e-ISSN 2757-5195

T

AN GrsErz MaRT DhvERstres]
LIsRHa0STO EBITIM EXSTITOS0

Canakkale Onsekiz Mart University
Journal of Advanced Research in Natural and Applied Sciences
Open Access

IS5 2757-5195

doi.org/10.28979/jarnas. 1015366 2022, Vol 8, Issue 3, Pages: 355-369 dergipark.org.tr/tr/pub/jarnas

Fuzzy Sliding Mode Control with Moving Sliding Surface of Rotary
Inverted Pendulum

Muhammet Aydin'*, Oguz Yakut'

! Department of Mechatronics Engineering, Faculty of Engineering, Firat University, Elazig, Tirkiye
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which has moving sliding surface using state variables in Matlab program. The sliding surface of
sliding mode control method is selected as moving. A fuzzy logic structure is used to calculate the
Published: 25.09.2022 slope of slip surface. The boundary values of the membership functions in the fuzzy logic structure
have been optimized using genetic algorithm codes in Matlab program. The sum of the squares of
the errors is preferred as the objective function. Inputs of the fuzzy logic structure are the error of the
pendulum angle and the derivative of pendulum angle error. In the fuzzy logic structure, the slope of
sliding surface of sliding mode control structure is obtained as an output. From the results, it was seen
that the pendulum angle reached the desired reference value around the first second and the error was
approximately zero. In addition, it has been observed that the motor torque value is at the levels of 20
Nm and the motor current value is at the levels of 3 ampers. It has been obtained from the results that
the motor values are at reasonable levels close to the values in practical applications. When the motor
is selected according to these obtained values, there won't be a problem with the implementation of
this control method in real-time applications of the rotary inverted pendulum system.
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1. Introduction

Due to its difficult controllability, inverted pendulum systems are one of the preferred systems in the
application of control techniques. The single pendulum on a cart (Bugeja,2003) and single rotary inverted
pendulum systems (Stimac, 1999), double pendulum on a cart (Zhong & Rdock, 2001), and double rotary
inverted pendulum systems are some of the inverted pendu-lum systems developed until today (Krishen &

Becerra, 2006; Awtar, S., King, N., Allen, T. & et all, 2002).

One of the preferred inverted pendulum systems in applications is rotary inverted pendulum (rip) system.
The Rip system is an excellent test system for working on the control of indirectly driven nonlinear unstable
systems. The rip system has been the system of choice for control applications in recent years, where it is
more manufacturable and easier to use according to an inverted pendulum on a cart. The rip system has two
arms, a horizontally moving rotary arm, and a vertically moving pendulum. Rotary arm takes its motion
from DC motor. After the DC motor moves the rotating arm, the pendulum connected to the rotating arm
is tried to be stabilized at the upper balance point, that is, where it is unstable (Yan,2003; Kuo, Huang, &

Hong 2009).
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2.Arm

Figure 1. Rotary Inverted Pendulum System

In the studies presented so far in the literature for the angle control of the rotary inverted pendulum system
shown in figure 1, classical control methods such as PID (Kuo, Huang, & Hong 2009), PI, PD (Altinoz
Yilmaz, & Weber, 2010), adaptive control methods with sliding mode control (Wang, 2009; Bogdanov,
2004; Aydin, Yakut, & Tutumlu, 2019), fuzzy control (Krishen & Becerra, 2006), sliding mode control
(Khanesar, Teshnehlab, & Shoorehdeli, 2007), particle swarm optimization based PID control (Hassanzadeh
& Mobayen, 2008; Bogdanov, 2004; Sugie & Fujimoto 1998; Sukontanakarn & Parnichkun 2009) and there
are control studies sliding mode control methods via artificial neural network (Aydin, Yakut, & Tutumlu,
2019).

Especially in recent years, development of a Neuro-Fuzzy Friction Estimation Model used to estimate
the joint friction coefficients of a Triple Link Rotary Inverted Pendulum system (Hazem, Fotuhi, &
Bingiil, 2020), controlled of a rotary inverted pendulum by adaptive techniques (Nath & Dewan, 2017)
, performing stability control of double link rotary inverted pendulum with Fuzzy-LQR and Fuzzy-
LQG methods (Hazem, Fotuhi, & Bingiil, 2020), developing of a fuzzy logic controller for rotary in-
verted pendulum (Le, Vo, Van & et all, 2018) , controlling the rotary inverted pendulum with incre-
mental sliding mode control (Hong, Nguyen, Hoang & et all 2019), a comparative analysis of the linear
quadratic regulator and sliding mode control results for the rotary inverted pendulum (Nath & Dewan,
2018), performing of model-free sliding mode stabilizing control of the real rotary inverted pendulum
(Yigit, 2017), developing of numerical design method by using nonlinear sliding mode control method
for Rotary inverted pendulum (Cui, 2019), comparing the PID and sliding mode control results of the
rotary inverted pendulum system using PLC (Howimanporn, Chookaew & Silawatchananai, 2020), pole
placement controller applied to rotary inverted pendulum system (Mufioz-Poblete, 2018), per-forming
of a rotary inverted pendulum real-time stability control using an LQR-based sliding mode controller
(Chawla & Singla, 2021), performing of an adaptive neural network-based control of the rotary inverted
pendulum with oscillation compensation (Zabihifar, Yushchenko & Navvabi, 2020) studies have come
to the fore.

In this paper, the non-linear model of the rotary inverted pendulum system was obtained and the fuzzy
sliding mode control approach, which has a moving sliding surface, was used to control the pendulum. The
slope of the slip surface was obtained using a fuzzy logic structure. The values of the coefficients in the
fuzzy logic structure are optimized using the genetic algorithm. In the second part, Material and method,
Modeling of Rotary Inverted Pendulum System and Sliding Surface Moving Fuzzy Sliding Mode Control
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Design are explained. In the third chapter, results and discussion are given. In the last section, the results
are mentioned.

2. Materials and Methods
2.1 Modeling of Rotary Inverted Pendulum System

The system in figure 1 is a two-degree-of-freedom system driven by a single motor. © and f are variable
parameters of the system. The coordinate axis layout of the system is shown in figure 1. If the total kinetic
energy of the system is calculated according to this coordinate axis set;

T =-m(i® +31°) + 5062 +smy (5> + 3, + 2,°) +5 5?2 (2.1)

X, ¥, in the equations are the center of gravity coordinates of the first limb., x,, y, and z, represent the
center of gravity coordinates of the second arm. m  and m, are the masses of each arm. I, and I, represent
the mass moments of inertia of the arms. The limb dimensions according to their center of gravity are L and
L, respectively. The friction coefficients at the joints are b, and b,. T represents the control torque applied
by the motor.

The equations of the expressions given in equation 2.1 are obtained as follows (see 2.2, 2.3, 2.4, 2.5 and 2.6).

x, = Lycosf (2.2)
y1 = Lysin® (2.3)
X, = x1 — Lysinfisinf (2.4)
Y2 = y1 + LysinficosO (2.5)
z, = Lycosf (2.6)

If the above expressions are substituted to find the total kinetic energy of the system (see 2.7);
T = %mlleéZ + %1192 + %mz(Lléz + 2Ly LycosBOB + L2 B2 + Ly2sin? BO?) + %1232 2.7)

Potential energy of the system (see 2.8 and 2.9):

V= mygz, (28)
V =m,gl,cosf (2.9)

From here, the Lagrangian function is created as follows (see 2.10 and 2.11).
L=T-V (2.10)
L= %(mlle +1,)6% + %mz [(Ly + L,%sin?B)6? + 2L, L,cosBOS + L,* 2] + %IZBZ — mygL,cosp

(2.11)

The equation of motion for 0 (see 2.12):

i(ﬂ)_ﬂz Qo (2.12)

dt \ao GL)
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If the expressions in this equation are calculated and replaced, the equation of motion for 6 is obtained as
follows (see 2.13).

(myLy® + I + myLy + myLy?sin?B)0 + myLy LycosBf — myLy LysinBf? + 2my L, sinficosp 0

=1—b0 (2.13)

The equation of motion for  (see 2.14):
d (aL\ oL _
E(ﬁ)_ﬁ_Qﬁ (2.14)

After performing the necessary operations in the above equation, the equation of motion for 3 is obtained
as follows (see 2.15).

m,L,L,cosB6 + (m2L22 + 12)[35 — myL,%sinfcosfO? — mygL,sinB = —b,f (2.15)

If the expressions 0 and B in the equations of motion are separated, the following equations are obtained
(see 2.16 and 2.17).

3 (maLy? + 1,)(b16 — T — myLy LysinBB? + 2m, Ly sinficosfR0)
B (myL,L,cosB)? — (m2L22 + Iz)(mlle + 1 + myLy + mszzsinz[)’)

myLyLycosB(byB—myLy%sinBcosfO2—mygLysing)

- (myLyLycosB)2—(myLy®+15)(myLy 2 +13+myLy+myLy2sin2 B) (2.16)
§= (myLy® + I + myLy + myLy2sin?B)(bof — myLy®sinficosf? — myglLysing)

(mlech()Sﬁ)z - (m2L22 + 12)(m1L12 + Il + m2L1 + mzLZZSinzﬁ)
_ mleLzcosB(bl9—r—mleLzsinBﬁ’z+2m2L225inBcosB[39) (2 17)

(myLyLycosB)2—(maLy®+15)(myLy 2 +1 +myLy+myLysin2 B)

The equation of motion of the DC motor that provides the rotational motion of the first arm can be written
as follows (see 2.18). Here, V, is the motor supply voltage and also the control signal, K, is the back
electromotive voltage coefficient, N is the gear ratio, R is the motor winding ohmic resistance, L is the
motor inductance coefficient and i is the electrical current flowing through the motor windings.

di _ Vg—Ri Kpb
dt L LN

(2.18)

If we convert the expressions in the equations into state variables is obtained as 2.19, 2.20, 2.21, 2.22 and
2.23:

Q =x(1) (2.19)
6 = x(2) (2.20)
B =x(3) (2.21)
B =x(4) (2.22)
% — x(5) (2.23)
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The motor control torque is calculated as 2.24:

Ky

T="1t (2.24)

Where is the motor torque coefficient.

For the rotary inverted pendulum system, using these state variables, the moving sliding mode control
method was applied with the help of the program written in the Matlab program. With this control method,
it will be ensured that the pendulum angle B goes to the desired zero reference point. The Values of used
system parameters are given in table 1.

Table 1

System Parameter Values

Parameter Value Unit
m 0.15 kg
m, 0.1 kg
L, 0.4 m
L, 0.4 m
b, 0.01 Ns/m
b, 0.01 Ns/m
L 0.0248 kgm?2
L, 0.00386 kgm?2
L 0.1 Henry
R 1.4 Ohm
K, 0.25 -
K, 0.05 -

N 1/20 -

2.2 Sliding Surface Moving Fuzzy Sliding Mode Control Design

The sliding mode control method is a nonlinear and robust control method. Compared to other control
methods, it is a method that is not affected by external disturbances. Thanks to the oscillations on the sliding
surface to reach the desired reference, it can reach the result quickly with high accuracy (Young, Utkin, &
Ozguner, 1999). Because the system parameters are unknown or constantly changing and there are external
disturbances affecting the system, the sliding mode control allows long-term controllability as long as the
limit values of the system are known.

While performing the sliding mode control design, the slip surface must first be determined and a control
rule must be created to reach the determined slip surface. The time taken to reach the slip surface is called
the reach time. This region of the phase trajectory is called the reach mode. In reach mode, the system is
sensitive to parameter uncertainty and external noise (Edwards & Spurgeon, 1998). When the slip surface
is reached, the slip mode starts, in which the trajectory of the system is insensitive to uncertain parameters
and external factors. Chattering in sliding mode control applications is caused by oscillations around the
system’s desired equilibrium point, and it discloses the system’s unmodeled high-frequency dynamics.
Sliding mode control expression with sign function can be written as 2.25:

U = -k sign(S) (2.25)
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S in equation 25 is the slip surface function and it can be expressed as given in equation (2.26), depending
on the error (e) that occurs according to the response of the system and the variation of the error with time
(de). When choosing S, the slope of the slip surface C is taken as a time variable. The slope value is updated
instantly by looking at the answers of the system.

S=Ce+de (2.26)

An example of the sliding surface of the sliding mode control is shown in figure 2. As can be seen from
the given figure, the slip surface has a certain slope. The coefficient C in equation (2.26) represents this
slope.

/\de

Figure 2. Sliding surface

The controller’s success is ensured by determining the best value for this defined slope. The sliding mode
controller’s slip surface slope coefficients are treated as moving in this investigation. Fuzzy logic was
used to calculate the slope coefficient C. Mamdani type was used as fuzzy inference method. Center of
gravity was used as the defuzzification method. The error of the pendulum angle and the derivative of the
pendulum error are given as an introduction to the fuzzy logic structure. As an output, the slope coefficient
of the sliding surface of the sliding mode control is obtained. The optimum values of the base coefficients
of the membership functions in the fuzzy logic structure were calculated using a genetic algorithm. Genetic
algorithm parameters were used as FitnessLimit le-10, Generations 100 and PopulationSize 20. Figure 3
shows the block diagram in which the coefficients of the controller are optimized by the genetic algorithm
technique.

Ref. Fuzzy Sliding Mode
—_.4
Logic Controler

—»  3ystem >

. Genetic

| (]

Figure 3. Controller Block Diagram
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Since the C coefficient obtained will vary each time, the control method has a moving sliding surface.
Below is the Figure 4 showing the mobility of the C coefficient.

de

Cmax

Figure 4. Variation of the C coefficient

The rule table for the inputs and the output for the fuzzy logic structure, membership functions are shown
in table 2, figure 5, figure 6, and figure 7, respectively. Triangular membership functions are used for each
input and output.

Table 2
Rule table of fuzzy logic structure for slip surface C

de/dt
c NBde Zde PBde
NB, Z NB NB
Z, NB Z kg PB
PB, PB PB PB
N
MF1 MF2 1 MF;
< ~
~ -~
Pl -p2 0 P2 p1

Figure 5. Membership functions for inputl(e)
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Figure 6. Membership functions for input2(de/dt)
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Figure 7. Membership functions for output (C)

The p,, p,, P, P,» P5» and p, values of the base coefficients of the membership functions used in the fuzzy
structures were calculated by genetic algorithm and obtained as given in table 3

Table 3
Base values of membership functions
P, P, P, P, Ps P
20.7646 0.4166 0.7657 11.0061 91.7301 8.4752

The sign function in the sliding mode control expression causes the control signal to crackle. Various types
of functions are used instead of this sign function to solve this problem. The widely used saturation function
was chosen to replace the sign function in this study. As a result, equation (2.27) calculates the sliding mode
control expression with saturation function.

U =-k*SAT( S/ epsilon ) (2.27)

Where the epsilon value was found to be 74.55 by genetic algorithm. The Fitness value-Generation
(Iteration) graph of the optimization process performed while calculating the unknown coefficients with the
genetic algorithm is given in figure 8.

3. Results and Discussion

In figure 9, the variation of the angular position of the first arm connected to the motor with respect to
time is seen. It started from the zero point at the beginning and changed direction in the first seconds. This
is an expected result to raise the pendulum.
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Figure 8. The Fitness value-Generation (Iteration) graph of the genetic algorithm optimization process
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Figure 9. Variation of theta angle according to time

1.8

The graph in figure 10 shows the angular velocity of the first arm to time. It is seen that the angular velocity

value reaches 14 rad/s at the beginning and is fixed at 0 rad/s.
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Figure 10. Angular velocity change of the first arm according to time
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Figure 11. Variation of beta angle (pendulum angle) according to time

In figure 11, there is a graph showing the change of pendulum angle with respect to time. The pendulum is
required to stop at the unstable upper balance point. Therefore, the pendulum angle must reach the desired
zero reference point. As seen in the figure, the pendulum reaches the desired reference value in about 1
second.

In figure 12, the variation of the angular velocity of the pendulum with time is shown. As can be seen from
the graph, the angular velocity of the pendulum reaches zero after 1 second.
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Figure 12. Angular velocity change of the pendulum according to time

In figure 13 and 14, respectively, the torque value of the DC motor to be applied to the first arm and the
graph of the slope values of the slip surface are given. When the DC motor torque graph in figure 13 is
examined, it is clear that approximately 20 Nm of motor torque will be sufficient to bring the pendulum to
the desired reference value. It can be said that this torque value is reasonable for real applications. After
about 1 second, the control signal reaches zero. When the slip surface slope graph in figure 14. is examined,
it is seen that it takes values between 0-50 values.
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Figure 13. Variation of DC motor’s torque according to time
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Figure 14. Sliding surface slope graph

Figure 15 shows the time variation of the supply voltage signal that should be applied to the DC motor. It
can also be seen from the graph that the DC motor supply voltage source is limited to 12 volts. In figure 16,
the variation of the current passing through the DC motor windings with time is shown. It is seen that the
current drawn by the motor reaches zero value after about 1 second.

15 T T T T T T T T T

10F .

Control Signal (Volts)

_1: 1 1 1 1 1 1 1 1 1

0 0.2 0.4 06 0.8 1 1.2 1.4 16 1.8
Time (s)
Figure 15. Graph of DC Motor Control Signal according to Time
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Figure 16. Graph of DC Motor Current according to Time

In Table 4, the results of the study conducted in this research article and a publication in the literature are
compared. 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 (Nath & Dewan 2018)..

Table 4

Comparison of between work in the literature and the present work

Method Settling Time (s) Max. ngrshoot Max. Unc(ilershoot
Rotary inverted (rad) (rad)

pendulum arm LQR 0.80 0.1260 -
angle results SMC 0.80 0.1460 -

Present Work 1.05 0.6981 0.1523

dul | LQR 1.25 0.0072 -0.003

Pendulum angle SMC 1.25 0.0130 - 0.004

results
Present Work 0.90 0.1745 -0.035

4. Conclusion

In this study, the nonlinear model of the rotary inverted pendulum system, which has a single degree
of freedom, was first obtained using the Lagrangian method. The pendulum angle was controlled by the
program created in Matlab with the help of state variables on the model obtained. For this reason, the
system has been controlled using the moving sliding mode control approach. The variability of the slope of
the slip surface was calculated by the fuzzy logic method. The coefficients of the fuzzy logic structure were
calculated with the help of the genetic algorithm. At the end of the study, it was observed that the pendulum
reached the desired reference value in about 1 second, the error was zero, and the control signal reached
zero. It has been observed that the motor torque value reaches up to 20 Nm and the motor draws a maximum
of 4 amperes. From these results, it has been obtained that the moving sliding mode control can be applied
to the system without any problems if the motor is selected considering the obtained motor values in the
real-time motor selection.
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