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ABSTRACT In this study, an adaptive proportional-integral-derivative (PID) sliding mode control technique
combined with the super-twisting algorithm is planned for the stabilization of rotational inverted pendulum
in the appearance of exterior perturbation. The state-space model of rotational inverted pendulum in the
existence of exterior disturbance is attained. Then, the super-twisting PID slidingmode controller is designed
for finite time stability control of the considered underactuated control system. The upper bounds of
perturbation are presumed to be unknown; consequently, the adaptive control procedure is taken into account
to approximate the uncertain bounds of external disturbances. The stability control of rotational inverted
pendulum system is verified by means of the Lyapunov stability theory. In order to validate the accuracy and
efficiency of the recommended control technique, some simulation outcomes are prepared and compared
with other existing scheme. Finally, the experimental results are implemented to show the success of the
designed method.
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INDEX TERMS Robust control, adaptive tuning, underactuated systems, sliding mode control, inverted
pendulum.

I. INTRODUCTION14

Rotary (rotational) inverted pendulum (RIP) system is con-15

sidered as an underactuated system which has been estab-16

lished by Furuta with the help of his college at first [1], [2],17

[3], [4], [5], [6]. This system contains a rotational arm and a18

pendulum linked at the end of the arm. The arm can move in19

the horizontal plane as well as pendulum has movement in the20

vertical plane [7], [8], [9], [10], [11], [12], [13]. Various types21

of physical systems such as human’s arm motion, control22

of position and attitude of aircrafts, and robot system have23

been originated from the model of RIP system [14], [15],24

[16]. For this reason, stability and control of RIP system is25

still in consideration [17], [18], [19], [20]. Hence, the con-26
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approving it for publication was Jason Gu .

trol problem of RIP system is divided into two subsystems. 27

In the first subsystem, the stability of position and angular 28

velocity relevant to the arm of RIP system is investigated. 29

In addition, in the second subsystem, the main goal of con- 30

trol is the balancing of pendulum to be stand up-right [21], 31

[22], [23], [24]. Therefore, some control methods including 32

proportional-integral-derivative (PID), linear quadratic regu- 33

lator (LQR), linear quadratic Gaussian (LQG), linear matrix 34

inequality (LMI) [25], sliding mode control (SMC), adaptive- 35

control, fuzzy logic and neural network [26] techniques have 36

been applied for both stability and balancing control of RIP 37

systems [18], [27], [28], [29], [30], [31]. 38

In [32], LOR and LQG methods based on the fuzzy logic 39

controltechnique has been proposed aimed at stability con- 40

trol of double-RIP system under perturbation. Besides, these 41

methods are compared with the classical LOR and LQG 42
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techniques which confirm better performance of the pro-43

posed methods. In [33], an LQR control scheme decoupled44

PID control technique is designed in order to stability and45

balancing control of RIP systems. In [34], a robust LQR46

controller is presented based on the adaptive fuzzy logic47

control technique mixed with neural network in the target48

of stability and balancing control of RIP system. In [35],49

an observer for inverted pendulum system is designed based50

on the adaptive technique using auxiliary variable. On the51

other hand, an auxiliary observer is used for approxima-52

tion of the external disturbance and an adaptive observer is53

applied for estimation of states and uncertain parameters.54

In [36], an adaptive integral SMC technique is designed for55

the wheeled inverted pendulum system in the presence of56

external disturbance and parametric uncertainty. In addition,57

this method forces that the state of the system is converged58

to the origin in the finite time. In [37], the dynamic model59

of double inverted pendulum combined with crane system is60

presented. Then, an adaptive SMC (ASMC) scheme is pro-61

posed for stabilization and tracking control of derived system62

by using Lyapunov and LaSalle’s theory [38], [39], [40], [41].63

In [42], three methods, i.e., second-order SMC, proportional-64

derivative SMC and ASMC are designed for Furuta inverted65

pendulum system. To the best of the authors’ knowledge,66

no robust adaptive super-twisting sliding mode stability con-67

trol method has been investigated for the underactuated68

rotary inverted pendulum systems in the presence of external69

disturbances.70

According to the above-mentioned discussion about the71

stability control of RIP system, it can be inferred that72

rare researches have paid attention to the finite-time stabi-73

lization control of underactuated RIP system in the pres-74

ence of external disturbance using adaptive supper-twisting75

PID-SMC method. In this paper, firstly, a PID-SMC-based76

super-twisting method is used for finite-time stabilization77

control of RIP system in the existence of known bounded dis-78

turbances. Whereas upper bound of perturbation is unknow,79

PID-ASMC mixed super-twisting technique is planned for80

the estimation if the upper bound of disturbance which is81

entered to the RIP system. Thus, the key novelties of this82

paper can be listed as follows:83

- Design of PID-SMC combined super-twisting algorithm84

for finite-time stability control of RIP system under85

known bounded perturbation;86

- Proposing of PID-ASMC for stability control87

of RIP system with unknown bounded external88

disturbance;89

- Finite-time reachability of the proposed PID-switching90

surface by means of Lyapunov theory concept.91

The rest of this paper is formed as follows: in Sect. II,92

model description of the RIP system is expressed. The state-93

space form of RIP system in the existence of disturbance is94

obtained in Sect. III. In Sect. IV, PID-ASMC strategy based95

on super-twisting method is presented. Simulation outcomes96

are provided in Sect. V. The fundamental conclusion of the97

paper is reported in Sect. VI.98

FIGURE 1. Rotational inverted pendulum configuration.

II. MATHEMATICAL MODEL DESCRIPTION 99

The schematic configuration of rotary inverted pendulum 100

system is depicted in Fig.1. Consider θ1 and θ2 are the 101

angular displacement of arm and angular displacement of 102

pendulum, respectively. The terms m1, l1 and c1 are the 103

mass, length and distance to the center of arm. Also, m2, l2 104

and c2 denote the mass, length and distance to pendulum’s 105

center, correspondingly. 106

Dynamic equation of rotational inverted pendulum is 107

expressed as 108

M (θ) θ̈ + V
(
θ, θ̇

)
θ̇ + G (θ) = τ (1) 109

where θ = [θ1, θ2]T . The terms M , V , G and τ are the mass, 110

Coriolis and Centripetal, gravitational and torque matrixes, 111

respectively, which are given as follow: 112

M =
[
J1 + m2l2 + m2c22sin

2(θ2) m2l1c2cos (θ2)
m2l1c2cos (θ2) J2 + m2c22

]
, 113

(2) 114

V =
1
2
m2

[
l21 θ̇2s

2
2θ2

−2l1c2θ̇2sθ2 + c
2
2θ̇1s2θ2

−c2θ̇1c2θ2 0

]
(3) 115

G =
[

0
−m2c2g sin (θ2)

]
, (4) 116

τ =

[
τ1
0

]
. (5) 117

where J1, J2, g and τ1 are the moment of the arm’s inertia, 118

moment of the pendulum’s inertia, gravitational accelera- 119

tion and applied torque, respectively. Moreover, we define 120

s2θ2 = sin (2θ2), c2θ2 = c (2θ2) and sθ2 = sin (θ2) . 121

Consider that Eq. (1) is rewritten as follow: 122

θ̈ +M−1(θ )V
(
θ, θ̇

)
θ̇ +M−1(θ )G (θ) = M−1(θ )τ, (6) 123

whereM−1 is the inversion of matrixM . After simplification 124

and substituting Eqs. (4),(5) into Eq. (6), one can obtain 125[
θ̈1
θ̈2

]
= −

[
M11 M12
M21 M22

] [
v11 v12
v21 v22

] [
θ̇1
θ̇2

]
126

−

[
M11 M12
M21 M22

] [
0

−m2c2g sin (θ2)

]
127

+

[
M11 M12
M21 M22

] [
τ1
0

]
, (7) 128

where M11, M12, M21 and M22 are the elements of matrix 129

M−1 and v11, v12, v21 and v22 denote the components of the 130
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matrix V . Now, by multiplying the matrices and doing some131

simplifications, we have132 [
θ̈1
θ̈2

]
133

=

[
−M11v11 −M12v21 −M11v12 −M12v22
−M21v11 −M22v21 −M21v12 −M22v22

] [
θ̇1
θ̇2

]
134

+

[
M12m2c2gsθ2
M22m2c2gsθ2

]
+

[
M11τ 1
M21τ 1

]
. (8)135

Define F1 = −M11v11 − M12v21, F2 = −M11v12 −136

M12v22, F3 = M12m2c2gsθ2 , F4 = −M21v11 − M22v21,137

F5 = −M21v12 − M22v22 and F6 = M22m2c2gsθ2 ; so, the138

dynamical equation of rotary inverted pendulum is written as139

θ̈1 = F1θ̇1 + F2θ̇2 + F3 +M11τ 1, (9)140

θ̈2 = F4θ̇1 + F5θ̇2 + F6 +M21τ 1. (10)141

III. PROBLEM DESCRIPTION AND ASSUMPTIONS142

In this part, the dynamical model of rotary inverted pendulum143

system is offered in the state-space form in the appearance of144

external disturbances. Afterward, the required assumption is145

studied.146

Consider Y = [y1, y2, y3, y4]T =
[
θ1, θ̇1, θ2, θ̇2

]T and147

1 = [31,32]T as the state-space variable and external dis-148

turbance vectors, respectively. The dynamic model (9)-III is149

expressed in the state-space form with external disturbances150

as151

ẏ1(t) = y2(t), (11)152

ÿ2(t) = F1y2(t)+ F2y4(t)+ F3153

+M11τ1(t)+31(t), (12)154

ẏ3(t) = y4(t), (13)155

ÿ4(t) = F4y2(t)+ F5y4(t)+ F6156

+M21τ1(t)+32(t). (14)157

Assumption 1: Presume that the constrained exterior per-158

turbations 31,32 fulfill the subsequent conditions:159

|w331(t)| ≤ β1, (15)160

|w432(t)| ≤ β2, (16)161

where β1 and β2 are the unknown positive constants, and wi′s162

are positive constants.163

IV. ADAPTIVE SUPER-TWISTING PID SLIDING164

MODE CONTROL165

In this part, the stability control of rotational inverted pen-166

dulum is investigated using super-twisting PID sliding mode167

control technique. For this reason, the PID sliding surface is168

defined as169

s (t) = w1y1 (t)+ w2y3 (t)+ w3y2 (t)+ w4y4 (t)170

+ κI

∫ t

0
(y1(ϒ)+ y3(ϒ))dϒ, (17)171

where κI is the positive constant. Taking time-derivative of 172

(17), it yields 173

ṡ (t) = w1ẏ1(t)+ w2ẏ3(t)+ w3ẏ2(t)+ w4ẏ4(t) 174

+ κI (y1(t)+ y3(t)). (18) 175

Substituting Eqs. (11)-IV into (18), we have 176

ṡ (t) = w1(y2 (t))+ w2(y4(t))+ w3(F1y2(t)+ F2y4(t) 177

+F3 +M11τ1(t)+31(t)+ w4(F4y2(t)+ F5y4(t) 178

+F6 +M21τ1(t)+32(t))+ κI (y1(t)+ y3(t)). 179

(19) 180

After some simplification, we can get 181

ṡ (t) = (w1 + w3F1 + w4F4)y2 (t) 182

+ (w2 + w3F2+w4F5) y4 (t)+ (w3F3+w4F6) 183

+ κI (y1 (t)+ y3 (t))+ (w3M11 + w4M21) τ1 (t) 184

+w331 (t)+ w432 (t). (20) 185

Now, the super-twisting PID sliding mode controller is 186

defined as 187

τ1(t) = −
1

w3M11+w4M21
(τ1eq + τ1st ), (21) 188

where 189

τ1eq = (w1 + w3F1 + w4F4)y2 (t) 190

+ (w2 + w3F2+w4F5) y4 (t)+ (w3F3+w4F6) 191

+ κI (y1 (t)+ y3 (t)+ β1sign (s(t)) 192

+β2sign(s(t))), (22) 193

τ1st = σ1
√
s(t)sign (s(t))+ σ2sign(s(t)) (23) 194

with σ1 and σ2 as the positive constants. 195

The objective of the following theorem is the finite time 196

stability of the rotational inverted pendulum in the existence 197

of external disturbance with known bounds. 198

Theorem 1: Assume that the dynamical equation of rota- 199

tional inverted pendulum be as (11)-IV and the PID sliding 200

surface and control input are designed as (17) and (21). Then, 201

the finite-time convergence of the planned sliding surface 202

to the origin is proved and the system’s stability control is 203

performed. 204

Proof: Consider the candidate Lyapunov function as 205

V (t) = 0.5s(t)2. (24) 206

Taking derivative of (24) with respect to time and using 207

(20), it can obtain 208

V̇ (t) = s (t)
[
(w1 + w3F1 + w4F4) y2 (t) 209

+ (w2 + w3F2+w4F5) y4 (t) 210

+ (w3F3+w4F6)+ κI (y1 (t)+ y3 (t)) 211

+ (w3M11+w4M21) τ1 (t) 212

+(w332(t)+ w434(t))], (25) 213
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where substituting the control laws (21)-(23) into (25), one214

achieves215

V̇ (t) = s(t)[−σ1
√
ssign (s)− σ2sign (s)216

−β1sign (s)− β2sign(s)217

+w331 (t)+ w432 (t)]. (26)218

After some simplification, we have219

V̇ (t) = −σ1
√
s |s| − σ2 |s| − β1 |s|220

−β2 |s (t)| + (w331 (t)+ w432 (t))s (t). (27)221

Considering Assumption 1 and doing some mathematical222

operations, it yields223

V̇ (t) ≤ −σ1 |s|
3
2 − σ2 |s| − β1 |s| − β2 |s|224

+β1 |s (t)| + β2 |s(t)|, (28)225

whereas σ1 |s (t)|
3
2 is a positive expression; so, it can be226

removed, therefore we have227

V̇ (t) ≤ −σ2 |s (t)|, (29)228

where considering the Lyapunov function (24), we obtain229

V̇ (t) ≤ −
√
2σ 2V

1
2 (t). (30)230

Hence, according to the above equation, the PID sliding231

surface is converged to zero in the finite time via the super-232

twisting controller. �233

Remark 1: The adaptive control technique is an effective234

method for aproximatation of the upper bounds of exterior235

perturbation which is unknown in practical and actual appli-236

cations. Thus, in the following theorem, an adaptive-tunning237

scheme is applied to estimate the upper bound of exterior238

disturbance. For thispurpose, the estimation errors are defined239

as240

β̃1 (t) = β1 − β̂1 (t), (31)241

β̃2 (t) = β2 − β̂2 (t), (32)242

where β̂1 (t) and β̂2 (t) are the estimated values of β1 and β2.243

The adaptive laws can be offered as244

˙̂
β1(t) = a−11 (|s (t)| − b2m1β̂1 (t)), (33)245

˙̂
β2(t) = a−12 (|s (t)| − b2m2β̂2 (t)), (34)246

where a1 and a2 are the positive constants and bm1 and bm2247

are achieved by the following equations:248

ḃm1 = −km1bm1, (35)249

ḃm2 = −km2bm2, (36)250

while km1 and km2 signify the positive constants. Thus, the251

control input is designed as252

τ1(t) = −
1

w3M11+w4M21
(τ1eq + τ1st ), (37)253

where 254

τ1eq = (w1 + w3F1 + w4F4)y2 (t) 255

+ (w2 + w3F2+w4F5) y4 (t)+ (w3F3 + w4F6) 256

+ κI (y1 (t)+ y3 (t)+ β̂1sign (s(t)) 257

+ β̂2sign(s(t))), (38) 258

τ1st = σ1
√
s(t)sign (s(t))+ σ2sign(s(t)). (39) 259

Theorem 2: For the rotary inverted pendulum system 260

(11)-IV under known external disturbance which holds 261

Assumption 1, the control inputs (37)-(39) are designed based 262

on the sliding surface (17) and adaptive laws (33)-(36). Thus, 263

the sliding surface is converged to the origin as well as the 264

stability control of the underactuated system is fulfilled. 265

Proof: Form the candidate Lyapunov function as follow: 266

V (t) = 0.5s(t)2 + 0.5a1β̃21 (t)+ 0.5a2β̃22 (t) 267

+
1
8
k−1m1 (β1bm1)

2
+

1
8
k−1m2 (β2bm2)

2 , (40) 268

where respect to the time-derivative of Eq. (40) and consid- 269

ering ˙̃β1 (t) = −
˙̂
β1(t) and

˙̃
β2 (t) = −

˙̂
β2(t), it obtains 270

V̇ (t) = sṡ+ a1β̃1 (t)
˙̂
β1 (t)+ a2β̃2 (t)

˙̂
β2 (t) 271

+
1
4
k−1m1 β1ḃm1(β1bm1)+

1
4
k−1m2 β2ḃm2(β2bm2). (41) 272

Now, the equations (20) and (33)-(36) are substituted into 273

(41), then the subsequent equation is achieved 274

V̇ (t) = s (t) [(w1 + w3F1 + w4F4) y2 (t) 275

+ (w2 + w3F2+w4F5) y4 (t)+ (w3F3 + w4F6) 276

+ κI (y1 (t)+ y3 (t))+ (w3M11 + w4M21) τ1 (t) 277

+w331 (t)+ w432 (t)]+β̃1 (t)
(
|s (t)|−b2m1β̂1 (t)

)
278

+ β̃2 (t)
(
|s (t)| − b2m2β̂2 (t)

)
−

1
4
(β1bm1)

2
279

−
1
4
(β2bm2)

2. (42) 280

Using the control laws (37)-(39), it gets 281

V̇ (t) = s (t)
[
w331 (t)+ w432 (t)− σ1

√
ssign (s) 282

− σ2sign (s)− β̂1 (t) sign (s)− β̂2 (t) sign (s)
]

283

+ β̃1 (t)
(
|s (t)| − b2m1β̂1 (t)

)
284

+ β̃2 (t)
(
|s (t)| − b2m2β̂2 (t)

)
−

1
4
(β1bm1)

2
285

−
1
4
(β2bm2)

2. (43) 286

According to Assumption 1, we have 287

V̇ (t) ≤ −σ1 |s|
3
2 − σ2 |s| + (β1 − β̂1 (t)) |s| 288

+ (β2 − β̂2 (t)) |s| − β̃1 (t) |s| − β̃2 (t) |s| 289

+ b2m1β̃1 (t) β̂1 (t)+ b
2
m2β̃2 (t) β̂2 (t)−

1
4
(β1bm1)

2
290

−
1
4
(β2bm2)

2. (44) 291
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TABLE 1. Rotary-inverted- pendulum parameters.

From Eqs. (31) and (32) and removing the similar terms,292

we can obtain293

V̇ (t) ≤ −σ1 |s (t)|
3
2 − σ2 |s (t)| + b2m1(β1 − β̂1 (t))β̂1 (t)294

+ b2m2(β2 − β̂2 (t))β̂2 (t)−
1
4
(β1bm1)

2
295

−
1
4
(β2bm2)

2, (45)296

where by simplification, it yields297

V̇ (t) ≤ −σ1 |s|
3
2 − σ2 |s| + b2m1β1β̂1 (t)+ b

2
m2β2β̂2 (t)298

− b2m1β̂
2
1 (t)− b

2
m2β̂

2
2 (t)−

1
4
(β1bm1)

2
299

−
1
4
(β2bm2)

2. (46)300

Now, consider the following inequalities [43]:301

(β1bm1)(β̂1 (t) bm1) ≤
1
4
(β1bm1)

2
+ b2m1β̂

2
1 (t), (47)302

(β2bm2)(β̂2 (t) bm2) ≤
1
4
(β2bm2)

2
+ b2m2β̂

2
2 (t). (48)303

Substituting (47) and V into (46), the following equation is304

resulted:305

V̇ (t) ≤ −σ1 |s (t)|
3
2 − σ2 |s (t)| +

1
4
(β1bm1)

2
+ b2m1β̂

2
1 (t)306

+
1
4
(β2bm2)

2
+ b2m2β̂

2
2 (t)− b

2
m1β̂

2
1 (t)− b

2
m2β̂

2
2 (t)307

−
1
4
(β1bm1)

2
−

1
4
(β2bm2)

2, (49)308

where by removing the same expressions, it leads to309

V̇ (t) ≤ −σ1 |s|
3
2 − σ2 |s| ≤ −σ2 |s|. (50)310

Hence, we obtain V̇ (t) ≤ 0. Therefore, it is demonstrated311

that the proposed switching surface converges to origin. The312

proof is finished. �313

V. SIMULATION AND EXPERIMENTAL RESULTS314

A. SIMULATION RESULTS315

In this part, the simulation results for RIP system are per-316

formed based on the adaptive super-twisting PID-SMC tech-317

nique as exposed in Fig.1. The constant parameters of RIP318

system and the design values are given in Table 1 and Table 2,319

correspondingly.320

The simulation outcomes based on the planned scheme are321

compred with the method of [1] in two parts. The proosed PD322

sliding surface in [1] is defined as s (t) = w1y1(t)+w2y3(t)+323

TABLE 2. Initial conditions and design parameters.

FIGURE 2. Block diagram of adaptive super-twisting PID-SMC scheme.

FIGURE 3. Time responses of angular position and velocity of arm of
rotary inverted pendulum.

w3y2(t) + w4y4(t). At first, simulation results are obtained 324

with the known upper bound of exterior disturbances. The 325

finite time stablity of rotational inverted pendulum applying 326

the super-twisting PID-SMC law is observed in Fig.3 and 327

Fig.4. In Fig.3, the angular position and velocity of arm of 328
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FIGURE 4. Time responses of angular position and velocity of inverted
pendulum.

FIGURE 5. Time histories of sliding surface under known bound
perturbation.

FIGURE 6. Time response of applied torque to rotary inverted pendulum
system using super-twisting PID-SMC.

RIP system are illustrated. Fig.4 shows the time trajectories329

of angular position and angular velocity. Time histories of330

the sliding surfaces under known bound perturbation are331

FIGURE 7. Time trajectories of angular position and velocity of arm of
rotary-inverted-pendulum.

FIGURE 8. Time trajectories of angular position and velocity of inverted
pendulum using adaptive supper-twisting PID-SMC.

presented in Fig. 5. The applied torque of the system which 332

is gained by the super-twisting PID-SMC is shown in Fig.6. 333

From these figures, it can be seen that not only the suggested 334

method has quick response respect to the method of [1], but 335

also the transient performnace of the recomende method is 336

much better than method of [1]. 337

Now, it is persumed that the upper bound of exterior 338

disturbance is unknown. So, the simulation results are reim- 339

plemented using the adaptive control technique. The stability 340

control of RIP system based on the adaptive super-twisitng 341

PID sliding mode controller is exposed in Fig.7 and Fig.8. 342

Also, time trajectory of reachability of sliding surface to 343

origin is represented in Fig.9. Time response of the applied 344

torque based on the adaptive super-twisting PID-SMC is 345
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FIGURE 9. Time histories of sliding surface under unknown bound
perturbation.

FIGURE 10. Time histories of applied torque using adaptive
supper-twisting PID-SMC.

FIGURE 11. Time histories of estimation of upper bound of perturbation.

displayed in Fig.10. From this figure, it can be understood that346

the chttering phenomenon has been improved in comparison347

FIGURE 12. Components of EMECS.

FIGURE 13. Block diagram of the implementing of the proposed method.

with the method of [1]. At last, the adapation laws related 348

to the approximation of upper bound of exterior disturbances 349

are illustrated in Fig.11. Acording to these figures and com- 350

parisions, it can be seen that the recommended method based 351

on the adptive super-twisting PID-SMC presents the fast and 352

better transient response in comparison with technique of [1]. 353

B. EXPERIMENTAL RESULTS 354

In this part, some experimental outcomes are implemented on 355

a real electro-mechanical engineering control system which 356

is developed by the TERASOFT company in Future Tech- 357

nology Research Center (FTRC) in National Yunlin Uni- 358

versity of Science and Technology. The components of this 359

system are shown in Fig.12. Moreover, this control system 360

has support package in MATLAB as the embedded coder 361

toolbox that supports Texas instruments C2000 Processors. 362

In addition, block diagram of the platform is depicted in 363

Fig.13. The laboratory environment for implementation of the 364

suggested method on real RIP system is exposed in Fig.14. 365

The applied voltage for motor in the control of RIP system 366

is calculated as the following equation: 367

e =
Rm
Kt

[
τ1 +

K 2
t

Rm
θ̇1

]
, (51) 368
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FIGURE 14. Laboratory environment of rotary-inverted-pendulum.

FIGURE 15. Time histories of θ1, θ̇1.

FIGURE 16. Time responses of θ2, θ̇2.

where Rm andKt are the motor armature resistance and motor369

torque constants.370

FIGURE 17. Applied voltage for DC Motor.

After implementing the suggested method on the RIP sys- 371

tem, the subsequent outcomes are found. Time responses of 372

the position and angular velocities of the arm and pendulum 373

are shown in Fig.15 and Fig.16, individually. It can be seen 374

that the position of arm is stabilized near 0.7 degree which 375

is equal to 0.012 radian. Additionally, the pendulum position 376

is converged to zero (around 3.11 degree). So, the positions 377

of the arm and pendulum are stabilized to a region near the 378

origin. In VI, time trajectory of the applied voltage in DC 379

motor is displayed. Hence, the validation of the suggested 380

method is proved. 381

VI. CONCLUSION 382

In this paper, the dynamical model of rotational inverted 383

pendulum system was studied in the form of state-space 384

model. The finite time stability of the rotary inverted pen- 385

dulum system under known bounded exterior disturbance 386

was accomplished according to the super-twisting PID slid- 387

ing mode control. Whereas the upper bound of perturbation 388

was assumed to be unknown and the adaptive-tuning con- 389

trol scheme was designed to estimate the unknown bounds. 390

In addition, the Lyapunov stability theory was used to attest 391

the stability control of underactuated rotary inverted pendu- 392

lum based on the adaptive super-twisting PID sliding mode 393

control technique. As well, simulation results were provided 394

based on the recommendedmethod. The simulation outcomes 395

were compared with another method which was confirmed 396

the proficiency and efficacy of the suggested procedure in 397

comparison with the other method. Furthermore, experimen- 398

tal results on real RIP were provided to demonstrate the 399

efficiency of the planned method. 400
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