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ABSTRACT

This paper presents a method for optimizing the sliding mode control (SMC) parameter
for a robot manipulator applying a genetic algorithm (GA). The objective of the SMCis to
achieve precise and consistent tracking of the trajectory of the robot manipulator under
uncertain and disturbed conditions. However, the system effectiveness and robustness
depend on the choice of the SMC parameters, which is a difficult and crucial task. To solve
this problem, a genetic algorithm is used to locate the optimal values of these parameters
that gratify the capability criteria. The proposed method is efficient compared with the
conventional SMC and Fuzzy-SMC. The simulation results show that the genetic algorithm
with SMC can achieve better tracking capability and reduce the chattering effect.

Keywords: Genetic Algorithm (GA); SMC controller; robot manipulator; 3-DOF robot
manipulator.

TOM TAT

Bai bdo nay trinh bay mét phuang phap dé t6i uu héa tham s6 bo diéu khién trugt (SMC)
cho mét tay may robot bang cach st dung thuat toan di truyén (GA). Muc tiéu cia SMC I3
dat dugc su theo doi chinh xac va nhat quan clia quy dao cia tay may robot trong diéu kién
khong chdc chdn va c6 nhiéu loan. Tuy nhién, hiéu sudt va su 6n dinh cta hé thong phu
thudc vao suf lua chon clia cac tham s SMC, diéu nay la mot nhiém vu khd khan va quan
trong. Dé giai quyét van dé nay, mot thuat toan di truyén dugc st dung dé tim ra cac gid tri
t0i uu clia cdc tham s6 nay ma dap (ing cac tiéu chi hiéu sudt dap ting bam quy dao. Phuong
phap dugc dé xudt dugc so sanh hiéu véi SMC thong thudng va Fuzzy-SMC. Két qua mo
phéng cho thdy rang thudt toan di truyén két hop véi SMC c6 thé dat duoc hiéu sudt theo
doi tot hon va giam hién tuong rung ldc.

Tir khod: Thudt todn di truyén; bé diéu khién trugt; tay mdy robot; robot 3 béc tu do.
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1. INTRODUCTION

The control of robotic manipulators has
gained significant attention in various fields
such as industry, research, and education. The
ability to accurately control the motion of
these manipulators is crucial for achieving
desired tasks efficiently and reliably. This paper
focuses on the cylindrical manipulator, a type
of robot arm that has three degrees of freedom
(DOF) with the position of each joint computed
from a trajectory in the Cartesian space using
the inverse kinematic model that represents
the real manipulator [1]. The cylindrical
manipulator has many applications in industry,
research and education, such as assembly,
welding, painting, pick-and-place, testing,
teaching and learning. However, controlling
the cylindrical manipulator is a difficult task
because of its nonlinear and uncertain
dynamics, coupled with the presence of
external disturbances and measurement
noises. Robotic manipulators need to operate
stably and efficiently, which requires
understanding their trajectory and controlling
and monitoring them effectively. Many
nonlinear control and motion control
techniques have been developed to achieve
this, such as optimal, adaptive, and robust
control [2-6]. However, these methods have
some drawbacks, such as sensitivity to
parameter changes, chattering, tuning
difficulty, or lack of comparison or validation.
Adaptive fuzzy control and adaptive neural
network control are two nonlinear control
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techniques that can handle uncertainties and
disturbances by using fuzzy systems or neural networks
to approximate the optimal control function, and using
adaptive laws to estimate the unknown parameters [7-
16]. However, these techniques also face some
challenges, such as selecting and tuning the parameters
of fuzzy systems or neural networks. Therefore,
optimization methods are needed to enhance the
capability and robustness of the nonlinear control
techniques for robot manipulators. Optimization
methods are mathematical tools that can find the best
solution for a given problem with some constraints and
criteria. Many optimization methods have been
combined with nonlinear control techniques to search for
the optimal control functions for uncertain robots in an
automatic and efficient way [17-22]. These methods are
population-based algorithms that generate multiple
outcomes on every run. these algorithms are classified
into five types: swarm intelligence, physical, chemical,
human and evolutionary-based algorithms. These
algorithms are inspired by natural phenomena and have
two phases of search: exploitation and exploration.

This paper proposes a robust control method for the
3-DOF cylindrical manipulator using sliding mode control
(SMC) and genetic algorithm. SMC is a nonlinear control
algorithm that can handle nonlinear and uncertain
systems effectively by driving the system state to a
predefined surface in the state space and keeping it
there, regardless of the uncertainties and disturbances.
Genetic algorithm is applied to optimize the control
parameters of SMC to achieve superior capability and
reduce manual tuning. We compare our method with
human expertise [23] and fuzzy logic [24] for cylindrical
manipulators. We show simulation results to
demonstrate the effectiveness of our method in terms of
tracking accuracy, robustness and control effort. In [27],
various intelligent control methods for robot
manipulators are reviewed, such as neuro-fuzzy, fuzzy
logic, neural network, genetic algorithm, particle swarm
optimization, etc. Overall, we developed a robust sliding
mode controller that can effectively control and predict
the positions, velocities, and accelerations of the
Cylindrical Manipulator. Furthermore, we established
stability through Lyapunov analysis, which provides a
solid theoretical foundation for ensuring the reliability
and robustness of our control algorithm in real-world
applications. We also presented simulation results to
verify the capability and responsiveness of the controller
when the sliding mode controller parameters are
optimized using the genetic algorithm.
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This article is organized as follows. Section 2 shows the
dynamic model of the cylindrical manipulator. Section 3
presents the design of the sliding mode controller for the
cylindrical manipulator. Section 4 explains the genetic
algorithm to optimize the sliding mode controller
parameter and the stability analysis of the controller.
Section 5 shows the simulation results for the cylindrical
manipulator using the proposed method and compares
it with the SMC and Fuzzy-SMC. Section 6 concludes the
paper and discusses the future work.

2. DYNAMIC OF CYLINDRICAL MANIPULATOR

%,

9

S

Fig. 1. The cylindrical manipulator

We consider the dynamic control equations of the
Robot Manipulator. These equations capture the essence
of the interaction between position, velocity,
acceleration, and torque of the manipulator, enabling us
to analyze and efficiently control its motion [1].

The Lagrangian formulation based on the mechanical
system is defined as:

L(a,q)=K(a,4)—P(q) (1)

the dynamics of a cylindrical manipulator with
external disturbance can be expressed in the Lagrange as
follows:

M(a)d+C(a, @) +F(a)a+Gla) =T~ 2)
where: (g,9,q) eR™ are the vectors of link position,
velocity, and acceleration, respectively. M(q) eR™" is the
inertial matrix. C(q,g) eR™™ is the vector of Coriolis and
centripetal forces. G(q) eR™ expresses the gravity vector.
F(q) represents the vector of the frictions. ., eR™" is the

ext

unknown disturbances input vector. TeR™ is the link
torque input vector.

3. DESIGN SMC CONTROLLER FOR CYLINDRICAL
MANIPULATOR

Consider cylindrical manipulator dynamic system:

x™ =f(x)+b(x,u) 3)
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The SMC controller is designed by defining the sliding
mode surface and a switching function responsible for
minimizing chattering effect. Define the errors e, e; and
ez such that:

e, =0,-6,
€, =0y, — 9, (4)
€; =03 — s
The sliding mode surface is built such as:
s, ce +c,e
S=ls, |=| c,e, +C 8, (5)
S, C.e, +C.8,

and hurwitz polynomial:

A(S)=1+AS+AS+A,S (6)
we have:
lime,(t)=0—>S5(0)=0 (i=1+3) (7)

t—o

§,=cé,+C,8 =cB,-6)+c,0,, —(f(x)+gxu)

=—\,sign(s,)
$,=C,8, +C,8, =G, (0,4 —9,)+¢,q,4 —C, (F,(x)+9g,(x,u) 8)
=-\,sign(s,)
é3 = Csés + C6é3 = cs(q3d - q3 )+ c6q3d - C6(f3(X) +9g;(x,u))
=—A,sign(s,)
Uy (\;sign(s,)+é,+¢,0,,)/c,
Uy, |=| (A,sign(s,)+e, +¢,q,4)/¢,
Uys (A;sign(s;)+é; +¢,0,4)/ ¢4 )
c1 CZ e1 g1
+ G C Qz =19,

G Gl Qs 9;

Based on Lyapunov stability analysis, when the
Lyapunov function is positive definite and its derivative is
negative semidefinite, the control system achieves
stability. Hence, to ensure stability of the overall control
system, Lyapunov function is choosen:

V=%§ (10)

This function is a continuous and differentiable
function on the state space of the sliding controller.
Differentiating V along to time, we have:

V(t)=SS (11)
if V(t)<0 then V—0 therefore S—0 end e —0.

Sliding condition is SS<0. In that case, the sliding
condition ensures that the system maintains global
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stability, convergence, and adherence despite model
inaccuracies and disturbances.

s$<—a|s|<0;a>0;[s]=, /> s? (12)
i=1
In (9 and (12), we have: u(t) satisfy
s, =—Asign(s;) ;i=1to 3. We have:
V(t) =SS =-SAsign(S) =—\|S| (13)

for all s #0—|S>0->-A|S|<0;A=constant

=V({t)<0; VS#0 and S—>0=e—0

4. GENETIC ALGORITHMS WITH SLIDING MODE
CONTROLLER

The algorithm is applied to search for the best control
parameter sets for the sliding mode controller, which is
the genetic algorithm. Fig. 2 is the flowchart of the
genetic algorithm.

Create/Initialize
Population

Measure/ Evaluate
Fitness

-~

Select Fittest

Mutation

Crossover/
Production

Non Optimum
Solution

Optimum Solution

Fig. 2. The Genetic Algorithm process [28]

We developed a simulation model of a cylindrical
robot manipulator based on its dynamic equations (2).
The model has control signals as inputs and joint
trajectory signals as outputs. We used a mathematical
model derived from the dynamic properties of the
vertical arm manipulator to simulate the physical system.
We also applied the genetic algorithm to optimize the
sliding mode controller parameters. The genetic
algorithm encoded the parameters into genes and used
a sequence of real numbers to represent each individual
in the population.
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We used the normalized integral square error (ISE) to
measure the accuracy of each individual in the
population. The lower the ISE, the higher the adaptability.
We applied the genetic algorithm and the sliding mode
controller to find the optimal parameters that minimize
the ISE and the deviation from the target.

. 2 2 2
fltness=_|.(e1 (t)+e,’(t)+e, (t))dt (14)
0
Optimum Solution
A(];e:g:];] €1,€2,€3,C4,Cs5,Co.
fo i | Ak
014, 924, G3a Udk1 61, G2, qa
+ = Udk2

Ude
Udks.

SMC Controller

Robot Manipulator

Fig. 3. Structure Genetic Algorithms with Sliding Mode Controller
5. SIMULATION RESULTS

In [1], equations dynamics of a cylindrical manipulator
are written as the standard matrix form:

of the Cylindrical

chosen:

The position
Manipulator
[6, a, q3]OT:[O.O1 0.01 0.01]" and initial velocities

T

of joints are [61 a, q3]0 [o o o].

trajectories
are

The simulation genetic algorithm is performed with a
maximum number of generations of 1000. The number of
parents used in the population is 20. The coefficient of
hybridization in the population is 0.8. The coefficient of
mutation in the population is 0.2. The convergence
condition is fitness < 0.001. Range of values for initializing
the parameters of SMC controller is 0-100.

The algorithm has converged after 134 generations
and give the results in the following Table 2.

Table 2. SMC controller parameter by genetic algorithm

Parameter s, G=2.1815 ,=0.0008 A\ =152.0574
Parameters, G=2.2091 ¢=0.0012 \, =47.3860
Parameter s (s =1.6590 ¢=0.0002 A =49.9532
The desired position trajectory for the robot
manipulator is chosen as follows:
0,y =0yg =034 =siN2mt+1/2)
This  section  presents the

simulation results of the Cylindrical

1, | [(4m,sinB, —4m,cos6,)g, +l, 0 (m,+m,)(sinB,cosB,)q, ] | 6, | Manipulator with the sliding mode
T, |= 0 m, 0 x| &, conjcrgller with the par?meters
T, m, sin@, cose, 0 2(msinG, +m, cos6,) , optimized by genetic algorlthm“m
Table 2. We compare the capability
[ (m,sin®,—m,cosB,)q, 0 -m,cosB,+m,sin8] |62 and stability of the proposed sliding
+ 0 0 0 X qzz mode controller with two other
2q,(m, sin®, —m, cos6,) 0 0 a2 controllers:  the sliding mode
B . controller [23] and the fuzzy-SMC
[0 —(m,+m,)(sinB,cos6,)q, 0] |04, 0 controller [24]. The simulation results

+/0 0 0 |x| 8,g, |+| glm, +m,) for the following cases are shown.

|0 —(m;+m,)(sinB,cosO,) 0] |4g,q, 0

in which m; are the mass of joint of Cylindrical
Manipulator, respectively, Is; = Tkg/m? is the moment of
inertia of joint 3, respectively, and g = 9.8m/m? is
acceleration of gravity. The values of the parameters of
each joint of the manipulator are shown in Table 1.

Table 1. Values of masses (m) of each joint [1]

Joint m (kg)

1(8:) 36.367405
2(q) 12.632222
3(q3) 23.735183
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Time (s)

Fig. 4. Trajectory of three joint of the Cylindrical Manipulator
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Fig. 5. Error of three joint of the Cylindrical Manipulator

The Figs. 4 and 5 show that the GA-SMC, Fuzzy-SMC,
and SMC controllers all have the ability to track the
desired trajectory very well, with zero overshoot. This
indicates that GA-SMC has a higher capability than the
other two controllers. A high-magnitude disturbance
impacted to joint 3 of the Cylindrical Manipulator at 0.5s,
when the robot was operating stably. We observed and
compared the trajectory response results of the robot
before and after the disturbance.

Trajectory of joint 1
Irajectory of joint 2
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Fig. 6. Trajectory of three joint with the joint 3 disturbance
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Fig. 7. Error of three joint with the joint 3 disturbance
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The Figs. 6 and 7 show that the simulated controllers
still have the ability to track the trajectory and response
time well, as in case 1. When a large disturbance affects
joint 3, SMC and Fuzzy-SMC are affected by the
disturbance and lose their trajectory tracking capability.
Only GA-SMC adapts strongly to the disturbance and
maintains a high trajectory tracking capability.
Specifically, the SMC controller achieves a maximum
error (e_max) of 0.5303 units and the Fuzzy-SMC
controller has a maximum error (e_max) of 0.5585 units
under disturbance conditions. This demonstrates that
GA-SMC has superior stability and disturbance rejection
ability compared to the other two controllers.

6. CONCLUSION

In this work, a genetic algorithm was applyed to
optimize the sliding mode control parameter of a
cylindrical manipulator. The objective of the method was
to enhance the tracking capability and stability of the
system under uncertain and disturbed conditions. The
optimal values of the sliding mode control parameters
that satisfied the capability criteria were found by the
genetic algorithm. The proposed method was compared
with the conventional sliding mode control and fuzzy-
sliding mode control in terms of tracking accuracy and
chattering reduction. The results of the simulation
demonstrated that the proposed method achieved
better capability than the other methods. The proposed
method can be extended to other types of manipulators
and control systems.
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