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Abstract

Within the study of robotics there are parallel robots, which are revolutionizing the world of
automation thanks to their advantages in precision, speed, safety and versatility. These robots
are used in the automotive, aeronautical, manufacturing, medicine, and research sectors,
among others. For this reason, a sliding mode control is designed and implemented for a
3SPS — 1 U parallel robot, starting with an investigation of information recorded in articles,
books, monographs and other material available in databases corresponding to the topic.
Subsequently, the mathematical models of the robot, the mobility analysis, the kinematics
and the dynamics of the system are analyzed, which allows finding a non-linear mathematical
expression on which the robust control strategy by sliding modes is designed, implementing
it in Matlab. Finally, the performance of the sliding mode control strategy is compared with
another robust strategy: computed torque control, the best performance is presented with
sliding modes control.
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Resumen

Dentro del estudio de la robética se encuentran los robots paralelos, que estan revolucionando
el mundo de la automatizacion gracias a sus ventajas en precision, velocidad, seguridad y
versatilidad. Estos robots se usan en el sector automotriz, aeronautico, manufacturero, en
medicina, en investigacion entre otros, por esa razén se disefia e implementa un control por
modos deslizantes para un robot paralelo 3SPS — 1 U, iniciando con una investigacion de
informacion registrada en articulos, libros, monografias y demas material disponible en bases
de datos correspondientes al tema. Posteriormente se analizan los modelos matematicos del
robot, el analisis de movilidad, la cinemética y la dindmica del sistema, lo que permite encontrar
una expresion matematica no lineal sobre la cual se disefia la estrategia de control robusto por
modos deslizantes, implementandola en Matlab. Finalmente se compara el desempefio de la
estrategia de control por modos deslizantes con otra estrategia robusta: el control por par
computado, siendo la de modos deslizantes la que mejor desempefio presenta.

Palabras clave: Cinemética, Control, Dinamica, modos deslizantes, robot paralelo.

1. Introduction

Robotics has increasingly entered the industry, and today it is very common to encounter
robotic manipulators of any kind in different industries. For this reason, research centers and
universities delve into topics related to this area, from its mathematical model, analysis of the
workspace, singularities, and especially the development and implementation of control laws
that fulfill a specific task [1].

The most studied robots are serial ones; however, in recent years, parallel robots are being
used in the industry due to their advantages over serial manipulators, such as greater rigidity
in their structure, higher precision, the ability to reach high speeds, and the capacity to support

large loads [2].



These robots are used in the automotive [3], aerospace [4], manufacturing [5], medicine [6],
and research sectors, among others [7], which has allowed the establishment of configurations,
classifications, mathematical models to analyze mobility, kinematics, and dynamics [8], and
various control actions have even been proposed for different types of robots [9].

In this document, the design and simulation of a robust sliding mode control are shown, initially
analyzing a classic system, mass-spring-damper, and subsequently implementing it in a 3SPS-
1U parallel robot, considering that its dynamics have already been previously analyzed [9].
Simulations are carried out in MATLAB with different trajectories and comparing the
performance with a robust strategy widely used in robotics, computed torque control, to
determine which one presents a better response.

2. Methodology

To achieve the proposed goal, the methodology shown in Figure 1 is established

Figure 1 Methodology
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In the first stage, information is gathered from articles, books, monographs, etc., related to the

topic to establish the various developments throughout history. The different control strategies



implemented in various types of robots are analyzed. Subsequently, a sliding mode controller
is designed for a mass-spring-damper system, verifying its performance to apply it to the
dynamic model of the parallel robot under study. Then, it is drawn in SolidWorks and later
exported to Simulink to preserve its physical and geometric properties, allowing the controller's
performance to be observed in a realistic manner. Once the controller is designed, simulations
are conducted, and the results are analyzed by comparing them with another control strategy.
Finally, conclusions are made based on the obtained results.
3. Previous research

Parallel robots represent a special class of robots that have sparked significant interest in the
scientific and engineering communities throughout history. These systems, characterized by
their configuration of multiple kinematic chains connected to a mobile platform, offer notable
advantages in terms of precision, speed, and load capacity. Over the years, various control
strategies have been developed to optimize their performance in a wide range of industrial,
medical, and space applications [10]. In various types of robots, control strategies such as
Computed Torque Control [11], Sliding Modes [12], Adaptative Control [13], Fuzzy Control [14]
and predictive Control [15], have been implemented, among others, showing good
performance. This is because these techniques work with the model, do not require
linearization, and respond well to uncertainties. However, the classical PID control technique
has not been neglected, particularly at the industrial level, providing an acceptable response
for specific requirements [16]. The research carried out has allowed us to establish that some
of the mentioned control strategies have been implemented for parallel robots, however, for the
configuration under study, there is no documentation that shows the application of strategies
such as sliding modes, adaptive or Fuzzy control.

For the model under study, 3SPS — 1U (three degrees of freedom, spherical joint, prismatic,

spherical, with central mast universal joint), mobility, kinematics [17], dynamics have been



analyzed and the strategy of computed torque control [9] so that the complete development of
the dynamic equations necessary to implement the sliding mode control strategy is already
documented.
Sliding Mode Control (SMC) is a robust control technique. In this strategy, a control law is
defined that switches at high frequency to bring the system's state to a hyperplane, known as
the sliding surface, with the objective of maintaining it there despite possible disturbances with
the objective of maintaining it there despite possible disturbances [18]. This type of control has
been used in serial robots and, in recent years, has been implemented in parallel robots. One
of the significant advantages of designing the controller in this manner is that the effect of the
nonlinear terms present in the plant's dynamics is considered as disturbances — uncertainties
and is completely rejected. Additionally, with this type of control, the system is forced to behave
like a first-order system, which ensures that no overshoot will occur when regulating the system
from an arbitrary initial displacement to the equilibrium point [19]. In the design of a Sliding
Mode Control, the dynamic of the sliding surface is established, subsequently, the stability and
the existence of the sliding mode are evaluated through a control law that ensures a sliding
regime [20]. One of the problems when working with this control strategy is the chattering
caused by the sgn function. However, the solution to this problem involves using the sat
function.

4. Controller Design
For this case, it is necessary for the mobile platform to be positioned in a specific manner, so
each actuator must adopt the ideal configuration. This ensures that the end-effector (mobile
platform) achieves the required position and additionally rejects disturbances.
Given the similarity between the dynamic equation of the robot and that of a classical mass-
spring-damper system, the development of the control law for this system is first presented,

and then extrapolated to the robot. The characteristic expression of a mass-spring-damper



system is given by equation (1), where m is the mass, b is the damping coefficient, and k is the
stiffness coefficient.

mi + bx + kx = f 1)
which for a coupled system of n degrees of freedom, can be represented through matrix as
shown in equation (2)

[M1[g] + [Bllq] + [K][q] = [F] 2

Now, considering that the sliding surface equation is defined as (3),

S = (% + A)n_l g 3)

where A is a positive constant that geometrically represents the slope of the sliding, n is the
order of the system and g corresponds to the tracking error, defined as G = q — g4, Since the

system under study is of second order, the sliding surface is given by (4),
S=G+Aq
(4)
S=4—qa+Aq
To ensure that the system state remains on the sliding surface, it is necessary to select a control
law such that S = 0, so differentiating the expression (4),
S=§—ig+2q (5)
Now, solving the highest order derivative from equation (2),
[4] = [M]7*[F] = [M]7*[B]lg] — [M]~*[K]lq] (6)
And expression (6) is replaced in (5),
$ = [M]7'[F] - [M]7*[B][4] — [M]~[K][q] — [d4] + A[] (7)
LikeS=0
0 = [M]7'[F] - [M]7*[B][4] - [M]~*[K][q] — [4a] + 2[q] (8)

In equation (8) la F represents the control signal, taking this into account, said variable is solved



[M]7*[F] = [M]7*[BI[4] + [M1"[K1lq] + [Ga] - 2[d]
[F] = [B1[4] + [K1[q] + [M][Ga] — [M1A[4] 9)
[0] = [B1[g] + [K][q] + [M][da] — [M]2[q]
With this, a control signal would have been found, however, considering that the system
analyzed is subject to disturbances, it is necessary to add a term to the control signal in a way
that compensates for this phenomenon.
u = [0 — kssgn(S)] (10)

Where sgn, represent the sign function which varies according to

sgn) ={, 27} (11)
In this case, the control signal would be given by,
[U] = [Bl[g] + [K1[q] + [M][Ga] — [M]A[G] — [ks]sgn(S) (12)

Now, to verify stability, a Lyapunov candidate function must be used, according to the following

general expression,

1
V=382 (13)

fulfilling that V must be defined negative, then,
V=55<0 (14)
So, in this case, the derivative of the candidate Lyapunov function is,
V = —[M]"'[ks]sgn(S)S (15)
If, sgn(S)S = |S|, and the matrix [k,] is composed, in addition to gains, by [M] so,
V= —[klIs]
, (16)
V = —[kslllq] — [4a] + Al4]I
This verifies the stability of the system. However, as mentioned above, the dynamic equation

of a typical system was considered. Now comparing it with the expression that generally



represents the dynamics of a parallel robot (see equation (17)), it is observed that these have
the same shape, also considering that the order of the system is the same, the sliding surface
and its derivative, are given by expressions (3) and (5) respectively. Solving the highest order
derivative of equation (17), expression (18) is obtained.
[H][F] = [M][g] + [C][4] + [G] + [Fc] (17)
[4] = [MI7*[H][F] — [M]7*[C]lq] — [M]7'[G] + [M]~*[Fc] (18)
It is important to note that in the equation (17), [M] is the inertia matrix, [C] represents the vector
of coriolis and centripetal forces, [G] is the vector of gravitational forces, [F.] corresponds to
external forces, [H] is a matrix of unit vectors and [F] are the internal forces exerted by the
actuator.
Replacing the equation (18) in (5), considering that S = 0, making [F] = [U] and solving it,
[0] = [H]*[C1[g] + [H]'[G] + [H] ' [Fc] + [H] 7 [M][Ga] — [H] " [M]A]g] (19)
Now, considering the equation (10), proposed for the compensation of uncertainty, the control
law for the robot would be given by,

[U] = [H]7*[C][g] + [H]7[G] + [H] ' [Fc] + [H] ' [M][G4] — [H] ' [M]A[G] — [ks]sgn(S) (20)
In terms of stability, as in the case of the Mass - Spring - Damper system, it is verified that it is
stable, since the same thing happens, that is, V is negative definite. However, when carrying
out the simulation with this control law (20), an undesirable phenomenon occurs, known as
chattering. Although it follows the trajectory, it is not recommended for the system to oscillate
in this way. Due to the dynamics of the system and the desired trajectory, chattering is not a
tolerable phenomenon, for this reason, it is necessary to reduce this effect, determining a
boundary layer around the selected sliding surface, in this way, the control signal would be

given by,



S
u=1-—kgsat(—) (21)
)
Where, @ represent the thickness of the plate and the term sat(%) implies that,

_{ lyl <1
sat(y) = {sgn(y) contrary} (22)

When carrying out the simulation with this new control signal, it is found that chattering is
decreased.

5. Simulations
For the controller simulations, three different types of trajectories are analyzed: step, sinusoidal
and polynomial. As a first measure, a test is carried out, using the sign function, observing the

behavior and the error, as shown in Figure 2.

Figure 1 Controller Performance - sgn Function — Test Trajectory

ror (m)

Seguimiento Trayectoria

15 H ;
0 05 1 15 2 25 3 35 4 45 &
Time (saconds)

a. Test trajectory tracking b. Error test trajectory

Source: Own.
Now, the performance of the controller with the proposed layer to reduce chattering for the
same test trajectory is shown in Figure 3.

Figure 2 Controller Performance - Function sat — Test Trajectory
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For the step input, the behavior of each of the robot's actuators is analyzed, within the robot's

workspace, obtaining the results of Figure 4.

Figura 3 Controller Performance — First Trajectory
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For a sinusoidal input, the performance shown in Figure 5 is obtained.
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Finally, the performance of the controller for a polynomial desired trajectory with the same
perturbation used in calculated torque control [9],

Figure 5 Controller Performance — Third Trajectory
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Once the simulations have been carried out and the error calculated, the results are analyzed
and compared with the computed torque control strategy.
6. Analysis of Results
To establish the comparison, the errors obtained in each trajectory for each of the robot's legs
are analyzed.
Starting with the first trajectory, the errors are shown in Figure 7, in which it is observed that the

performance of the controllers is very similar, the only notable difference is the response time



of the first actuator, since with control by modes sliding reaches the desired value in a shorter

time.
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As for the second trajectory, the results are shown in Figure 8, which shows that the control by
sliding modes presents better performance for all actuators because it has a smaller error.

Figure 7 Comparison of errors — First trajectory
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Finally, the errors for the polynomial trajectory are compared as seen in Figure 9, where is
evident that the control by sliding modes presents better performance, particularly for the first
two actuators due these presents a smaller error, compared to the torque control. computed.

Figure 8 Comparison of errors — Third trajectory
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7. Conclusions

Parallel robots have non-linear and complex dynamics, which implies that robust control

strategies are used to better leverage their advantages. In this article, a control law was



designed, considering the theory of sliding modes, analyzing its performance applied to a 3SPS
— 1U parallel robot through simulation carried out in Matlab with three different trajectories,
analyzing its error by comparing it with the obtained for a computed torque control obtained
from another publication.

The first trajectory was linear, corresponding to the step. However, the magnitude of the signal
was changed because if we worked with the unit step it was not possible to observe the
behavior of the controller in detail; It should be noted that for such a low value, the performance
of the controller is very good and due to the robustness of the platform and the application,
which is the simulation of movement, it was about observing what happened when the rod
protruded from the cylinder for a considerable length, in accordance with its maximum
displacement.

The same was done with the sinusoidal and polynomial input.

According to the results found, it was evident that, for linear input, computed torque control has
good performance in a parallel robot; however, for the other inputs considered, the control by
sliding modes was the one that presented the best performance showing a smaller error, even
in the presence of disturbances.

In this way, it is demonstrated that for a 3DOF parallel robot oriented to the simulation of
movement subject to disturbances, the control by sliding modes is the one that has the best
performance compared to a control by computed torque.
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