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Abstract: In this study, the design stages of a parallel robot with 3-DOF and linear motion
are presented in detail. The position control of the linear robot, which was manufactured
after the design process, was achieved in real time by using the inverse kinematic equations
of the robot with the SMC method and the MSMC method. The highlights of the study are
that the linear robot designed for a specific purpose has a unique design and the control
of a 3-DOF linear robot with a MSMC method, which has not been found so far in the
literature. In order to realize real-time position control, real-time SMC is implemented in
the Matlab/Simulink R2017b environment. In addition, to increase the success of the SMC,
the position control of the robot was also realized by a different method of moving the
sliding surface. Humusoft MF634 card is compatible with Matlab and was used to transfer
data in real time. Considering the point where the robot will be fixed, control was provided
for the third region of the x-y cartesian coordinate system for position control. According
to the results, the robot reached the desired reference values faster in the MSMC, with a
difference of approximately 2 s. The robot reached the targeted values in 9.492 s with a
maximum error of 0.06%, showing the effectiveness of the control mechanism. Considering
the large size of the robot limbs, this result is satisfactory.

Keywords: real-time control; linear parallel robot; linear delta; position control; sliding
mode control; moving sliding mode control

1. Introduction

Despite being used for millennia, parallel architecture has just lately been applied to
robot manipulators. In this concept, several kinematic chains connect a stationary platform
and a moving platform. These kinematic chain extensions move simultaneously, enabling
the movable platform. Moreover, the load carried by the moving platform is maintained
by several kinematic chains. It is known as a parallel architecture because of this layout.
Unlike series manipulators, which have an open kinematic chain, parallel manipulators
have a closed one. There are several advantages and disadvantages to parallel manipulators.
Singularities, low skill capabilities, limited working volume, and difficult direct kinematic
solutions are some of the drawbacks. The exceptional stiffness, minimal moving component
inertia, lightweight construction, extraordinary precision, remarkable agility, and ease of
handling inverse kinematics are only a few of the many advantages of parallel robots.
The inverse kinematic solution simplifies robot control, making it easy to implement
and administer [1].

If constructed correctly, the relative workspace of parallel robots can offer a significant
safety benefit. Parallel robots demonstrate secure movement, and as the robots move
closer to preset places, the actuators’ forces increase. In contrast, the dangerous aspect is
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introduced by the singularities and extremely high joint speeds that serial robots are prone
to. Additionally, parallel robots provide the same sensitivity at a lower cost than serial
robots. Serial robots may be challenging to utilize in confined locations since they require a
greater area to move [2-5].

Usually, three-DOF manipulators are used, particularly in pick-and-place and machine
operations scenarios. One famous example of a three-DOF robot is the Delta robot, which
was developed by Clavel at the Ecole Polytechnique Lausanne [6]. Another member of
this family is the three-DOF Neumann'’s Tricept robot [6]. Another prominent member of
this group is the Orthoglide robot, which was created especially for applications involving
machine-vehicle use. One of the notable characteristics of the Orthoglide robot is its
consistent kinematic behavior within the relevant work area.

The Delta robot is one kind of parallel manipulator that has gained a lot of popularity
recently all around the world. The system can move a platform, known as the end effector,
to any desired location (x, y, and z) inside the working area thanks to three motors mounted
on a stationary base. Each motor’s matching arms are connected to the end effector and
powered by parallelogram mechanisms. The fixed and movable platforms will always be
parallel to one another thanks to this arrangement.

The Delta robot’s technology allows for rapid acceleration and precise placement
with minimal motor action. The overall rigidity of the system is determined by the joint
clearances and the stiffness of the selected limbs. However, it is crucial to keep in mind that
even minor differences in manufacturing quality could have an impact on the accuracy and
repeatability of the system. Therefore, lowering tolerances and upholding high production
standards are essential to achieving consistent and accurate performance.

The linear parallel robot is a scaled-down, three-DOF version of the Delta robot. The
linear parallel robot was designed by Herve [6], and during rotation, each arm restricts
one of the platform’s two DOF. The three limbs of the linear parallel robot are moved by
linear motors [6].

The synthesis of parallel manipulators, the robot’s forward and inverse dynamics, dy-
namic simulations, robot optimization, and the matrix link between the robot’s kinematics
and on-board dynamics have all been the subject of prior research in the literature. The
literature on parallel robots includes applications of model-free iterative learning control
with non-repetitive trajectories for second-order MIMO nonlinear systems to the Delta
robot, kinematic modeling and characterization of soft parallel robots, and studies on the
development and analysis of the working volume of planar parallel robotic motion-based
intelligent actuation. Intelligent controls have been developed for the Delta robot using
recurrent fuzzy neural network descriptors and single-neuron PID algorithms based on
fuzzy set-based methodology. These methods have been used to build robust control that is
most appropriate for the uncertainty of the Delta robot. Some studies are purely theoretical,
while others are simulation-based. There has not been much research conducted on linear
parallel robot real-time control. None of these studies employed real-time SMC [7-32].

Within the scope of this study, the design stages, manufacturing stages, and position
control of the 3-DOF linear parallel robot with a working volume of 20 x 20 x 20 cm
have been carried out in real time with the SMC method and MSMC method. The linear
parallel robot, which has been manufactured, does not have any previous analog and
has a completely unique design. The coordinates of the gripper end of the robot have
been controlled in real time with SMC and MSMC methods, which have not been seen
in the literature before. The SMC and MSMC methods are implemented by utilizing the
inverse and forward kinematic equations of the robot. This developed robot can be used
in applications requiring high accuracy, in certain applications by adding to the ends
of serial manipulators, in milling machines requiring high speed and high precision, in
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motion simulations, in pick-and-place operations, in precise positioning applications, and
in sorting, transport, and packaging processes in the food, pharmaceutical, electronics, and
chemical industries.

2. Design and Manufacturing of 3-DOF Linear Parallel Robot

A 3-DOF parallel robot with a working space of 20 x 20 x 20 cm was designed. The
front, top, and bottom views of the robot designed for this purpose are shown in Figure 1.

Figure 1. Front, top, and bottom views of the linear parallel robot design.

While designing the robot, the dimensions of elements 2, 8, 9, and 12 of the
three-dimensional design of the parallel robot shown in Figure 2 were decided, in or-
der to provide movement in the desired working space.

Figure 2. 3-DOF linear parallel robot solid model and its parts.

The names of the parts of the 3-DOF parallel robot seen in Figure 2 are detailed in
Table 1 according to numbering.
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Table 1. Part list.
Number Part Name Number Part Name
1 Part holding the fixed parts 10 Ball screw nut
2 Fixed part 11 Spherical joint
3 End effector 12 Joint connection rod
4 Lower joint connection element 13 Unifying part
5 Motor 14 Shaft bearing element
6 Motor stabilizer part 15 Upper joint connection element-1
7 Coupling 16 Upper joint connection element-2
8 Ball screw 17 Ball screw-bearing nut
9 Linear shaft 18 End bearing element

Part 9 is a linear shaft that is 12 mm in diameter and 550 mm in length. The ball screw,
part number 8, is 550 mm long, 16 mm in diameter, and 5 mm in pitch. Aluminum rods
that were 520 mm long and 10 mm in diameter were used for part 12s parallelogram arms.
The parts that would be employed were chosen based on their dimensions. The dimensions
of part number 1, the end effector of the robot, lower joint connection element, upper joint
connection element-1, and upper joint connection element-2 were determined through the
completion of three-dimensional part designs.

After the completion of the design process, the production of the 3-DOF parallel robot
was started. Firstly, the parts numbered 4, 5, 7, 10, 11, 14, and 17, whose dimensions were
determined, were supplied. Afterward, the parts numbered 3, 13, 15, and 16, which were
to be produced using plexiglass material in the three-dimensional CNC machine, were
saved and produced as the dxf file extension. Some parts needed were produced from PLA
material by a 3D printer. The parts of the ball screw, linear shaft, and parallelogram bars
were machined on the lathe and made ready for the desired suitable dimensions. Both
ends of the ball screws to be used were machined on the lathe to reduce the diameters
suitable for the end bearing and coupling. In order to ensure proper bolt connections,
both ends of the linear shafts were threaded with the help of a tap. Similarly, both ends
of the parallelogram rods were threaded to provide spherical joint connections. After
all the parts needed in the production phase were finalized, the assembly process was
started. In the first stage, three fixed aluminum profiles were mounted to the fixed part
holder, which forms the bottom base of the 3-DOF parallel robot, with appropriate bolt
connections. In the next stage, the ball screw and end-bearing connections of each arm
of the parallel robot were made. For a part designed to provide motor, coupling, and
ball screw connections, PLA material was produced on a three-dimensional printer. Sim-
ilarly, in order to ensure the bearing on the ball screws, a special part to fix the bearing
elements was designed and produced on a three-dimensional printer. In the last stage,
the connections between the joints of the gripper end of the parallel robot and the joints
of the sliding elements on the ball screw were terminated using parallelogram bars. In
order to prevent slipping, fiber nuts were used for better fixation in the connections. Thus,
the production process of the 3-DOF parallel robot was finalized. Figure 3 shows an im-
age of the fabrication of the linear parallel robot. The brands and models of the motors,
gearboxes, and encoders used in the linear parallel robot system shown in Figure 3 are
Maxon DCX22L, Maxon GPX22, and Maxon ENX16, respectively. The Maxon GPX22 is
added to the front of the DC motor (Maxon DCX22L) to increase the amount of torque.
Similarly, Maxon ENX16 is mounted on the back of the DC motor and selected to read the ro-
tation of the motor instantaneously and transfer it to the interface program with the encoder
blocks of the board in Matlab/Simulink R2017b via Humusoft MF634 data acquisition card
(Humusoft s.r.o. Company, Prague, Czech Repuclic). Figure 4 shows the experimen-
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tal setup of the robot, the hardware used, the hardware connection cables, and the
computer interface.

Figure 4. Experimental setup of the linear parallel robot.

3. Control of the 3-DOF Linear Parallel Robot with SMC and MSMC

SMC is a dependable nonlinear control method. It is not impacted by external dis-
turbances like other control systems are. The vibrations on the sliding surface allow it to
quickly and precisely approach the intended reference [33]. In scenarios when the system’s
parameters are dynamic or unpredictable, or when the system is impacted by external
disturbances, SMC provides long-term controllability when the boundary values of the
system are known.

Finding the sliding surface’s position and creating a control rule that guarantees
reaching it are essential steps before putting SMC into practice. The phase trajectory section
during this operation is called the reaching mode, and the reaching time indicates the
amount of time needed to reach the sliding surface. The plant is vulnerable to outside noise
and parameter uncertainties while in the reaching mode [34]. The system enters the sliding
mode after reaching the sliding surface. In this mode, unpredictable characteristics and
outside factors have no effect on the system’s course. When SMC is used, the system’s
high-frequency dynamics—which show up as chattering—become visible. The oscillations
close to the equilibrium point that the system is attempting to reach are the cause of
this phenomenon.



Machines 2025, 13, 190

6of 21

Use the sign function to control expression in sliding mode.
u = —Ksign(S) (1)

can be expressed as the slip surface function (S), which in this instance is given by Equation (1)
and depends on the error (e) and how it changes over time (de) in relation to the response

of the system.
S=Ce+de )

Stability theory has a very important role in control applications. There are many
methods for analyzing the control stability of dynamic systems. The Lyapunov stabil-
ity theorem, which is the most preferred method, is used to analyze the stability of the
control method.

The sliding surface given in Figure 5 is defined by Equation (2). It consists of er-
ror and derivative of error variables. During runtime, S is positive if the state is above
S = 0. Therefore, S must be negative so that the state variables are forced towards the sliding
surface S = 0. When the state is below S = 0, S is negative. Therefore, S must be positive so
that the state variables are forced towards the sliding surface (S = 0). For this reason, the

following inequality exists in both cases [35].

SS <0 )

Sliding Sugace 15=0)

S=0

/. (Atthetop of 5=0)

[
[ “\
e/ "

Velocity
|

(At the bottom of 5=0)

Position

Figure 5. The sliding surface in the phase plane.

A sufficient condition for the system to be at the equilibrium point is the existence of
a Lyapunov function V(x) satisfying the following properties. V(x) > 0 must be locally
positive definite, and V(x) < 0must be locally negative definite. In this study, the Lyapunov
function V(x) is chosen as follows.

1.2
V(x) = 55 )

The chosen Lyapunov function depends on the sliding surface (S) and will always
be positive whether S is negative or positive. Therefore, the condition V(x) > 0 is always
satisfied. Since S varies with time, it is a differentiable expression with respect to time. If
the derivative of V(x) is obtained, the following expression is derived.

V(x) =SS (5)

It was previously stated that SS < 0 due to the condition of forced orientation to the
sliding surface (S = 0) due to the structure of the sliding mode control. In this case, V(x) < 0
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is always satisfied. Since both sufficient conditions are fulfilled, it is concluded that the
control system is asymptotically stable [35].

Equation (2) is used to calculate the sliding surface in the SMC method. When the
SMC method is applied, K and C values are taken as —1 and —15, as can be seen in
Figure 4. In the MSMC method, the value of C, which is the slope of the sliding surface, is
preferred as a variable depending on the error and the derivative of the error as expressed
in Equation (6). In this way, the slope of the sliding surface of the MSMC is not a constant
value but constantly changing. The constant values K, Cy, and C; in the MSMC structure
are taken as —1, 10, and —12 respectively.

C=C; — Cy(de/e) 6)

A chattering control signal is produced by the sign function in the SMC expression.
Several functions are employed in place of the sign function to address this issue. In
this study, the popular saturation function is applied in place of the sign function in the
MSMC method. The control signal with saturation function utilized in the MSMC structure
is depicted in Equation (7).

u = —Ksat(S) ?)

To generate the control signal, it is necessary to generate the error and the derivative
of the error for each arm of the robot from the reference values and encoder data received
from the motors. For this purpose, depending on the limb dimensions of the designed
robot, it is necessary to know how the progress in each arm on the horizontal affects the
gripper end of the robot. For this reason, the kinematic equations of the linear robot have
been obtained in previous studies. The kinematic equations for the 3-DOF linear parallel
robot have been obtained in previous research [36]. If this reference is examined, it can be
seen in detail how the inverse and straight kinematic equations of the linear parallel robot
are calculated. The inverse kinematic equations of the robot, which are obtained depending
on the gripper tip and fixed limb values, giving the horizontal progress in each arm are
presented below. These horizontal displacements determine how long the motor in each

b= JE Bt Ls ®

arm will run.

3 \@xy 1 2L — x +\/§y
42_\/L%—Z%—4x%— 2’”’”—4y§+< z 4 9)
3 V3x,y 1 2L3 — x, + /3y
q3:\/L%—z%—4x%+ o ”—4y§,+< 5 £ (10)

The parameters in Equations (8)—(10) are shown on the robot in Figure 6.

Figure 6. Robot geometric parameters.
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The forward kinematic equations of the robot, which are obtained depending on the
fixed limbs of the robot, 41, 42, and g3, using the inverse kinematic equations of the robot,
are given below. These inverse and forward kinematic equations were used during the
control of the robot to convert the robot gripper tip reference values into horizontal motion
and to translate the realized horizontal motion into robot gripper tip coordinates. The
block diagrams of the SMC and MSMC implemented in Matlab /Simulink R2017b real-time
toolbox environment using these equations are given in Figures 7 and 8.

(92— 91) (92 + 91 — 2L3) + V/3yp(Ls — q2)

Xp = (11)
P (3Lz —2q1 — q2)
Yy = (3Ls — 241 — 42) (43 — 41) (43 + 91 — 2Ls) _ (8Ls —2q1 — q3) (92 — 41) (92 + 91 — 2L3) (12)
P VB(Ls —43)(3Ls — 291 — 2) — v/3(g2 — L3)(3Ls — 241 — q3)  v/3(Ls — q3)(3Ls — 21 — 42) — v/3(q2 — L3)(3L3 — 2q1 — q3)
_ (8L3—291 —42)(93—91) (93 +41 —2L3)
21312 2(Ly g2 20— 2la) V(a2 — La) ﬂ(Ls—qaxaLs—Zm—qz)—ﬁwz—Ls)(sLs—qu—q3>)
peme (3Ls —2q1 — 42) (3Ls — 241 — q2)
_ (3L3—291 —q3)(92—41) (92+41 —2L3)
n V3(42 — Ls) ( ﬁ(Lg—qu<3L3—2q1—qz)—ﬁ(qz—L3><3L3—241—q3>) J201Ls — 2 — ( (92 —71) (92 + 91 — 2L3)
(3Ls — 291 — q2) ! (3Ls — 291 — q2)
_ (8L3—2q1—42)(93—491) (93+91 —2L3) _ (8L3—291—43)(92—91) (92+41 —2L3)
_ V(2 — Ls) ( \/§<L3*f73)(3L3*2'71*ﬂz)*\/E(WZ*La)(ﬂerh*%)) i V332 — L) ( V3(L3—43) (3L3 —2q1 —42) —v/3(92—L3) 3Lz —241 —43) ) )2
(BLs — 241 — q2) (BLs —2q1 — q2)
—( (8Ls —2q91 —q2)(q3 — 1) (93 + 91 — 2L3) — (3Ls — 291 —43)(92 — 1) (92 + g1 — 2L3) )2 (13)

V3(Ls — q3)(3Ls — 241 — q42) — V/3(q2 — L3)(3Ls — 241 — ¢3)

The block design for the 3-DOF linear parallel robot’s implementation of real-time
SMC is shown in Figure 7. This program was created using the real-time toolbox in the
Matlab/Simulink environment. To facilitate data transfer, the Humusoft MF634 data
gathering card—which is compatible with Matlab—was utilized. The encoder data has
been moved to the software via the encoder blocks on the card. The sampling rate was used
as 0.001. PWM (Pulse-Width Modulation) signals were sent to each motor via digital output
blocks. The PWM blocks used a PWM frequency of 4000 Hz. Because of the card’s features,
the PWM signals were created between 10% and 90%, and the saturation block was used
to achieve this. The SMC, the 3-DOF linear parallel robot, and the actual hardware parts
of the system could all be controlled and communicated with in real time thanks to these
parts and configurations.
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Figure 7. SMC Matlab/Simulink real-time interface program for the 3-DOF linear parallel robot.
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Figure 8. MSMC Matlab/Simulink real-time interface program for the 3-DOF linear parallel robot.

The internal logic of the interface software is as follows. First, reference points are
established for the robot’s end effector. Once the program is complete, the distances of each
motor with the identifiers q;, q2, and qz are determined using inverse kinematic equations.
To give these values, the encoders provide feedback and the motors are activated. The
difference between the reference values and the input feedback is sent to the sliding mode
controls. The PWM signals required by motors are produced in this way. When the relevant
reference levels are attained, the robot stops completely. The reference values employed in
this inquiry are x = =170 mm, y = —175 mm, and z = 540 mm, as shown in Figures 7 and 8.

Because there are three motors in the system, each motor has its own SMC mechanism.
The SMC structures of the motors are the same since they are identical. The same methods
were applied in the moving sliding mode control application in Figure 8.

4. Results and Discussion

The SMC method was applied on the first motor by determining the distance that
the part on the ball screw should cover by rotating the motor with the help of the in-
verse kinematic equations of the robot according to the reference values x = —170 mm,
y = —175 mm, and z = 540 mm. These reference values represent one of the far distance
points in the robot’s workspace. In Figure 9, the drive amount of the first motor (q;) to meet
the determined references are presented together in order to compare the results obtained
with SMC and MSMC methods. “Drive amount of the first motor” refers to the progression
of the elements on the ball screw driven by the first motor. In other words, the distance
moving on the ball screw given in Figure 6 is equivalent to q;. In the naming of Figure 9,
q1 is expressed in brackets. As a result of the analyses, it was observed that while the
feed rate of the first motor reached 57.55 in 1.418 s in the SMC method, this value reached
57.61 in 1.25 s in the MSMC method. Accordingly, it is determined that the MSMC method
provides the targeted feed amount of the first motor on the ball screw in a shorter time
compared to SMC.

For SMC and MSMC control, Figure 10 displays the PWM signals given to the first
motor in order to produce the intended reference value (q;) on the ball screw. The graphs
show that the PWM signal in the SMC approach continuously varies between 0.9 and —0.9.
The so-called chattering in the motor was brought on by this circumstance. The PWM
signal in the MSMC technique is known to be fixed at 0.01277, which is between 1.258 s
and nearly zero. The findings show that the MSMC approach takes less time and produces
the desired reference value more silently.
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Drive Amount of the First Motor to Time
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Figure 9. Drive amount of the first motor (g1).

MSMC

PWM Values of the First Motor
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) ] ] ]
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Figure 10. PWM values of the first motor to time.

In the second motor, SMC is used, which involves the calculation of how much the
motor should move for the distance (q) to be reached on the ball screw according to the
given reference values. Figure 11 shows the result graphs of SMC and MSMC control for
the second motor to provide the progress (qz) on the ball screw. How much progress the
second motor will provide is calculated with the help of the inverse kinematic equations
of the robot using the reference values desired to be traveled by the end effector of the
robot. It is understood from the graphs that the progress value on the second screw shaft of
3.256 mm is reached in 0.2074 s in the SMC method, and the progress value on the second
screw shaft of 3.194 mm is reached in 0.0994 s in the MSMC method. From these results, it
is observed that a more successful result is obtained in the MSMC method, and the desired
value is achieved earlier in the MSMC method.
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Drive Amount of the Second Motor to Time
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Figure 11. Drive amount of the second motor (g;).

The second motor’s PWM values for SMC and MSMC techniques are displayed in
Figure 12. Analysis of the plots shows that beginning at 0.0994 s, the PWM signal in the
MSMC technique stays constant at 0.00649, or roughly zero. The motor PWM values in
the SMC technique fluctuate continuously between £0.9. These findings demonstrate that
the MSMC approach achieves the intended reference value without causing the motor to
vibrate, whereas the SMC approach results in noise and oscillations in the motor. As a
result, the motor is exposed to continuous running. The MSMC approach gave the motor
faster and more comfortable control.

PWM Values of the Second Motor to Time
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“
||
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Figure 12. PWM values of the second motor to time.

In order to obtain the appropriate displacement on the third ball screw according to
the reference values given for the end effector of the robot, SMC methods were also applied
to the third motor in order to provide the value (q3) calculated from the inverse kinematic
equations of the robot. Figure 13 presents the graphs of the drive amount (q3) on the ball
screw shaft with respect to time as a result of the operation of the third motor. In the graphs,
the results obtained after applying the SMC method and MSMC method are given together.
While 450.5 mm feed value was reached in 11.65 s in the SMC method, this feed value was
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reached in 11.52 s in the MSMC method. When the results are analyzed, it is obvious that
the desired feed rate is reached 0.13 s earlier with the MSMC method.

Drive Amount of the Third Motor to Time

600 . ; . .
| B
g 400r X: 11.65
£, Y: 450.5
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2 o . . . . [
= 0 2 4 6 8 10 12
2 t[s]
=
2 600 . . . . : X: 11.52
= Y: 450.5
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= Y: 450.5
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0 . . . . .
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Figure 13. Drive amount of the third motor (43).

Figure 14 illustrates the PWM signals applied to the third motor while achieving the
desired movement on the third screw shaft. The PWM signals for the SMC and MSMC
methods are presented separately. When examining the PWM signals, it is observed that
the signal for the SMC method oscillates between £0.9 from 11.54 s onwards. In contrast,
for the MSMC method, the control PWM signal reaches a value of 0.00006555 after 9.517 s
and stabilizes. As evident from the SMC signal, a more oscillatory behavior, characterized
by vibrations and noise, is present. Consequently, the motor experiences chattering and is
unnecessarily strained. On the other hand, the MSMC method achieves the desired steady;,
vibration-free, and noise-free state in a shorter time, thereby preventing undue stress on

the motor.
PWM Values of the Third Motor to Time
1 T T T T T .
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0.5 Y:0.9
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Figure 14. PWM values of the third motor to time.
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Figure 15 shows the results of SMC and MSMC together for x reference value —170 mm.
When the results are analyzed, it is seen that the SMC method reaches the reference value x
in 11.51 s. In the MSMC method, it is understood that it reaches the x value in 9.489 s. As
can be seen from the graph in Figure 16, the error amount in the SMC method is 0.01336.
In the MSMC method, the error amount was obtained as 0.02905. While the percentage
relative error is 0.0079 in the SMC method, it is calculated as 0.0171 in the MSMC method.
As can be seen from the results, the SMC method reaches the reference value x with a
smaller margin of error but has a delay of 2.021 s. Considering that the margins of error are
quite small in both cases, the importance of the reaching time increases. For this reason, it
can be said that MSMC provides better control since it reaches the reference value earlier
with a time difference of 2.021 s.

x coordinate change to time
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Figure 15. x coordinate change to time.

Error Change of x Coordinate to Time
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Figure 16. Error change of x coordinate to time.

The graphs of the y-coordinate value produced following the application of SMC and
MSMC are displayed in Figure 17. The outcomes of the SMC and MSMC methods are
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displayed, as the graphs demonstrate. The findings demonstrate that the SMC approach
takes 11.51 s to attain the target reference y value. In the MSMC method, the reference
y value is reached after 9.505 s. As can be seen from the error amounts of the y value
in Figure 18, the error amount in the MSMC method is 0.09483. However, the amount
of error in the SMC method was found to be 0.03224. The percentage relative error is
0.0542 in the MSMC method and 0.0184 in the SMC method. While the SMC method
should be preferred in cases where a precise operation is required, the MSMC method,
which fulfills the desired reference value in an early time of about 2 s with a small error
excess of 0.0358 percent, should be preferred in studies where time is important. In addition,
considering the situations in PWM signals, it is clear that the MSMC method produces a
better result, considering that the motors do not vibrate and do not work unnecessarily.

y coordinate change to time
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Figure 17. y coordinate change to time.
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Figure 18. Error change of y coordinates to time.

The z-coordinate value graphs obtained after controlling the system with SMC meth-
ods are presented in Figure 19. These graphs display the z-coordinate values resulting from
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the SMC and MSMC control methods. Upon examining the results, it is observed that the
desired reference z value is achieved in 11.49 s with the SMC method, whereas the MSMC
method reaches the desired z value in 9.502 s. When analyzing the error graph in Figure 20,
it is found that the error amount for the SMC method is 0.0054, whereas the error for the
MSMC method remains at 0.0021. The percentage relative errors for the SMC and MSMC
methods are calculated as 0.001 and 0.0004, respectively. With a margin of error of 0.0004%
and a time difference of 1.988 s, the MSMC method achieves the desired reference z value
faster than the SMC method.

z coordinate change to time
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Figure 19. z coordinate change to time.

Error Change of z Coordinate to Time
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Figure 20. Error change of z coordinate to time.

Figure 21 shows the changes in the robot motion at one second intervals of the position
control application performed on the robot as shown in Video Supplementary. At the end
of about 10 s, the progress of the robot on each ball screw (q;, g2, and q3) is seen to provide
the desired reference value from the initial position.
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Figure 21. Application images.

Figures 22-24 show the sliding surfaces of the SMC and MSMC methods applied to
each engine, respectively. From the graph in Figure 22, it is seen that the sliding surface of
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the SMC method is not fixed and constantly shifts between £626 values, while the sliding
surface of the MSMC method remains at a constant value. There is a similar situation in
Figure 23. While the SMC method fluctuates at the same values, the sliding surface value
of the MSMC method remains at a constant value. In the control of the last motor, the
sliding surfaces stabilized at the end of 11.74 s for the SMC method and 9.517 s for the
MSMC method.

1000 First Sliding Surface Change to Time

-1000

-2000

t[s]

«10%

X:1.25 :

First Sliding Surface Change [mm)s]

Db s ................................... P

m— | SM C
-3 H i

4 . : .
0 2 4 6 8 10 12
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Figure 22. The first sliding surface change to time.
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Figure 23. Second sliding surface change to time.
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Third Sliding Surface Change to Time
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Figure 24. Third sliding surface change to time.

The robot’s path from the starting position to the intended reference is depicted in
Figure 25. Figure 25 displays the path taken by the robot’s gripper end during the SMC
and MSMC methods. The SMC method operates more noisily and vibrates more than
the MSMC approach, which operates more steadily and without noise, even if the graph
appears to show that the trajectories followed by these two methods are similar. Because the
MSMC method enables vibration-free, noise-free control and gives the needed references
sooner, better control has been realized as a result.

[
/ X: -1.653

640 Y: -2.863
Z:621.7
620

MSMC
SMC

X: -170
520 > Y: 175

-100
-100
-1%0 150

y [mm] 200 -200 x [mm]
Figure 25. The trajectory of the robot while reaching the desired reference.

The trajectory of the case study for the non-linear trajectory is presented in Figure 26.
It is clear from the values that the study area is the first region in the coordinate axis set.
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Figure 26. Nonlinear trajectory example for the system.

5. Conclusions

This study focuses on the uniqueness of the 3-DOF linear parallel robot with a working
volume of (20, 20, 20) cm by taking a completely different approach and the real-time
position control of the robot with MSMC, which has not been realized in the literature so far.
Firstly, the three-dimensional design of the robot was realized appropriately and then the
production phase was started. With the addition of motors, encoders, and data acquisition
card (Humusoft MF634) hardware parts, the control of the robot was started.

The robot was controlled using two techniques. First, the Matlab/Simulink real-time
toolbox was used to implement the SMC method for (—170, —175, 540) mm robot control.
The MSMC approach was then used to operate the robot. The interface program enabled a
connection between the robot and the data acquisition card, and the PWM control signal
enabled the motors to move. The inverse kinematic equations were used to create reference
values q1, q, and q3 for horizontal motions. To achieve the required q, g, and q3 values,
the motors were managed using SMC and MSMC techniques. To determine the coordinate
coordinates of the robot’s gripper end, the forward kinematic equations were fed the actual
q1, 92, and gz values that were produced as outputs. In contrast to the MSMC approach, the
SMC method operates with a delay of roughly 2 s and offers more accuracy with smaller
error margins. The MSMC approach, on the other hand, is a better option in time-sensitive
applications since it achieves the intended reference values more quickly and with fewer
errors. Furthermore, the MSMC technique improves PWM signal behavior by lowering
motor vibrations, noise levels, and needless strain on the motor. As a result, it is clear that
the MSMC approach yields better results than the SMC approach.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/machines13030190/s1, Working video of the robot.
Funding: This research received no external funding.

Data Availability Statement: All data used to support the findings of this study are included in
the article.
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