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Oz

Bu ¢alismada kontrol uygulamalarinda ¢ok tercih edilen donel ters sarkag¢ sistemi (DTS) ele alinmistir. DTS
elemanlarinin agirlik merkezi koordinatlar1 bulunarak sistemin toplam kinetik ve potansiyel enerjileri elde
edilmistir. Kinetik ve potansiyel enerji ifadeleri kullanilarak Lagrange fonksiyonu olusturulmustur. Lagrange
yontemi dikkate alinarak sistemin hareket denklemlerini veren ifadeler bulunmustur. Ayrica sistemi harekete
gegirecek olan motorun denklemleri dikkate alinmistir. Durum degiskenleri kullanilarak Matlab da yazilan
program yardimiyla sistemin sarkag agisi, kayma yiizeyi hareketli klasik kayan kipli kontrol yontemiyle kontrol
edilmistir. Kayma ylizeyinin egimi sistemin dinamiklerine bagli olarak hesaplatilmistir. Kontrol yapisinda
kullanilan katsayilarin optimum degerleri genetik algoritma yardimiyla bulunmustur. Sonuglardan sarkag agisinin
istenilen referans degere yaklasik 1.5 sn civarinda ulastig1 ve hatanin yaklasik sifir oldugu goriilmiistiir. Ayrica
motor tork degerinin 12 Nm seviyelerinde ve motor akim degerinin 2.5 amper seviyelerinde oldugu
gozlemlenmistir. Motor degerlerinin pratik uygulamalardaki degerlere yakin makul seviyelerde oldugu
sonuglardan elde edilmistir. Elde edilen bu degerlere gore motor se¢imi yapildiginda gercek zamanh
uygulamalarda kontrol i¢in sorun yasanmayacaktir.
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Abstract

The rotary inverted pendulum system (RIP), which is highly favored in control applications, is examined in this
work. By determining the coordinates of the Rip elements' centers of gravity, the system's total kinetic and potential
energies were determined. The Kinetic and potential energy expressions were used to generate the Lagrangian
function. Expressions providing the system's equations of motion were discovered by taking the Lagrangian
approach into consideration. The motor's equations, which will initiate the system, have also been considered.
Through the use of state variables and a Matlab program, the system's pendulum angle was managed by using a
moving sliding surface and the traditional sliding mode control technique. Based on the dynamics, the slip surface’s
slope was computed. The sliding surface's slope was computed based on the system's dynamics. The genetic
algorithm was utilized to determine the ideal values for the coefficients employed in the control structure. The
findings showed that the inaccuracy was roughly zero and that the pendulum angle took around 1.5 seconds to
reach the intended reference value. Furthermore, it noted that the motor torque and current values are 12 Nm and
2.5 amps, respectively. The findings show that the motor values are reasonably similar to the values seen in real-
world applications. Control in real-time applications won't be an issue if the motor is chosen based on these values.
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1. Introduction

One of the most popular approaches for applying control techniques is the inverted pendulum system because
of their challenging controllability. Among the inverted pendulum systems created to date are single rod
trolley and rotary inverted pendulum systems, double rod trolley and rotary inverted pendulum systems [1-
4].

The rotary inverted pendulum (rip) system is among the inverted pendulum systems that are used most
frequently. A valuable test system for investigating the control of nonlinear unstable systems is the inverted
pendulum system driven indirectly, often referred to as the "rip system.” In recent years, the rip has become
standard for applications in control due to its lower cost and easier construction than the trolley inverted
pendulum system. The pendulum of the rip system rotates vertically, while the rotary arm moves horizontally.
The rotating arm is propelled by the DC motor. It is tried to stabilize the rotary arm-mounted pendulum at
the higher equilibrium point, or the point of instability, subsequent to the rotary arm's movement by the DC
motor [5, 6].

There are studies published in the literature so far on the angle control of the rotary inverted pendulum system
shown in Figure 1. The prominent ones among these are the studies using classical control methods such as
PID, PI, PD, sliding mode controlled adaptive control methods, fuzzy control method, sliding mode control
method, particle swarm optimization based PID control and artificial neural network sliding mode control
methods [7-22].

> [fud Aral

Figure 1. Rotational inverted pendulum system

In this paper, a nonlinear mathematical system of the rip is obtained and the sliding mode control method
with moving sliding surface is used to control the pendulum. The dynamics of the system are employed to
derive the slope of the sliding surface. The optimization method using genetic algorithms is then applied to
calculate the required coefficients for the control system.

2. Modelling of Rotational Inverted Pendulum System

A single motor powers the two-degree-of-freedom system shown in Figure 1. The system's changeable
parameters are O and B. Figure 1 displays the system's coordinate axis layout. If this coordinate axis set is
used to determine the system's total Kinetic energy;
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1 . . 1 5 1 . . . 1 5
T = Eml(xlz + ylz) +51102 +Em2(x22 +y22 + 222) +512ﬁ2 (1)

In the equations x;, y: are the centre of gravity coordinates of the first arm. Xz , y- and z represent the the
second arm's coordinates for center of gravity. m; and m;, are the masses of each arm. I; and |, are the mass
moments of inertia of the arms. L1 and L, respectively, are the limb dimensions of arms. The coefficients of
friction at the joint joints are by and bs. 1 is the control torque applied by the motor.

Equations (1) yields the following equations for the unknown expressions.

x; = Lycos6 ¥
vy, = L{siné 3)
x, = x; — L,sinBsin6 (4)
vy, = y; + Lysinficos6 (5)
Z, = Lycosf (6)

If the aforementioned equations are changed to determine the system's total kinetic energy;

T = 2myLy?0% + 21,62 +-my (L1672 + 2Ly LycosBOS + Ly° B2 + Ly sin? f02) + < 1,7 @
Potential energy of the system:

V =my9z, 8
V =m,gL,cosp 9)
This gives rise to the following construction of the Lagrange function.

L=T-V (10)
L= %(mlle +1,)0% + %mz[(Ll + Ly?sin?B)6? + 2L, LocosPOfS + L,°B?] + %IZBZ -
mygl,cosf (12)

Equation of motion for 6:

a(5) 5= 0 @

The equation of motion for 8 can be found by substituting and calculating the expressions in the equation.

(myLy® + I + myLy + myLy?sin?B)6 + myLyLocosBf — myLyLysinBp? +
2m,L,%sinfBcosBBO =1 — b0 (13)

Equation of motion for f:

i (6_L) — 6_L = Q 14
at\ag) ap ~ P (14)
Here is the equation of motion for B after performing the appropriate operations in the preceding equation.

m,L,L,cosff + (mZLZZ + Iz)ﬁ — m,Ly%sinfcosfO? — mygLysinB = —b,f8 (15)
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After extracting  and @ expressions from the equations of motion, the following equations are produced.

(maLy? + 1) (b8 — T — myLy LysinBf? + 2my L, sinfcosBho)
(myLyLycosB)? — (myLy® + 1) (my Ly + I + myLy + myL,*sin?p)

myL1LycosB(byf—m,L,%sinBcospO%—m,gL,sing)

- (myLyLycosf)2—(myLy?+1;)(my Ly 2 +1;+my Ly +my Ly 2sin2 B) (16)
§= (myLy® + I + myLy + myLy2sin?B)(byf — myL,*sinPcosfO? — myglL,sing)

B (myLiLycosB)? — (myly? + 1) (myLy® + Iy + myLy + myLy®sin?p)
_ myL1LycosB(b8-t—m,L LysinB B2 +2m, L, sinfcosBBO) (17)

(myLyLycosf)2—(myLy?+1;)(my Ly 2 +1;+my Ly +my Ly 2sin2 B)

The DC motor responsible for the first arm's rotational movement has the following equation of motion.
Where L is the motor inductance coefficient, N is the gear ratio, | is the electrical current flowing through the
motor windings, R is the motor winding ohmic resistance, and V. is the motor supply voltage and control
signal. The opposite electromotive voltage coefficient is denoted by K.

di _ Vg—Ri Kpb

dt L LN (18)
Should we change the equations' expressions into state variables;

6 = x(1) (19)
6 =x(2) (20)
B ==x() (21)
B =x(4) (22)
i = x(5) (23)
is acquired as. If the torque used for motor control is;

T = Kt (24)

is computed using the format. The motor torque coefficient in this case is K.
A Matlab programme is used to apply a approach to movable sliding mode control for the rip system by

using these variables of state. Tt is guaranteed that B will reach the intended zero reference point when using
moving sliding mode control approach. Table 1 provides the numerical values for the system parameters.
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Table 1. Values for rip system parameters

Parameter Value Unit
m; 0.15 kg
m; 0.1 kg

L 04 m

L, 04 m

by 0.01 Ns/m
b 0.01 Ns/m
Iy 0.0248 kgm?
P} 0.00386 kgm?
L 0.1 Henry
R 1.4 Ohm
Kt 0.25
Kp 0.05

N 1/20

3. Classical Sliding Mode Control Design with Moving Sliding Surface

A reliable and nonlinear control technique is sliding mode control. Unlike other control systems, it is
unaffected by outside disruptions. It can rapidly and accurately approach the desired reference because of the
vibrations on the sliding surface [23]. When the system's boundary values are known, sliding mode control
offers long-term controllability in situations when the system's parameters are dynamic or uncertain as well
as when external disturbances affect the system.

Before implementing sliding mode control, it is imperative to determine the location of the sliding surface
and establish a control rule that ensures reaching this identified surface. The reaching time denotes the
duration required to reach the sliding surface, and the phase trajectory section during this process is referred
to as the reaching mode. During the reaching mode, the plant is susceptible to external noise and uncertainties
in parameters [24]. Upon achieving the sliding surface, the system transitions into the sliding mode. In this
mode, the system's trajectory remains unaffected by external variables and unpredictable parameters. The
application of sliding mode control unveils previously unrepresented high-frequency dynamics of the system,
manifesting as crackling. This phenomenon arises from oscillations near the equilibrium point that the system
is endeavoring to reach.

Control expression in sliding mode using sign function;

U = —ksign(S) (25)

is able to communicate as slip surface function (S) in this case is represented by equation (26) and is
dependent on the error (e) and its time variation (de) with respect to the system's response.

S=Ce+de (26)

Figure 2 shows a sliding surface example for the sliding mode control. The sliding surface's precise slope is
depicted in the illustration. In equation (26), the coefficient C provides this slope.
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\ >

Sliding Surface

Figure 2. Sliding surface

The ideal slope value must be found in order to guarantee the controller's success. These sliding surface slope
coefficients of the sliding mode controller are assumed to be shifting in this study. Expression (27) is used to
get the slope coefficient C instantly. Here, the evolutionary algorithm was used to determine the constant
coefficients C1 and C2's optimal values. As a result, the slope of sliding surface coefficient for the sliding
mode control was instantly determined.

C=0-6% @7

The main applications of genetic algorithms are in machine learning and problem optimization, among many
other areas. The process of making something better than it was before is called optimization. In optimization,
a set of inputs is given, and the outcome is determined by the inputs. In order for optimization to produce the
"pest" result, we must provide an insert. The precision of “best’” depends on the different types of the problem
[25]. The parameters preferred as FitnessLimit 1e-10, Generations 100, and PopulationSize 20 in the genetic
algorithm structure. The block design for the genetic algorithm technique used to optimize the controller's
coefficients is displayed in Figure 3.

G Sliding Mode
Controller

Svstem >

| Genetic 3
Algorithm [+ 2e

Figure 3. Controller block diagram

There is a shifting sliding surface in our control approach since the obtained coefficient C will change every
time. Figure 4 displays the C coefficient's mobility.

Figure 4. C coefficient variation
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For the fitness function, the mean squared error criterion—which is also known as the system performance
index—is favored in order to determine the ideal controller parameter values.

E(k) = 5e?(k) (28)

The sliding mode control expression's signalling function results in a crackling control signal. Various
functions are employed in place of the sign function in order to solve this issue. In this study, the sign function
is replaced with the commonly utilized saturation function. Asaresult, it is computed to obtain the expression
for the regulation of the sliding mode with saturation function. Here, genetic algorithm determines epsilon
value to be 37.77.

) (29)

U= —k.sat(

Epsilon
4. Results and Discussion

The results obtained as a result of the study were examined respectively. Figure 5 illustrates the temporal
evolution of the angular position of the first arm, connected to the motor, over time. The motion commences
from the zero-point and undergoes a change in direction within the initial seconds. This observed change
corresponds with the anticipated outcome when elevating the pendulum.

Theta (Degrae)

- :Time (5}‘
Figure 5. Theta angle variation in relation to time
The graphical representation of the angular velocity of the first arm is depicted in Figure 6 over time. The

graph showcases oscillations in angular velocity, reaching a maximum of 11 rad/s before eventually
stabilizing at 0 rad/s.

Theta (rad's)

Wi

: ETim.re (5} :

Figure 6. Change in the first arm's angular velocity to time
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In Figure 7, the graph illustrates the variation in the pendulum angle over time. The unstable upper
equilibrium point is where the pendulum is expected to cease movement. Therefore, the pendulum angle
should approach the intended zero reference point. According to the visual data, it takes approximately 1.5
seconds for the pendulum to reach the target reference value.

Beta (Degrees)
)

Time (s)
Figure 7. Beta angle (pendulum angle) variation to time

The pendulum'’s angular velocity fluctuates with regard to time, as seen in Figure 8. The graph indicates that,
in 1.5 seconds, the pendulum's angular velocity goes to zero.

Time (5}
Figure 8. Beta angle (pendulum angle) variation to time

Figure 9 portrays the torque values that the DC motor should apply to the first arm and the slope values of
the sliding surface, respectively. It is clear from examining the DC motor torque curve in Figure 9 shows that
the pendulum may be raised to the required reference value with a motor torque of roughly 12 Nm. In light
of realistic applications, it can be said that this torque value makes sense. Approximately 1.5 seconds pass
before the motor torque drops to zero.
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Motor Torgue (Nm)

- :Tinl-e (s} )

Figure 9. Changes in DC motor torque over time

Figure 10 shows the data from the slope graph of the sliding surface.

Sliding Surface Slope
¥

) ETin:l-e l:s)
Figure 10. Sliding surface slope graph

The supply voltage variation over time that will be used as a control signal for the DC motor is depicted in
Figure 11. The graph indicates that the maximum voltage source for the DC motor supply is 12 volts.

Control Signal (Volt)

Time (s}
Figure 11. DC motor control signal change graph over time
Figure 12 illustrates the temporal variation of the current flowing through the DC motor windings. It is

apparent that, after approximately 1.5 seconds, the motor ceases to draw any current. The graph clearly
indicates that the motor is limited to drawing a maximum of 2.5 amps of electricity.
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A —

Motor Current (Amper)

- '=l'ime (s)
Figure 12. Graph of DC motor current change with time

In Table 2, the results of the study conducted in this research article and a publication in the literature are

compared [26]. As can be seen in the table, the pendulum angle of the system achieved a better settling time

of 0.9 s in the current study.

Table 2. Comparison of between the literature and the present work

Rotary inverted Method Settling Time (s)
pendulum arm SMC 0.89
angle
MSMC (Present Work) 0.85
SMC 1.2
Pendulum angle
MSMC (Present Work) 0.90

5. Conclusion

The initial phase of this study involves the application of the Lagrange technique to formulate the nonlinear
model for a single-degree-of-freedom spinning inverted pendulum system. The control of the pendulum
angle is conducted through Matlab software, utilizing state variables within the final model. This control is
achieved by implementing the moving sliding mode technique. The dynamics of the system were computed,
revealing variations in the slope of the sliding surface. To determine the coefficients in the structure of the
sliding modal control, a genetic algorithm was employed. As a result, the identified error was rectified,
leading to a control signal reduction to zero. According to the investigation, the pendulum took approximately
1.5 seconds to reach the specified reference value. Notably, the motor's characteristics, including a maximum
torque of 12 Nm and a maximum power consumption of 2.5 amps, were documented. These findings
underscore the successful application of moving sliding mode control to the system, provided that motor
selection is performed by considering real-time motor values during the selection process.

In future studies, moving sliding mode control method is considered to be applied to many robotic systems.
Since the moving sliding mode control method gives better results than the classical sliding mode control, it
will be a robust and better control method in other systems where it will be applied.
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