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4 Hard nonlinearities
5 Saturation

6 Back-lash

7  Hysteresis

8

Limit cycles

9  Stick-slip

10 Large steady-state tracking error

11 Bounded external unknown disturbances
12 Sliding Mode Control (SMC)
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1 Under-actuated Mechanical Systems (UMSs)
2 Single Inverted Pendulum (SIP)
3 Feedback Linearization
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8  Peak overshoot

9  Steady-state error

10 Linear Quadratic Regulator (LQR)

11 The swing—up control method

12 The switching condition

13 The automatic self~tuning mechanism

14 The energy—based swing—up mechanism

15  Switching condition between regulators

16  Nonlinear Model Predictive Control (NMPC)
17  Model Predictive Control (MPC)
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Proportional-Integral-Derivative (PID) controller
Proportional-Integral (PI) controller
Proportional-Derivative (PD) controller
PID-liked fuzzy logic controller

Rise time
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Table 1. Comparison of different methods for controlling an inverted pendulum on a moving cart
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Fig. 1. The structure of the inverted pendulum and the moving cart system
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Fig. 2. Schematic of the idea of the sliding mode control

el Cews &y s IS 5099

e A R e A e A
g.(x) (VA)
Q.sin(s) , 0<Q

g9 &b pehbly ol e o casl b )l <O ol 5 oS

§=0.sin(s) ,0<0 (V)

Gl b e ybo (YY) 50 &S Cualad pae 1,87 051 D900 4y da g5 b
IVY] 095 0 (ol iamges dtwg=ails g )luly O S )3 S 35l oy
& s JRS (929)9 g8 Wlie ol > (ool b9y b
Sygo d B 695w 1 395 o atiliS (VA) Asleo ,3 1, (YA) 1 ool cowd

Do Jlael S pzso L 4y 5 oJ.J(}C)Lol

s=f.(x)+g. v+
y@ (¥5)
3y 3Ny @ 4 Ay O

§= )30 P3Ny P N+ )
g. ()
Jol5 Ao &) ) B Al 2 oS 3900 000 ¥ b 4y 5 L
ol 3> 933 o 4 ey Al pe =) S o (b | dlsye g3 95
(P A U (553 o (59) ) A po =Y 3900

Jolee (1538 =V 13,8l po haly (S8 09 4555 95 Wb
U?”ls -y f39.,\>m L)L") ) L;“))’J C“a‘“ “ U"\""“") 4-1>).o dl).g (Veq)

O3B 5,5 o 41,8 ookl 3)g0 Teuls F 5 b SS9l cald] y

1 State
2 Switching
3 Constant Rate Reaching (CRR) Law

Yvyve.



Bzl s (5528 Clasule Y Jgsr

Table 2. Laboratory system physical characteristics
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Fig. 3. Inverted pendulum made with high friction between the moving cart and the rail.
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Fig. 5. Forces applied to a moving cart to create a friction force with » =15 [mr%} .
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Table 3. Frictional force values for different moving cart speeds
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Fig. 6. Moving cart position by considering friction in the system model with SMC control with/without
modified force
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Fig. 8. Control input by considering friction in the system model with SMC control with/without
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Fig. 9. Moving cart position for Sliding Mode Control
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Fig. 10. Pendulum angle with Sliding Mode Control
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