 32.2 10−≤ ×s is firstly reached 

in the finite time 0.2t s= and 32.3 10−≤ ×e  is reached 
in the finite time 0.5t s=  as shown in Fig. 3. 

The control parameters of the FTSMC are chosen 
according to (8) as 

1 2(2000,2000,2000), (2000,2000,2000),diag diag= =k k
  1.6, 1 3, (12,10,10), (0.4,5,5)diag diagg ρ= = = =α β   

for ( ) )u t tε= ( . 
The simulation results shown in Fig. 4 verify the 

robustness of the FSTM approach. The boundary layer 
31.5 10−≤ ×s is firstly reached in the finite time 

0.17t s= and 41.5 10−≤ ×e  is reached in the finite time
0.18t s= . 
 

Published by Atlantis Press
Copyright: the authors

255



Jiao Jia, Yingmin Jia, Shihao Sun 
 

 
Fig. 2.  The object driving input 

 

 
Fig. 3. TSM control of the AGFS when ( ) )u t tε= (  

 

 
Fig. 4. FTSMC control of the AGFS when ( ) )u t tε= (  

 
Fig. 5. FTSMC control of the AGFS 

With the same control parameters of the FTSMC, 
Fig. 5 shows the system can track time-varying 
trajectory with 42 10−≤ ×e  when 0.13t s≥  . 

Therefore much smaller output error and faster 
convergence speed are obtained with the FTSMC method. 

5. Conclusions 

In this paper, a new fast terminal sliding mode 
controller is developed for the AGFS with the finite-
time convergent property. The proposed control 
algorithms can guarantee the tracking errors converge to 
arbitrarily small value. And the developed control 
approach can be used to a more general Lagrange-like 
second-order nonlinear system. 
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