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Abstract: Hybridization of the Sliding Mode Control schemes and the Artificial Intelligence techniques
is relatively a new way in the control domain. This paper proposes a robust control scheme by the
adoption of Non-singular Terminal Sliding Mode Control (NTSMC), Higher Order Sliding Mode
(HOSM) and Neural Network (NN) structure for n-DOF robotic manipulator. The NTSMC is used with
time delay estimation method where the equivalent control term is synthesized without requirement of
the robot model. In order to overcome the chattering drawback of the NTSMC, the discontinuous term is
replaced by an adaptive HOSM controller. The adaptive HOSM controller consists of the Super Twisting
algorithm which is estimated adaptively using Radial Based Function Neural Network (RBFNN)
structure. The used RBFNN is learned online without requirement of a prior knowledge of training data.
The stability is proved using a candidate Lyapunov function and the controller parameters are adjusted
adaptively. The superiority and the effectiveness of the proposed approach are tested under 2-DOF robot
manipulator in trajectory tracking mode and compared with NTSMC.
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1. INTRODUCTION

During the last decades, robotic manipulators have been
widely investigated in both academy and industry domains
due to some superior advantages such as higher accuracy and
stiffness, speed trajectory tracking and so on (Van, et al
2013, Fenga, et al. 2002, Jin, et al. 2013 Jin, et al. 2009,
Kang, 2012, Jin, et al. 2011, Sadati, 2008, Rezoug, et al.
2012, Capisania, et al. 2009, Qi, et al. 2013, Lin, 2006, Cao,
et al. 2012). However, robotic manipulators are complex
systems with multiple nonlinearities like Friction, higher
coupled dynamic, etc. Furthermore, these systems have
always large structured and unstructured inherent
uncertainties in their models which even cause instability. For
controlling robotic manipulators, several PID schemes have
been proposed due to their simple structure and ease of
implement with low cost (Islam, ef al. 2014, Moldoveanu, et
al. 2005). Nevertheless, since the dynamic of the robotic
manipulators are highly nonlinear, the performance of the
linear controllers is very limited. To overcome the
shortcomings of the linear controllers, many nonlinear
controllers have been proposed for robotic manipulator such
as feedback linearization and neural networks (Moradi, et al.
2013), adaptive control (Rezoug, et al. 2012), computed
torque control (Lewis, et al. 2004) and sliding mode
control (Capisania, et al. 2009, Mondal, ef al. 2014, Kumar,
et al. 2014, Lei, et al. 2014, Lin, et al. 2003), and others.

Among all the nonlinear control methods, Sliding Mode
Control (SMC) (Fenga, et al. 2002 Jin, et al. 2013, Jin, et al.
2009) has found large acceptance and continues to attract a
particular attention from the research community because of
its simplicity. SMC is well-known as nonlinear and naturally
robust control method which is suitable for controlling
uncertain systems in presence of measurement errors and
external disturbances, etc. (Fenga, et al. 2002,Jin, et al. 2013,
Jin, et al. 2009 Perruquetti, 2002, Bandyopadhyay, et al.
2013, Shtessel, et al. 2014). SMC can be subdivided into two
main classes. The first class consists of the traditional SMC
called first order SMC. The principal drawback of this
method is the chattering phenomenon which generates
adverse effects for the controlled system (Perruquetti, 2002,
Bandyopadhyay, ef al. 2013, Shtessel, et al. 2014). In order
to overcome the conventional SMC drawback, the concept of
Higher Order Sliding Mode (HOSM) has been proposed as a
new generation of the SMC (Perruquetti, 2002,
Bandyopadhyay, et al. 2013, Shtessel, et al. 2014, Levant,
1993). The HOSM can be considered as the second class of
the SMC. Some HOSMs have been applied to robotic
manipulators such as: Twisting Algorithm and Super-
Twisting Algorithm in (Kumar, ez al. 2014, Lei, et al. 2014,
Lin, et al. 2003), Sub-Optimal Sliding Mode (Capisania, et
al. 2009). All HOSM controllers are very sensitive to the
noise effects.

Terminal Sliding Mode Control (TSMC) is a particular case
of the Higher Order Sliding Mode control (HOSM) which



has been used also as conventional SMC (Mondal, et al

2014, Rezoug, et al. 2011,Tang, et al. 2006). This technique
has been studied to further improve the control performance,
to achieve a best finite-time convergence with an asymptotic
stability. Several terminal sliding mode controls have been
applied to the robotic manipulators in (Mondal, et al. 2014)
the Second Order Terminal Sliding Mode is proposed
however this method is very sensitive to the noise effects.
The Non-singular Terminal Sliding Mode Control (NTSMC)
based on the robot model given in (Fenga, et al. 2002) this
approach takes into account the parametric uncertainties of
the robot manipulator model. Since the exact models of the
robotic systems and, the aforementioned bounds of the
controller parameters’ are not always obtainable in practice,
then this approach is complicated to implement.

Among the solution usually employed to overcome the robot
manipulator model unknown consists of the estimation of the
robot model and/or the controller by using artificial
intelligence techniques (Van, et al. 2013, 27. Manceur, Lin,
et al. 2003, et al. 2012). Neural Networks schemes are one
of the artificial intelligence approaches used in the control
domain for systems which have uncertain dynamics. Several
works have exploited neural networks for controlling robotic
systems (Tang, et al. 2006, Kumar, et al. 2014, Lei, et al.
2014, Lin, et al. 2003, T. Tai, et al. 2010, Fei, et al. 2012,
Lian, et al. 2011). Traditional back propagation neural
networks have the inconvenience of slow learning speed and
local minimal convergence. RBFNN is a particular type of
feed-forward artificial neural network, which contains only a
single hidden layer of neurons usually characterized by
Gaussian Activation Functions (GAF). Since RBFNN can be
used without requirement of a training data, we can consider
it as the best candidate to solve the classical neural network
problems.

To the best of authors’ knowledge, the hybridizations of the
conventional SMC, higher order sliding mode control and
artificial intelligences techniques are proposed only in (Van,
et al. 2013, Manceur, et al. 2012). In this paper, we propose
a new adaptive, stable, speed and robust control approach for
controlling n-DOF robotic manipulator. Called Adaptive
RBFNN-Super-Twisting Non Singular Terminal Sliding
Mode Control (RBFNTSMSTW), this control approach
particularly consists of the combination of NTSMC, STW
controller and RBFNNs. Compared with other control
approaches of the same category; Super-Twisting algorithm
requires only the information of the sliding set for controlling
in a finite time a studied system. The RBFNNs are used to
estimate the two terms of super twisting algorithm in order to
remove the chattering effect caused by the hitting control part
of the NTSMC. Stability of the robot in close loop is
guaranteed using Lyapunov theorem. The proposed control
scheme allows us (1) To avoid the nonlinear modelling
problems, (2) To guarantee the stability and the robustness of
the robot and (3) To attenuate of the chattering effects (4) to
improve the speed convergence of the state space variables.
In order to prove the effectiveness of the proposed approach,
simulation experiments are realized under 2-DOF robot
manipulator.

This paper is organized as follow: In section 2, the robot
manipulator model and the non-singular terminal sliding
mode controller based on the time delay estimation method
are presented. In section 3, the proposed Adaptive RBFNN-
HOMS Non-singular Terminal Sliding Control for n- DOF
robot manipulator is designed. In order to show the proposed
control scheme superiority and effectiveness, the simulation
experiments in trajectory tracking are given in section 4.
Finally, in section 5, the paper is closed by a conclusion.

2. PRELIMINARY

The robot manipulator dynamic model and the non-singular
terminal sliding mode control based on the Time Delay
Estimation (TDE) method will be presented in this section.

2.1. n-DOF robot manipulator model

The standard form of the #n-DOF robotic manipulator
dynamic model is given as:

M(q)g +C(q.9)q+G(q)+F(q.q) +1, =1 (1)

Where:

® M(q)eR™is the Inertial matrix which is symmetric
positive bounded by

2 _ 2 n
x" <X Mx<m_ "x" VxeR", with m__ and

non-singular and

mmin
m_; are minimum and maximum Eigenvalues of M(q).

® (C(q,q)e R™is the matrix of Centrifugal and Coriolis

terms.
®  G(q) e R™is the vector of Gravitational force.

® F(q,q) e R™ is the vector of Friction.
° qERHXI,qER"X]

Velocity and the Acceleration vectors, respectively.
® te R"is the torque input vector.

and geR™' are the Position, the

e 1, R™is the vector of generalized input due to the

disturbances (such as an add payload, etc.) ,

with "’cd " <P, ,and B, is a positive real value.

2.2. Nonsingular Terminal Sliding Mode Control based on
the TDE

In order to achieve the convergence of the angular positions
of the robot to zero in finite time, the objective now consists
of the control law designing. As in conventional SMC, the
TSMC requires the choosing of the sliding variable.
Conventional terminal sliding variable is given as:

S(X) =x, + Ax,” .Where: X =[x,,x,]" =[q—q,,q—q,]" and
pP=9q/p,
with p > g . A =diag(X,) >0 is a diagonal matrix with real

with p and ¢ are positive odd integers

in real
variable

positive values obtained by "trial and error”
applications. The use of the sliding

S(X)=x,+A.x,will generate the so-called singularity
problem. This problem resides in the division by zero which
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appeared in the general form of the TSMC (Fenga, et al.
2002). In order to overcome this drawback, we have adopted
the Non Singular Terminal Sliding Mode Control (NTSMC)
initially proposed in (Fenga, et al. 2002). In NTSMC, it is
proposed the modification of the terminal sliding variable as
follows:

S=x,+A'x,"

2)

Where: 1<y=p'<2

Let us consider the diagonal matrix M = diag(m,) which has

positive real values with (i=1...n). SubstitutingMin (1), the
dynamic of the n-DOF robotic manipulator can be rewritten
as:

Mg +N(q,q.§) =1 3)

Where:
N(a,6,) =[M(@)-M J§+C(q,d +G(@)+Fa,d) +T,

Sliding variable is chosen as given in equation (2). Making
the time derivative of the sliding variable (equation (2)) equal

to zero ($S=0) and its substituting in equation (3) yields to
the following control law:

©=M[d, +7'Ae*" +K,,Sgn(S) |+ N(q. 4.9 4)

Where: e=x; and¢ =X, . I:I(q, g,q) is obtained using the
principle of the Time Delay Estimation method such as:

ﬁ(q’ qa CI) = N(q’ q’ i:i)t-L (5)

Where: I:I(q, g,q) is the estimation of N(q,q,q) at t-L. Then,

N(q,q,q), , is the value of N(q,q,q) att-L, and L is chosen

usually as the sampling time. This assumption is available
only if the sampling time is sufficiently fast. Using equations
(4) and (5), we can write N(q,q,q),, as:

N(q’ q’q.)l-L =T~ 1\_/Iq.t—L 6)

The combination of equations (4),(5) and (6) yield to the
NTSMC based on the TDE as:

T=1,, +M[d, —d,, +7 AT +K  Sign(9)] @)

3. PROPOSED CONTROLLER

This section is composed by two subsections. In the
subsection 3.1 Non-singular Terminal Super Twisting
Control terminal sliding mode controller for n-DOF robot
manipulator is proposed where the Super Twisting is used as
a solution to reduce the chattering drawback. In the

subsection 3.2 intituled “Adaptive = RBFNN-HOMS
Nonsingular Terminal Sliding Control” the estimation of the
super twisting controller parts using the radial based neural
networks is proposed. Stability analysis and the parameters
adjustment are also detailed in in this subsection.

3.1. Non-singular Terminal Super Twisting Control

In order to overcome NTSMC drawback (the chattering
caused by Sign(S) in equation 7), we have opted to use the
HOSM controller. Among the HOSM controller most used is
the STW. This last is developed and analysed for controlling
only systems having relative degree equal to one with respect
to the input. The STW is used to attenuate the chattering
effect. The STW law consists of the addition of two terms
(Shtessel, et al. 2014, Levant, 1993, Levant, 2003), which has
the nonlinear PI profile (equation 8). The advantage of the
STW consists of its dependence only of the sliding variable
compared with twisting and sub-optimal algorithms which
are depended on the derivative of the sliding variables. The
multivariable STW algorithm for n-DOF robotic manipulator
can be written as:

U =-B.[5]" sign(S) - j sign(S)dt (8)

Where: B =diag(B,;)e R™" and

positive diagonal matrices.

o =diag(o; )€ R™" are

At t=t. equation (8) is substituted by:
172 . .
U= —B"S" sign(S)—o-t, -sign(S) 9)
The optimal case of the control law (9) is given as:

N w2 . .
U =-B|9]" sign(S)—a -t -sign(S) (10)
Where: B =diag(B;)e R™"and o =diag(a;)e R™" are

positive diagonal matrices. The positive control of (10) can
be written as:

1/2

v

=B[IS||” +o - t,

1)

Where t. is the convergence time which lets the controlled
system to converge in the neighborhood of v, where v is
defined as (Manceur, et al. 2012):

Isf<v

12)

t if[s|>v

With: t, =
{tu if IS <v

t. is chosen to obtain the final time value corresponding to
IS|=v (Manceur, et al. 2012).




The general form of the control law based on SMC and STW
for any systems can be written as (Van, et al. 2013, Levant,
1993, Manceur, et al. 2012):

U = Ueq + UsTW.

Where:

Uq: Is the equivalent control term.
ugtw: Is the super twisting control term.

13)

Using equation (13) the control law (7) can be written as:

T=1_ + M[q'd S, 7 AT +B]S] sign(s)

{ (14)
+oL J’ sign(S(’c))d‘c}

The nonsingular terminal STW controller (equation 14)
contains an integral discontinuous function which gives only
chattering attenuation (Tang, et al. 2006). In addition, the
STW is very sensitive to noise measurement. In order to
improve the performance of the control and to eliminate the
chattering drawback, we will replace the two terms of the
STW controller by two Radial Based Functions Neural
Networks for each joint. This proposition will be detailed in
the section 3.2.

3.2. Adaptive RBFNN Nonsingular Terminal Sliding HOMS
Control

This section is composed of three subsections: First, the
estimation of the STW parts using RBFNNs is given in a
general form. Second, the used RBFNNs architectures are
detailed. Third, stability analysis with RBFNNs parametric
adjustment is designed.

A. Estimation of the STW Controller Using RBFNN

In this proposed approach two RBFNNs are used to estimate
the discontinuous and the integral term of the STW control
respectively, in this case, equation (8) is substituted by:

IS WiTh!(S)+ WTh(S)
U= :
[ W™, (8)+ W, (S) (15)
Where: W/ is the weight vector of the RBFNN used for the
estimation of the first part of the STW controller for joint i.
W?is the weight vector of the RBFNN used for the
estimation of the second part of the STW controller for joint
i. h/(S) is the Gaussian activation vector of the RBFNN used
for the estimation of the STW first part for joint i. h’(S) is

the Gaussian activation vector of the RBFNN
estimate the STW second part for joint i.

used to

Substituting equation (15) in the control law (14) we obtain:

T=1, +M[G, -G, +y AT+ T] (16)
The proposed control law (16) is called Radial Based
Function Neural Network Nonsingular Terminal Sliding
Super Twisting Controller (RBFNTSMSTW). In the next
section the architecture of the proposed RBFNNs will be
detailed.

B. The RBFNNs Architecture

The RBFNN can generate a map between the input and the
output with any desired accuracy, which is able to effectively
estimate any nonlinear dynamics (Lei, et al. 2014). The
RBFNN can give a best estimation only with enough
sampling data and time and the RBFNN parameters can be
adjusted well. The RBFNN is composed of three layers as
shown in the Figure 1. In order to take into account the
coupling, the input layer contains the sliding mode variable
of joint i and the sliding variable of joint i+1. The middle
layer is called hidden layer which is composed of m neurons
within each neuron is characterized by Gaussian activation
functions (GAF). The output layer gives the estimation of the
STW parts. We have adopted the decentralized RBFNN
architecture, where for each joint; we have two RBFNN for
estimating the two parts of the STW, respectively. It is very
interested to note that it is possible to use a Multi-Input
Multi-Output (MIMO) RBFNN for controlling a robot
manipulator as reported in (Kumar, et al. 2014, Lu, et al.
2010). However, the use of this structure has some
disadvantages.  First, the  complexity and  the
misunderstanding of the MIMO RBFNN dynamics increase
more and more with the increasing of the number of links to
be controlled (in (Lu, ez al. 2010), the authors have limited
their study on 2-DOF robot manipulator). Second, the
computing time will be very important with the increasing of
the joints number. Because it is required to find the best
combination for several joints at the same time, the
adjustment of the MIMO parameters is delicate, etc.

The inputs of the used RBFNN are the sliding variable of
joint i and the sliding variable of joint i+1. Each neuron of
the hidden layer is characterized by Gaussian Activation
Function (GAF) which is given by:

X..—C.. _
I (xye

ri H

20} 26
2

h?i =e and hy, =e (17)

Where: Cji and ¢, are the centers of the GAFs. j=1...J and

r=1..R, J and R are the RBFNNSs sizes. Gji and O . are
I1

the variances of the GAF, i is the number of joint.

The RBFNN output of joint i is computed by two terms as:



—

=Y wh xhl =Wh!
RBF1 = i i (18)
iwthZ—Wth
r=1

RBF1 i

Where: ul and u2  are the estimated parts of the two
RBFi RBFi

terms of the STW for joint i. Wﬁi and Wrzi are weights

associated with the output for joint i. hﬁi and hﬁ. are

Gaussian functions. W! and W2 are the weight vectors. The
i

i
output of the neuron for given data is a radial function of the
distance between the neuron center C;; and C,; and the sliding

variables S for joint i and i+1 (Rezoug, et al. 2012) while:

_ 2 2
Gyl =8P+, -10)

|s-C =P+, r(1+l)2) (19)

1
\\ Ui’

Input Layer Hidden Layer Output Layer
(@)
~ \
2
Ursr'i
Input Layer Hidden Layer Output Layer
(b)

Fig.1. Structure of the used RBFNNs (a) RBFNN for the
estimation of the first part of the STW and (b) RBFNN for
the estimation of the second part of the STW.

C. Stability Analysis and Parameters Adjustment of the
RBFNTSMSTW Controller

For the n-DOF robotic manipulator controlled by the control
law (16), we have chosen a candidate Lyapunov function as:

1 o]
=—S'S+) — W2T
S B VWS
' (20)

Where: Si‘ and 8? are positive real values for each joint i.
\7Vi1 = VVil —VVil* and \'7‘Vi2 = VVi2 —VViZ* .with VVil* and VVf* are

the optimal weight vectors for each joint i.
The time derivative of equation (20) yields:
T S 1Tyy71 2Tyx72
V=S s+z W, W+262W W,
=l 21)

The time derivative of the sliding variable is given by the
following equation

S =é+yA 'diag(e" ") (22)

Substituting equation (8) in the sliding variables time
derivative S and yields:

S={e+yA diag(e"™)
x|:_,YA—1é2Y (_B"s"”2 sign(S)— OLJ‘ sign(S(t))dt+ 8]1”

= yAer! (—[3||s||”2 sign(S) sign(S(’C))d’c+8J (23)

A

Where: €=M*(N-N_,) .

Replacing STW controller (equation 8) by the RBFNN given

in equation (15), S becomes:

S=yate (-U+
||s||”2 W, Th! (S)+W2Th (S) o4
=yA'e| - +e
IS wi"n! (S)+W2Th S)
ISI"* WIThl(S)+ W Th2(S)
Let us denote U = : as the

IS|"* W'Th! (S)+ W2 Th2(S)
optimal case of the equation (15), if we add and subtract

U from the equation (24), in this case, S becomes:



IS (Wi = W) Bl S)+(W2 =W2") 1) V< 72517‘1 e 1( ("u: ui2*||)+£i)
S=yA'er!| - : -U'+e (29)
IS (W2 = W) 1k )+ (W2 = W) B2(®) < yZS ATe 1( (odftd +B; ||Si||”2)+ei)
IS Wih! )+ W2Th2 (S)
~ 172
=yA'e| - -U +e Ly ?> g, , the derivative of Lyapunov
HSHM W!h! (S)+W:Thfl(S) function is negatlve, then, the stability of the controlled
25) system is confirmed.
Substituting equation (25) in (21) the time derivative of the ~ The control system structure is composed of nominal control
Lyapunov function becomes: term and two STW-RBFNNSs as shown in Figure 2.
IS Wi (8)+ Whi(s) M - e 7]
V=8"|yAe | - : -U" +e
V2~ . —5). “ers,[s] nis) [y
IS W."h! (S)+ W.Th2(S) é
4 + T 1
u 1 ~ . I 1 ~ . — 121y ‘
Y WITW S W2TW? A S=e+A'¢ > s
; 63 1 1 g 612 1 1 i —I-’ l :E
dt &
T —1ey-1 T
=S [yA e’ (—U +£)] W % FAIES )
Ly

IS Wi™h!(S)+ WTh2(S)

+YA'STe!

S| W ‘Th;(S)+\7vah§(S)
n ) Fig. 2. Control structure scheme of RBENTSMSTW.
+ z WlTwl + z - WZTWZ

p= S;
4. SIMULATION RESULTS

_s' [yA“éY“(—U ve)]
In order to make in evidence the proposed control approach,
I . - 2 simulation experiments have been realized using 2-degree of
+1ZI:W ( W —TETS, ”S" hi(s)) freedom robot manipulator depicted in figure 3. Trajectory
tracking modes was adopted. The 2-DOF robot model is
O \; 1 —Lay- i by the equations (30), (31) and (32). Simulation has
+ WZT _W2_ }\«-l ylSh2 S 26 given by q R .
Z ' ( 7 W YATETShS) (26) been coded using MATLAB environment under the ODE45
solver. Joint one and two are simulated for a time of 10
second with sampling time equal to 10ms.

We take:
. ” The robot parameters are given as my= 1 kg, m,=2 kg, 1,=1 m,
W =y3A, ¢S, ||S|| h!(S) L=2 m and g=9.8 m/sec*. The control parameters are:
v'viZ =y§?xi-1éi1-YSih?(s) Kw=(10.5,21.5), M =diag(6.7,0.2), ¢g=9 and p=11 for all

(27) Joints, A=diag(1.1,2) 8=40,8, =04 and & =15,8 =2. The

used RBFNNSs sizes are: RBFNN1 for joint 1 has 18 nodes,

Using equation (27) the time derivative of the Lyapunov ~RBFNN 2 for joint 1 has 25 nodes, RBFNN 1 for joint 2 has
candidate function becomes: 15 nodes and RBFNN 2 for joint 2 has 25 nodes. The central
positions of the Gaussian functions ¢; are selected from [-1,1]
for all RBFNNs, and the spread factors are taken to be

V=S"|yA'e " (-U" +e
[Y N ( ):I 6, =0.2 6 =0.2 with i is the number of joints.

_stlxl' 7’( (ui'*+uiz*)+£i)

(28) M(q) = (m, +m,)} +m,I} +2m,1, Lcos(q,) m,L; +m,],1,cos(q,)
mzli +m,l,1,cos(q,) mzlg

We can write equation (28) as:

(30)



C(q,('q) _ -m,l 1,sing, (29,9, +q§)
-m,l1,sinq,q,q,

(31
—(m, +m,)gl;sinq, —m,gl,sin(q, +q,)
G(q)=

—m,gl,sin(q, +q,) 32)

In order to avoid the zero division if & (t)=0 the

RBFNTSMSTW controller is replaced by the super-twisting
terminal sliding mode given by equation (14). The stability
analysis and the RBFNNs parameters adjustment are detailed
in the APPENDIX. A.

For all simulation, we have chosen to present the angular
position, the errors in angular position and the control
signals. The RBFENTSMSTW is presented by red lines and at
the same time NTSMC is presented by the blue lines. The
joint one and two move according to the references (equation
33).

m; [ i

SO

Fig. 3. 2-DOF robotic manipulator.

T 5 T , T
Q= ——t  q,0=0  g,10)=-
42000 400 « « 4
T 5 n o, I
Qp =7t ———t 4,0 =0 qp(10)=— (33)
2000 400 @ @ 4
Joint 1
08 T T . T T T T T
| | | | | | | |
| — | | | | |
A i R
| | | | | | |
Y MY L1511 N A N -GS D P
o | | | | | | | | |
g | | | | | | | |
:0'5777\777\777\777\777\77 R e B
2 | | | | | | | | |
Y ] = SR F /A /R |
a | | | | | | | |
= | | | | | | | | |
=K el el N ittt R Rt Bl Bt
g’ | | | | | | | |
<(D_2,,,L,,L,,\ N | |
| | | | | | | |
| | | | | | | | |
()] e B e e
| | | | | | | | |
L | | | L L | |
0 1 2 3 4 5 6 7 8 9 10
e

Joint 1
0.04 T T
| | —NTSMC
I I —RBENTSMSTW,

T T T
| | |
| | |
T e T R
| | |
| | |
| [

| | |

| | | | | | |

o ! | ! 1 ! ! !
0 1 2 3 4 5 6 7 8

T
Joint 1
Joint2
08 T T T T T T T T T
| | | | | | | |
I ) [
07 | | | | | |
| [—REFERENCE | | | | | |
S — = | —NTSMC e e i i e e
= [ =ReasusTH| | ! ‘ ! ! !
_;0‘5”’\’”7”7”7”7’ I A I
= I I I | | | | | I
M ——F— - - - -
=4 | | | | | | | |
— | | | | | | | | |
B e e e R I A N I
= | | | | | | | |
iy Ty
2 | | | | | | | |
| | | | | | | | |
M ==r - - I e e el e e e
| I | | | | | | |
0! 1 1 1 1 1 1 1 1
0 1 2 3 4 5 6 7 8 9 10
Time (S)
Joint 2

L

—NTSMC
— RBFNTSMSTW

I

1 T o
[ |

T
|
|
|
|

‘”[ ‘{ ! _

—2

I

(N.m




Joint 2

—NTSMC
—RBFNTSMSTW

T
|
|
005 — - e e
|

Joint 2

Fig4. Simulation results for the application of
RBENTSMSTW and NTSMC to all joints in trajectory
tracking mode.

For all results (joint 1 and 2) RBFNTSMSTW presents better
results compared with NTSMC. This is shown in the position
responses, where we obtain a good amelioration of static
errors (stabilization). In addition, the control signal is
important in the case of NTSMC and presents higher
chattering compared with RBENTSMSTW. In the case of
RBENTSMSTW, we have relative smooth control signals
which are explained by the effect of the RBFNN. The
chattering is moved in all trajectory tracking. We can
consider that this time delay is acceptable in the proposed
case. Because the robot is placed against the gravitational
effect, the control of the joint 1 is delicate compared with the
joint 2.

A quantitative comparison is effectuated her in order to
analyze which is the better controller. In this case we will
calculate the following criterions:

t=t;
IAE = [ |eldt
o (34)

t=t;
IATorque = J. |‘c|dt
=0 (35)

Figure 5 presents the results using the criterions (34) and
(35).
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Fig.5. Quantitative comparisons between NTSMC and

RBFNTSMSTW (a) sum of absolute errors (b) sum of
control torques.

All errors and consummated energy are reduced in the case
RBFNTSMSTW compare with NTSMC. We can illustrate
from the results shown in the figure 5 that the
RBFNTSMSTW is given better results compared with the
NTSMC.

5. CONCLUSION

In this work, a new adaptive robust approach called Radial
Based Function Neural Network Nonsingular Terminal
Sliding Super Twisting Controller (RBENTSMSTW) is
proposed for controlling n-DOF robot manipulator. The
NTSMC with time delay estimation method is used to design
the equivalent control without requirement of model
knowledge. RBFNNs based on STW is used to remove the
chattering phenomenon and to improve the control
performance. The feasibility and the effectiveness of the
proposed approach have been proven through simulation
experiments. The proposed RBENTSMSTW presents better
performance compared with the NTSMC. Then, the control
can be achieved without the robot model knowledge with
better performance and robustness.
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APPENDIX. A. +S, YA e (=T +T3) +e, )

=S YA e (— ((oc1 cl+[31

")sign(s)+e,)
In the case of 2-DOF robot manipulator, the control law is

eyl = " V2, .
given by equation (23) with i=1,2. In this case, we have four +5,7h; €7 (=0t +B, [, | )sign(S) +e,) (40)
(4) RBFNN:Ss, the general form of Lyapunov candidate in the
case of 2-DOF robot manipulator (i=1, 2) is: If we have:
1/2
AV =l STS ot + Bl
2 B vz
1 1 1 1 2 02 2 41
l WITWI l WITWI - WZTWZ > WZTWZ (36) ( )
28 26, 25, 26,

The time derivative of Lyapunov function is negative,
consequently the stability of the controlled system is

The time derivative of the Lyapunov function (36) is given confirmed, and the adaptive RBFNNs parameters are given

as: as:

Vst -
Sl S 1 1 1 W =y, s, s, hics)
81 WITVVII 81 WlTvvzl 82 WZTWZ 52 wzszzz 37 le = Yslzkl_lély_lslhlz(s)

2 172

W, =9804,7¢,'S, S, || hi(S)

Developing equation (37) as in equation (23), we have : )
W, =v83A,7'e,""'S,h3(S) (42)

V=g [é + A diag (¢! )e]

=S" {é +yAdiag (el’Y )

{ N v( BIS|"” sign($)—of sign(S(T))dt+8J]}

L 1
—WW +— W)W, +—
51 3

1 1
5 w”w +8 W”W2

2

(38)

The time derivative of the sliding variables is given as:

S=qAe* (—[_’)"S"U2 sign(S)— OLI sign(S(t))dt+ 8]
0
=& (T +e)

LTS W)+ WiThE(S)
=yAl& | -
IS|”* WiThl (S) + W22 (S)

| [ me e (we-w ) R |
[ (Wi -Wy) B+ (W2 - wF) hies)

=yA'e"| -

_HSHI/Z W]Th (S)+W2Th2(s)] .. ]
U +e

IS W)+ Whics) (39)
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