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Abstract:

In this article, the one DOF robot manipulator control is
assessed through second type robust fuzzy-adaptive con-
troller. The objective is to obtain a tracking path with ap-
propriate accuracy. The stability of the closed loop system
is verified through Lyapunov stability theory and the ef-
ficiency of tracking is analyzed subject to the constraints
and uncertainty. In order to design the fuzzy controller a
set of if-then fuzzy rules are considered which describe
the system input-output behavior. Simulation and the re-
sults of the experiments on the one DOF robots indicate
the effectiveness of the proposed methods.
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1. Introduction

The robot manipulator control system has made
advances in various areas like physical health, welding
services, soldering, packing and working in hard envi-
ronments. In order to apply the robots in an appropri-
ate manner, their respective equations must be obtai-
ned which may lead to more appropriate control. In
this control system, the effects due to uncertainty and
external disturbance must be considered in the con-
troller design. Most manipulator systems are fixed on
a platform. The most essential challenge in this con-
text is the estimation of the robot manipulator para-
meters. Due to the high volume of the computations
and their complexity, controlling robots is a difficult
task. Flexibility in joints is a factor leading to the com-
plexity of the robotic systems. Most of the robot cont-
rol methods are based on robot joints’ voltage control
strategy; hence, these control methods are complex. In
order to overcome this challenge, the robot motor tor-
que’ control strategy is applied.

Different structure of adaptive controller is utili-
zed to control of one DOF robot manipulator due to ex-
isting uncertainty parameters. In [5], an adaptive con-
trol of a mechanical manipulator with parametric un-
certainty and displacement constraints is suggested.
Here, control and acceleration constraints are combi-
ned and converted into common input constraints. In
[12], an adaptive-neural control is developed to obtain
tracking when the issue of displacement constraints
is addressed by considering the normal input satura-
tion effect. The bound in all closed loop signals is mo-
notone through Lyapunov stability analysis. In [13], a
combining adaptive-fuzzy output feedback control de-
sign approach is proposed for a specific class of non-

linear multi input-multi output systems with variable
delays and input saturation constraint. This proposed
control schematic does not need the extraction of dy-
namic equation in robot. In [8], the robust-adaptive
control rules are proposed in the intended schema-
tics to reduce the effect of error caused by approxima-
tion. Thus, the adaptive impedance control for n-link
robot manipulator with input saturation is developed
through neural networks. An adaptive fuzzy logic is
designed to estimate sliding mode control parameters
in order to prevent chattering effect [3]. Real-virtual
control inputs are inferred by solving a set of dynamic
equations.

In [2, 18], an adaptive backstepping control is ap-
plied to n-degree of freedom robotic manipulator.
This suggested controller promise the system stabi-
lity against nonlinearities and uncertainties. Thus, an
adaptive back stepping controller is suggested based
on support vector machine with the least square for
accurate positioning of robot manipulator which can
compensate for static effect and uncertainty available
in dynamism [9].

An essential capability is the universal approxima-
tion of the fuzzy system. In order to approximate the
uncertainty of the system, a radical based saturated in-
putis applied through designing and auxiliary system.
In [4], controlling the fuzzy logic as a design view point
is developed as a free control model. A new robust con-
trol is suggested for mechanical manipulator through
adaptive uncertainty estimator based on Taylor first
order series. In this state, the controller does not need
constraint function. One of the drawbacks of this met-
hod could be the inappropriate tracking in presence of
external disturbances.

Due to specific features like time-varying, cross-
coupling effect and being of high order of robot mo-
dels is a complex issue in the given systems. Intelli-
gent methods like combined fuzzy methods are appro-
priate choice for these systems. In [6], a fuzzy sliding
mode with nonlinear observer for the robot manipula-
tor is suggested, where it leads to an accurate tracking
path in presence of disturbances. It is obvious that,
all fuzzy systems are not applicable in fuzzy control-
lers and depend on the capability and efficiency of the
fuzzy system.

An appropriate observer is provided to estimate
the accurate disturbances through recursive algo-
rithm. Thus, a modified fuzzy algorithm with an ex-
tra integral agent is introduced to eliminate the sta-
tic error state in the manipulator [17]. Also, this ap-
proach using supervisory fuzzy control is utilized to
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control of 3-DOF planar robot manipulator. In [14],
a sliding mode controller is designed for robot sys-
tems through wavelet networks. Proposed training al-
gorithms can align online parameters based on their
weights, [7], where the manipulator tracking neural
network with dead constraint input and output are
suggested. In [11], a robust-adaptive power and repla-
cement control schematic is proposed for n-link robot
manipulator.

In [10], a fuzzy switching is applied through model
adaptive control (MRAC) in manipulator robot. In[15],
the sliding mode control with a robust control scheme
is implemented for the joint angular position control
of a 6-DOF PUMA robot. In [1], the fractional-order
controller with fuzzy type-2 compensator is utilized
for two-DOF robot manipulator. Moreover, an adap-
tive fractional-order sliding mode controller is applied
for two-DOF gimbal system [16]. An adaptive neural
network control is applied for robot manipulator with
nonlinear uncertainties and environment disturban-
ces [22]and [23]. In [20], a fuzzy neural network con-
trol through dynamical model-based method is em-
ployed for single-link flexible robot manipulator. In
[21], arobot control scheme is implemented to recog-
nize the unknown robot kinematic and dynamic robot
manipulator parameters with convergence rate.

The remainder of this paper is organized as fol-
lows. Section 2 describes the dynamic of one-DOF ro-
bot manipulator. The proposed robust second type
fuzzy-adaptive controller is presented in Section 3.
The performance of the proposed robust second type
fuzzy-adaptive controller is demonstrated by simula-
tion given in Section 4. Finally, Section 5 concludes the

paper.

2. One-DOF Robot Manipulator Dynamics

Robotic systems are highly nonlinear, uncertain,
coupling and multi-input multi-output dynamic sys-
tems, in nature. In order to control such system, the
isolation control method is adopted which converts
a multi input-multi output system to a single input-
single output one. This control method in many mo-
dern robots is used due to simplification of the com-
putations and reduction of software costs. In order to
control the robot, each joint must be controlled in a
separate manner. In this method, all the effects caused
by cross-couple are considered as uncertainty which is
compensated by the controllers. The simplified sche-
matic of one DOF robot manipulator is illustrated in
Figure 1.

Fig. 1. Schematic of one DOF robot manipulator

The state space representation of one DOF robot
manipulator together with actuator dynamics are pre-
sented as follows

T1 = T2
&y = X3
T3 = X4
Ty = —(&4-54-5)%34- @
I*cos(zy) I J
@(m% - ?) sin(z1) + %u

where z; , x5 and x5 are position, velocity and accele-
ration of robot manipulator, respectively. x, is the cur-
rent of motor and u is controlling voltage. M is body
mass, [ is the length of robot arm, g is the fixed gravity;
I and J are the inertial momentum.

Regarding these equations, this fourth-order state
space can be written in the form state vector and out-
put as following:

y@(t) = f(2) + bu
X = [x17m27x3,m4]T (2)
Y=o

where f(z) and b are unknown function and parame-
ter, respectively.

3. Second-Type Adaptive Fuzzy Controller De-
sign

Fuzzy logic systems are applied for the unknown
nonlinear approximation functions in the system.
Hence, a smooth function is applied for approxima-
tion of input saturation and an adaptive-fuzzy obser-
ver is designed to solve the problem of unmeasured
cases. By applying the adaptive fuzzy dynamic level
control technique and previous error between the ob-
server model and parallel series-estimation model, a
new fuzzy control with adaptive rules of combining
parameters is adopted based on Lyapunov rule. The
fuzzy controllers are nonlinear which are designed ac-
cording to fuzzy logic. The fuzzy control based on the
model guarantees the closed loop stability with the le-
ast computation and analyzes the robustness and effi-
ciency of the closed loop system.

The robot performance in a structured environ-
ment consists of constraints like acceleration and po-
sition ones. In order to reduce the fuzzy rules, dyna-
mic features of robots and uncertainty function ana-
lysis are taken into account. The membership functi-
ons of type one fuzzy system are selected according to
human knowledge. In the type two fuzzy systems, the
membership degree therein is a fuzzy digit with more
capability and flexibility compared to type one fuzzy
system. A type two fuzzy set, in general, is described

as follows.
i I (u)}
A= /;z:eX {/uer u [ ()

where A is a type-2 fuzzy system, U, is set degrees of
membership, x is primary variable, u is secondary va-
riable and f, (u) is secondary membership function. A
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fuzzy logic system consists of fuzzy rule base, fuzzy in-
ference engine and defuzzification mechanism. Type-
2 fuzzy rules can be written as follows which in this
regard, z is input vector, ,u;(j = 1,..,n) is type-2
fuzzy sets and 3 is the center of a type-2 membership
function.

%

n

if 2% is ff,...x

(4)
A type-2 fuzzy system structure is similar to a type-
1 fuzzy system, which has one extra order reduction
block. This block is a modified defuzzification of type-
1 fuzzy which converts the type-2 fuzzy set output of
inference engine into a type-1 fuzzy set.

M
v(@) =yl = U,y Tan (5)
fieFi(x) ;fi

where y, and y, are the output values for right and

left functions, respectively. f*(z) and 7' (x) are lower
and upper limitations of the output function as follows
[20]

T (@) = Tiag (1) % -+ X gy () Y]

where f(z)and f' () are upper and lower limitations
of the membership function, respectively. 3, and y; in
above equations are calculated through equations (8)
and (9).

=1 1=l+1
R (8)
I+ 2
i=1 i=l+1
r i M
Eli Y, + lE Iy
1= 1=l+1
Y= 9)
X[+ X f
=1 i=l+1

where y, and y; are obtained through Kernick-Mandel
approach [12].

R M
yr=_d'yi+ Y, @y =07¢  (10)
i=1"T i=R+1

R M

w=> qui+ > dyi=0¢ QA1
i=1 i=l+1 "1

The reduce order block is calculated through Defuzzi-

fierr block.

y(z) = 0.5(y +yr) = 0.5(07 & +0¢)  (12)

Fuzzy logic system can be utilized to approximate un-
certain nonlinear function. In adaptive-fuzzy control
system design, the object is to design a feedback con-
troller U = wu(x|0) based on fuzzy system and an
adaptation rule to adjust the parameter vector 6 so

is [Ai then y is v, (i=1,...,m)

that system output (y) tracks desired output (y.,) as
well as the time derivatives are bounded. The block
diagram of second-type fuzzy system is illustrated in
Figure 2. Accordingly, the following feedback control
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Fig. 2. The block diagram of second-type fuzzy system

law can be considered:
U=[-f(X)+ym+K"e] (13)

where y,, is the output of reference model, K is the
parameters vector and e is the signal error. To make
the system robust against external disturbances and
uncertainties, term u. can be added to the control law
(12) as follow which is the H, control term.

U=[-f(X)+ym+ K" e+u. (14)

where, robust term u,.. is calculated as follow [19]:
1
u, = ——BT Pe (15)
T

where e denotes the output error (e = y — y,,) . There
exists a positive definite matrix P for given positive
definite matrix () which is the solution of the following
matrix equation [24]

ATP 4+ PA=—-Q (16)

The error dynamics of the system can be obtained as
follow:

e™ k™Y 4 4 ke=0 (17)

The centers average is obtained using product infe-
rence engine, singular Fuzzifier and Defuzzifierr. Sup-

pose ylfl'“l” are free parameters which are collected
together in
ﬁ pi
0 € Ri=t

that can rewrite as following. System knowledge
(fuzzy if-then rules) has been involved in designing
process A

f(X16%)

through initial parameters 6 (0).
F(X10) = 0F€(X) (18)

where, parameters in §¢ change during online functi-
ons. These parameters are considered as primary. In
this case, the modification rule for § is designed in a
manner that the tracing error of e is reduced. By repla-
cing the control law (13) in system dynamics (1), the
closed loop fuzzy control system is obtained as follows

¢=—K"e+[f(X]0;) - F(X)NUr (19
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The block diagram of adaptive-fuzzy control is illus-
trated in Figure 3. In this block diagram, y,,,, usr , e,
0 and 6;(0) are reference input, control signal, error
signal, estimation parameters vector and initial con-
dition for state estimation, respectively. To guarantee

p Bvstem oo

Fuzzv

Controller

Adlaption
-

6,(0)

Law

Fig. 3. Adaptive fuzzy control block diagram

the system stability and derive adaptation laws, the
following Lyapunov function candidate is considered:

1 T 1 s\ T *
where 7 is a positive constant and P is the positive de-
finite matrices. The time derivative V will be as

V=2 pet Lo - 0770y e Prge] @)

In order to minimize the tracking error (e) and the
parameter error ¢y — 6%, the adaptation rule must

be selected in a manner which V is negative definite.
Since, —1e” Pe is negative, the fuzzy systems may be
selected in a manner that the approximation error is
minimized.

The closed loop system is obtained with applying
control law. Thus, error signal tends to zero (e(t) —
0) with selection of appropriate parameters for (¢t —
0). Hence, system output converges to actual output
asymptotically. In an appropriate strategy the adapta-
tion rule is provided as follows:

O = —ve” Pb¢(x) (22)
The convergence velocity of system () is determined
through fuzzy control rules. This purposed approach
can be utilized to linear or nonlinear model which is
robust to uncertainties and disturbances.

4. Simulation Results

After designing the controller, the control system
is implemented in Matlab-Simulink and the proposed
controller is simulated. The system parameters are
considered as follow:

I =0.01(kg/m?), J=0.05(kg/m?),

M=1(kg), g=98(n/kg) L=1(m)

racking

Second stale

Also designing parameters are considered as k; =
10, ko = 15 and desired input y,, = sin(t¢). In equa-
tion (16), the identity matrix is obtained as:

1.2 26 0.7 09
22 01 02 43
3.5 9.7 13 56
19 0 21 22

pP= (24)

To evaluation and comparison type-2 adaptive-fuzzy
and robust type-2 adaptive-fuzzy controller, the error
index performance is considered as follow:

2
IP:/edt

In the designed robot control system, the states re-
sponse to the input are shown in Figures 4-7.

(25)
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Fig. 4. Trajectory of z;
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Fig. 6. Trajectory of x5

Control signal which applied to the system is illus-
trated in Figure 8. Path tracking error for every state
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Fig. 7. Trajectory of x4
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Fig. 8. Applied control signal to the system
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Fig. 9. Error signals in proposed control system

is shown in Figure 9. The value of performance index
(25) for without (Test1) and with (Test2) robust con-
troller are listed in Table 1.

Tab. 1. The inertial momentum values for two-axis
gimbal system

Parameters [P, IP, IP;
Testl 0.64 1.53 4.32
Test2 0.23 0.95 2.12

Controlling the tracking of robots at high accele-
ration and accuracy is an essential issue in the realm
of control. The fuzzy-adaptive controller accomplishes
this issue by applying the features of the fuzzy systems
and adaptive controllers. The Lyapunov theory met-
hod is applied as an efficient method in fuzzy-adaptive
controller design.

5. Conclusion

In this paper, a type-2 fuzzy robust adaptive con-
troller for one DOF robot manipulator is proposed.
This proposed method is designed and simulated on
the robot manipulator, based on control study. In com-
parison with the previous methods based on control
study, this method is simpler, with less computation
and higher efficiency, guaranteeing stability and ro-
bust against changes and uncertainty.
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