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Abstract— First three degree of six degree of freedom
robotic manipulator is controlled by a new fuzzy sliding
feedback linearization controller. The robot arm has six
revolute joints allowing the corresponding links to
move horizontally. When developing a controller using
conventional control methodology (e.g., feedback
linearization methodology), a design scheme has to be
produced, usually based on a system’s dynamic model.
The work outline in this research utilizes soft
computing applied to new conventional controller to
address  these  methodology issues. Feedback
linearization controller (FLC) is influential nonlinear
controllers to certain systems which this method is
based on compute the required arm torque using
nonlinear feedback control law. When all dynamic and
physical parameters are known FLC works superbly;
practically a large amount of systems have uncertainties
and fuzzy feedback linearization controller (FFLC)
reduce this kind of limitation. Fuzzy logic provides
functional capability without the use of a system
dynamic model and has the characteristics suitable for
capturing the approximate, varying values found in a
MATLAB based area. To increase the stability and
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robustness new mathematical switching sliding mode
methodology is applied to FFLC. Based on this research
model free mathematical tunable gain new sliding
switching feedback linearization controller applied to
robot manipulator is presented to have a stable and
robust nonlinear controller and have a good result
compared with conventional and pure fuzzy logic
controllers.

Index Terms— Fuzzy Sliding Feedback Linearization
Controller, Feedback Linearization Controller, Fuzzy
Logic Methodology, Sliding Mode Method, Robot
Manipulator

. Introduction

Robot manipulator is collection of links that connect
by joints, these joints can be revolute and prismatic that
revolute joint has rotary motion around an axis and
prismatic joint has linear motion around an axis. Each
joint provides one or more degrees of freedom (DOF).
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One of the most important challenges in the field of
robot manipulator is control of it; because this systemis
multi input multi output (MIMO), nonlinear, time
variant parameter and some dynamic parameters are
uncertainty [1-2]. Presently, robot arms are used in
different (unknown and/or unstructured) situation
consequently caused to provide complicated systems, as
a result strong mathematical theory applied to new
control methodology to design nonlinear robust
methodology to guarantee the security in industrial
factory. Classical and non-classical methods are two
main categories of nonlinear plant control, where the
conventional (classical) control theory uses the classical
method and the non-classical control theory (e.g., fuzzy
logic, neural network, and neuro fuzzy) uses the
artificial intelligence methods. However both of
conventional and artificial intelligence theories have
applied effectively in many areas, but these methods
also have some limitations to have an acceptable secure
performance in unknown environment [1-10].

The main targets in designing control systems are
stability, good disturbance rejection to reach the best
performance (robustness), and small tracking error[11-
29]. Based on structure and unstructured uncertainties
strong mathematical tools used in new control
methodologies to design nonlinear robust controller
with an acceptable performance (e.g., minimum error,
good trajectory, disturbance rejection). Feedback
linearization controller (FLC) is one of the powerful
nonlinear methodology, is used in nonlinear certain
systems [30-53].This methodology is used in wide
range areas such as in control access process, in
aerospace applications, in robotic and in internal
combustion (IC) engines, to solve some main
challenging topics in control such as resistivity to the
external disturbance and stability. Even though, this
methodology is used in wide range areas but, pure FLC
has an important drawbacks beside uncertain system
and also in presence of external disturbance.

Artificial intelligence theory is used to solve this
problem. Neural network, fuzzy logic, and neuro-fuzzy
are synergically combined with nonlinear classical
controller and resolved the conventional controller
against to uncertainty [30-41]. Fuzzy logic theory (FLM)
can be used to resolve the model base challenge in
nonlinear, uncertain, and noisy systems. Conventional
controllers often have many problems for modelling
nonlinear dynamic system’s parameter. Conventional
controllers require accurate information of dynamic
model of robot arms. When the system model is
unknown or when it is known but complicated, it is
difficult or impossible to use conventional mathe matics
to process this model[32]. The main reasons to use
fuzzy logic technology are able to give approximate
recommended solution for unclear and complicated
systems to easy understanding and flexible. Fuzzy logic
provides a method which is able to model a controller
for nonlinear plant with a set of IF-THEN rules, or it
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can identify the control actions and describe them by
using fuzzy rules [32].

In various dynamic parameters systems to have
stability and robustness, training on-line control
methodology is used. Mathematical switching sliding
mode methodology (MSM) is a significant nonlinear
controller under condition of partly uncertain dynamic
parameters of system. This method is used to control of
highly nonlinear systems especially for robot
manipulators, because this theory is a robust and stable.
Switching sliding method is used to increase the
stability and robustness based on LYAPUNOV base
methodology. Conventional feedback linearization
controller, fuzzy feedback linearization controller and
switching sliding fuzzy feedback linearization controller
have difficulty in handling unstructured model
uncertainties. It is possible to solve this problem by
proposed methodology and adaption law which this
method can helps improve the system’s tracking
performance by online tuning method. Mathematical
error base methodology used to limitation tuning
controller’s coefficient.

This paper is organized as follows; second part
focuses on the modeling dynamic formulation based on
Lagrange methodology, introducing to feedback
linearization controller (computed torque controller),
fuzzy logic methodology and sliding mode controller to
have a robust control. Third part is focused on the
methodology which can be used to reduce the error,
increase the performance quality and increase the
robustness and stability. Simulation result and
discussion is illustrated in forth part which based on
trajectory following and disturbance rejection. The last
part focuses on the conclusion and compare between
this method and the other one’s.

Il. Theory
2.1 Robot Manipulator’s Dynamic:

The equation of an n-DOF robot manipulator
governed by the following equation [1, 4, 15-29, 41-53]:

M(@4g+N(g,q) =1 (1)

Where 7 is actuation torque, M (q) is a symmetric and
positive define inertia matrix, N(q, q) is the vector of
nonlinearity term. This robot manipulator dynamic
equation can also be written in a following form [1-29]:

=M@ g+ B(@lgql+cl@[g)*+ 6(g) )

Where B(q) is the matrix of coriolios torques, C(q) is
the matrix of centrifugal torques, and G(q) is the vector
of gravity force. The dynamic terms in equation (2) are
only manipulator position. This is a decoupled system
with simple second order linear differential dynamics.
In other words, the component § influences, with a
double integrator relationship, only the joint variable g;,
independently of the motion of the other joints.
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Therefore, the angular acceleration is found as to be [3,
41-53]:

=M .{r—N(q ¢)} (3)

This technique is very attractive froma control point
of view.

2.2 Feedback Linearization Method:

Feedback linearization method (FLC) is a powerful
nonlinear controller which it widely used in control of
robot manipulator. It is based on feedback linearization
and computes the required arm torques using the
nonlinear feedback control law. This controller works
very well when all dynamic and physical parameters are
known but when the robot manipulator has variation in
dynamic parameters, in this situation the controller has
no acceptable trajectory performance[14]. In practice,
most of physical systems (e.g., robot manipulators)
parameters are unknown or time variant, therefore,
feedback linearization like controller wused to
compensate dynamic equation of robot manipulator[1,
6]. Research on FLC is significantly growing on robot
manipulator application which has been reported in [1,
6, 15-16]. Vivas and Mosquera [8]have proposed a
predictive functional controller and compare to FLC for
tracking response in uncertain environment. However
both controllers have been used in feedback
linearization, but predictive strategy gives better result
as a performance. A FLC with non parametric
regression models have been presented for a robot
arm[9]. This controller also has been problem in
uncertain dynamic models. Based on [1, 6]and [8-9]
FLC is a significant nonlinear controller to certain
systems which it is based on feedback linearization and
computes the required arm torques using the nonlinear
feedback control law. When all dynamic and physical
parameters are known, FLC works fantastically;
practically a large amount of systems have uncertainties,
therefore feedback linearization like controller is the
best case to solve this challenge.

The central idea of FLC is feedback linearization so,
originally this algorithm is called feedback linearization
controller. It has assumed that the desired motion
trajectory for the manipulator q,(t), as determined, by
a path planner. Based on tracking error definition;

e®) =q,(®) —q,@® 4)

Where e(t) is error of the plant, q,(t) is desired input
variable, that in our system is desired displacement,
q,.(t) is actual displacement. If an alternative linear
state-space equation in the form x = Ax + BU can be
defined as

x:[g (I)]x+[(1)]U ©)
With U = —-M~1(q).N(q, ¢) + M~1(g). 7 and this is

known as the Brunousky canonical form. By equation
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(4) and (5) the Brunousky canonical form can be written
in terms of the state x = [eT eT]Tas [1]:

d
ailel =lo ol-LI+ [}l ©)

With
U=d¢+M_1(q).{N(q.Q)—'[} 7)

Then compute the required arm torques using inverse
of equation (7), is;

=M@ (g, —U) +N(g,q) (8)

This is a nonlinear feedback control law that
guarantees tracking of desired trajectory. Selecting
proportional-plus-derivative (PD) feedback for U(t)
results in the PD-FLC [6];

=M (G4 + K,é + Kye) + N(q, q) )
and the resulting linear error dynamics are
(G4 + Kyé + Kye) =0 (10)

According to the linear system theory, convergence
of the tracking error to zero is guaranteed [6]. Where
K, and K, are the controller gains.

2.3 Fuzzy Inference Engine:

The firs type of fuzzy systems is given by
M
fG = Y 6let () = 67w (11)
=1

Where
6 = (0% ..,0M7, elx) =
(E*X), .., EM (N7, and £'(x) =

At

T, —— 2 (T i () 0%,..,0M are
adjustable parameters in (11) . fg1 G, oo, pgm () are
given membership functions whose parameters will not
change over time.

The second type of fuzzy systems is given by

2
.6 [H?ﬂ exp (‘ (i%) )]
o\’
X, |:H?=1 €xp <_ <XI 6.lal> >]

Where 0! ,a} and &} are all adjustable parameters.
From the universal approximation theorem, we know
that we can find a fuzzy system to estimate any
continuous function. For the first type of fuzzy systems,
we can only adjust 8% in (12). We define f"(x|0) as
the approximator of the real function f(x).

flx) = (12)
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f (x18) = 6Te(x) (13)

We define 6* as the values for the minimum error:

6* = argmin |sup | f"(x]6) — g(x)l] (14)
f0en xX€EU

Where 2 is a constraint set for 6. For specific
x,sup,eylf (x18%) — )| is the minimum
approximation error we can get.

We used the first type of fuzzy systems (11) to
estimate the nonlinear system (9) the fuzzy formulation
can be write as below;

fx18) = 6Te(x)
_ HINCLE T E9) (15)
X gl

Where 6%, ...,0™ are adjusted by an adaptation law.

The adaptation law is designed to minimize the
parameter errors of 6 — 6.

2.4 Switching Linear Sliding Methodology:

Based on switching linear sliding method discussion,
the control law for a multi degrees of freedom robot
manipulator is written as [18-24, 63-74]:

U= UNonlinear + Udis (16)

Where, the model-based component Uyoniinear 1S
compensated the nominal dynamics of systems. A
simple solution to get the switching linear sliding
method condition when the dynamic parameters have
uncertainty is the switching control law:

Ugis = K&, t) - sgn(s) 17)

where the switching function sgn(S) is defined as

1 s>0
sgn(s) = -1 s<0 (18)
0 s=0

and the K(%, t) is the positive constant.

111. Methodol ogy
The general SISO if-then rules are given by
RY:if x;is A ,x,is AL, ..., x, is AL, then
y1is B, o, ym is B 19

Where [ =1,2,...,M are fuzzy if-then rules; x =
(x4, x,)" and vy = (v, ..., %,)T are the input and
output vectors of the fuzzy system. The SISO fuzzy
systemis define as

&) =67 e(x) (20)
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Where
o= (6,,..,0,)" = | 921,:922,...,9;4
Loz, 62 ..., 0]
£G) = (€100, MY, £1G) =TI, g/
2L (I g (x)), and gy (x;)is defined in (15). To

reduce the number of fuzzy rules, we divide the fuzzy
systemin to three parts:

Fi(q,9) =6 e(q,¢)

= 6" @), .. 01 e (g, ]T 22)

[61,62,..,6M 1|
| (1)

F2(q,4.) =02 ¢ (q,§,)

T
= [leTs (q,4,),..,02"¢(q,d,) ] (23)
F3(q,§) = 0% ¢ (q,§)

3T . 3T . T 24
= [91 e(q,q9),..,62 e(q,q)] (24)

The control security input is given by

=M ¢,+ B(@gq+C@q?+
9@ +Fq, P+ F2Qq,4.)+ F*(q,§) —  (25)

K,e — K,é

Where M" , B(g)qq,c(q)q?* g(q) are the

estimations of M(q).

Based on feedback linearization formulation (9) and
switching sliding methodology (17);

Svew =M@ (G4 + K, ¢ + K,e) (26)

And U, ., is obtained by

Ugwiten = K& 1) - sgn(Syey) = KE 0 -

sgn M(q) (g4 + K& + Kpe)) 27)

The Lyapunov function in this design is defined as

1

V=
2

M
1 1
STMS+§Z—¢T.¢j (28)
T ysj

where y; is a positive coefficient, ¢ = 6" — 0, 8" is
minimum error and 6 is adjustable parameter. Since
M — 2V is skew-symetric matrix;

.1 .
STMS + ESTMS =ST(MS +VS) (29)

If the dynamic formulation of robot manipulator
defined by
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=M@ +V(gqq+ clg

30)
the controller formulation is defined by
’L'ZM\Q'T-I-V\QT-FG\—AS—K (31)
According to (29) and (30)
M(@)g+V(g,¢)g+G(@ =Mg,.+Vq,+ (32)
G—AS—-K
Sinceq, =¢q—Sand g, =G-8
MS+ W +2)S=Af —K (33)
MS=Af—-K-VS—12S
The derivation of V is defined
V=5"MS+- STMS+Z . P, (34)
=1 Vs
. 1 .
=SsT(MS+VS) + Z —¢".9;
=1 Vsj
Based on (32) and (33)
V=ST(Af —K—VS —AS+VS) +
1 .
Li—¢". ¢ (35)
sj
where Af =[M(@4+V(g, g+ 6@l -
Zy:l 6" ¢(x)

M
1 .
K| -sTas + Z 7¢T. ®;
=175

M
V=) [5@f -
J=1

suppose K; is defined as follows

Z{VI 191 #A(S)

6= sy 7O @
Where
;(8;) = 184(5).¢2(5,), 3 (S)), ..., (S 1T
), LS
¢i(s;) = : (37)

IIAHE)
where ;) is membership function.

The fuzzy systemis defined as

FO) = 1455y = Zjd_leT () = yle,é) (38)

where 6 =(61,62,6%,.....,6M) is adjustable
parameter in (36)
according to 33, 34 and 36;
= XM [S;(Af, — 07¢(S)] —STAS +
39)

M 1 ;
:1_,¢T-¢j
Vsj
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Basedon¢p =0*"—-0-0=0"—¢
V=
L[S (A — 077(s) + ¢TE(s))] -STAs +
M L¢T ¢ (40)
1:1,,Sj - Pj

M
V= [s,@af, - ()74(s))] 572

=1
M
1 .
Zy_ [Vs)- "Zj(sj)+¢j])
where 8; = y,;5;¢;(S;)is adaption law, @, = -8, =

j
_YSij(i(Sj)

V is considered by

V= Z[SJA]? - (
=

The minimum error is defined by
eny = 85— (674(S)) @2)

Therefore V is computed as

©)75(s;))1 - ST as (41)

m
=1

<YM 1S llem;| —STAS
m
= D 15)llem 1 = 4,5
j=1
m
Z 51 (lews | = 4,5) (@)

For continuous function g(x), and suppose € > 0 it
is defined the fuzzy logic systemin form of

Supeylf) — gl < e (45)

the minimum approximation error (e,,;) is very small.

if 4=a that a|5j| > enj (Sj *

0) then V<O for (Sj #0) (46)

This method has two main controller’s coefficients,
K, and K;,. To tune and optimize these parameters
mathematical formulation is used

U= Ufuzzy + Uswitch (47)
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_ @ -éit-1)

, (52)
sgn (M@ (da + Ky_pewé + Kp_newe)) + v é(0)
sl
M, e H{Llexp(—(—l;l) )] (48)
N2 IV. Results and Discussion
I, [T, exp _<1_11) : F. ; ;
3 Trajectory following: Based on simulation results
the Steady State and RMS error in proposed method
Ky_pow = K, XK, 49) (Steady State error =1e-6 and RMS error=1.2e-6) are
P P fairly lower than FCTC’s (Steady State error =
—3e—5and RMS error=—1.34e — 5) and CTC’s
Ky_pow = K, X K, (50) (Steady State error = -0.001 and RMS
error=0.00652).
(71} -1 —min)5
K. = e? 1+ el + 7 min (51)
First link FIFST ink
e e CTTTTTTTYTTTTTT '
: : : eSS
dfp-fe---- R ARRRELEE ELERLERDE RRREELEEL ELERLEREY : :
' ' ' : gL ek, e
ol. Proposed Method Proposed Method
E | [EC FCTC 43 FCTC
:  [—— cTC cTe
0 i i 48
D 5 10 15 20 25 0 0 15 20 25 30

Time: sec

Time: sec

Fig. 1: Trajectory following (proposed method, FCTC, CTC)

Based on Figure 1, step trajectory performance is
used for comparisons of above controllers in certain
systems. In this state proposed method has better
trajectory performance but FCTC has oscillation.

Disturbance rejection: Figure 2 illustrates the CTC,
FCTC and proposed method. The disturbance rejection
is used to test the robustness comparisons of these three
controllers for step trajectory. A band limited white
noise with predefined of 40% the power of input signal

Copyright © 2013 MECS

is applied to the step trajectory. It found fairly
fluctuations in trajectory responses. Based on Figure 2;
by comparing step response trajectory with 40%
disturbance of relative to the input signal amplitude in
CTC, FCTC and proposed method, proposed method’s
overshoot about (1% ) is lower than FCTC’s (8% )and
CTC’s (9.1%). Besides the Steady State and RMS error
in proposed method (Steady State error =1.6e-6 and
RMS error=1.9e-6) are fairly lower than CTC’s

1.J. Intelligent Systems and Applications, 2013, 05, 1-10
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(Steady State error =0.003 and RMS
error=0.0048) and FCTC’s (Steady State error
= —0.1 and RMS error=0. 652). Based on Figure 2,

proposed method has fairly oscillation in trajectory
response with regard to 40% of the input signal
disturbance but this controller is more robust.

First fink First fink

6"'"""'i""""":"""'""""""""""""""""i 31 i :
at- | Z - T j -

N Proposed Method a5l g --------- Proposed Method
5. Desired Input “ = Desired Input

E E .......... EFCTC agt- 5 _______________ _E .............. FCTC
. i CcTC - e cTC

o 5 10 13 20 25 il 3 10 13 20 25 a0
Second link Second link

Tirne: Ser

Tirne S

Fig. 2: Disturbance rejection (proposed method, FCTC, CTC)

Disturbance rejection:  steady state error is an
important parameter to test the system’s performance.
In system with 40% disturbance the comparison
between steady state error is; (Steady State error
=1.6e-6 and RMS error=1.9e-6) are fairly lower than
CTC’s (Steady State error = 0.003 and RMS
error=0.0048) and FCTC’s (Steady State error
= —0.1 and RMS error=0. 652).

V. Conclusion

Refer to this research, a mathematical tuning fuzzy
switching sliding feedback linearization method with
application to robot manipulator has proposed. Stability
and robustness are two more important challenges to
design high performance nonlinear controller in the
presence of uncertainties and external disturbances.
Regarding to the positive points in feedback
linearization methodology, fuzzy inference system and
sliding switching methodology, stability and robustness
are resolve based on eliminate the nonlinear dynamic
equations and LYAPUNOV based stability formulation.
To have a wide band limitation robust against to
structure and unstructured uncertainty mathematical

Copyright © 2013 MECS

performance based tuning is applied to proposed
method. Regarding to this methodology the values of
error reduce to 1.6 micro which in industry this value is
equal to zero.
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