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ABSTRACT The quadcopter unmanned aerial vehicle (UAV) system is considered a good platform for
control scheme design as it is highly nonlinear with coupled dynamics and an under-actuated system.
Considering these challenges, this manuscript aimed to propose a control algorithm to control the quadcopter
system in the presence of uncertainty and disturbance influences. The integral adaptive sliding mode control
scheme has been proposed to control the system. The proposed control scheme is composed of the outer
loop controller to control the position of the quadcopter, while the inner loop controls the attitude of the
quadcopter. The proposed control law has three major terms, firstly the equivalent control which is developed
based on the Lyapunov approach to handle most of the uncertainty and disturbance, secondly the adaptive
switching gain, which is achieving fast adaptation against uncertainty, finally the switching function which
has been approximated by a tangent hyperbolic function to reduce the unwanted chattering phenomena. The
proposed control scheme and its performance have been investigated via a MATLAB/Simulink. The results
prove that the implemented control scheme is robust even in the presence of uncertainties and disturbance
and the quadcopter tracks the predefined trajectories with limited chattering influence.

14 INDEX TERMS Quadcopter UAV, integral SMC control, adaptive control, chattering reduction.

I. INTRODUCTION15

The quadcopter is a type of unmanned aerial vehicle (UAV).16

It has some advantages against the other types of UAVs, such17

as fast maneuverability, easy take-off and landing, and pay-18

load capacity. Considering these advantages, the quadcopter19

UAV can be used to achieve many precise and critical tasks,20

for instance, military applications, medical applications, agri-21

culture applications, and some other dangerous applications22

to avoid the risk to the human being.23

Prior mentioned applications attract researchers to design24

robust control algorithms to achieve the assigned tasks pre-25

cisely. Therefore, this research follows the model-based26
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control design approach where the model dynamic is used in 27

the proposed control design phase [1], [2]. 28

The quadcopter is a complex system due to high nonlin- 29

earity in the dynamics, unbounded dynamics and uncertain- 30

ties [3]. Furthermore, the quadcopter often operates in a harsh 31

environment where external disturbance plays a significant 32

role. Therefore, all these challenges must be taken into con- 33

sideration in the control design stage. 34

Several advanced control techniques have been developed 35

to control the quadcopter systems in order to handle these 36

challenges. For example, sliding mode control [4], [5], [6], 37

backstepping control [7], [8], feedback linearization [9], [10], 38

adaptive SMC control [11], [12], [13], and high-order sliding 39

mode control [14]. 40

The SMC is classified among the robust nonlinear con- 41

trol algorithm, which provides better performance against 42
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uncertain dynamics and disturbances [11], [15], [16]. Essen-43

tially, the SMC composes the equivalent and discontinuous44

(switching) control terms. The equivalent control deals with45

the nonlinear system dynamic, whereas the switching control46

term handles any influences that may occur due to uncertainty47

and unmodeled dynamics.48

The chattering phenomenon is considered a major disad-49

vantage associated with the traditional SMC [17], [18], where50

the unwanted chattering increases dramatically by increasing51

the switching gain. Meanwhile, for robust stability against52

uncertainty, disturbance and unmodeled dynamics, the value53

of the switching gain must be big enough to guarantee the54

stability of the quadcopter system.55

The unwanted chattering leads to serious issues, for56

instance, vibration in the mechanical parts of the quadcopter57

and heat in onboard electronics elements, which results in58

rapid power loss. This study aims to utilize the SMC con-59

trol advantages and reduce the impact of the chattering to a60

satisfactory bound. Some works are reported in the literature61

and focus on chattering reduction, such as the adaptive SMC62

control [17], higher-order SMC control [18], and fuzzy gain63

scheduling SMC [19], [20], [21], [22].64

An adaptive SMC has been designed where the switching65

gain is tuned adaptively following the changes on parameters66

uncertainties [23], [24]. However, the designed controller was67

not investigating the chattering influences. An adaptive SMC68

control law is developed in [25] to achieve fast adaptation and69

reduce unwanted chattering.70

This study proposes a control scheme based on the adaptive71

SMC control technique. The quadcopter dynamic is divided72

into two subsystems: position and attitude. Subsequently,73

an outer loop controller is developed based on the adaptive74

SMC control technique to control the quadcopter position.75

An inner loop controller is developed based on the adaptive76

SMC control technique to control the quadcopter attitude.77

The overall proposed control scheme provided robust track-78

ing and contributed to chattering reduction.79

The developed control law of the proposed adaptive SMC80

control scheme consists of three major terms, the equivalent81

term, the switching function and finally, the switching gain.82

The combination of these three terms contributes to a robust83

tracking and chattering reduction. Therefore, the contribu-84

tions of this study are listed as follows:85

• The equivalent control term is developed based on86

Lyapunov approach to handle the bulk of disturbance87

and uncertainty impact and relieve the burden on the88

switching control term.89

• The switching function (sign(s)) is approximated by90

hyperbolic function tangent function (tanh(s)) where it91

contributes to the chattering reduction.92

• The switching gain is calculated based on an adaptive93

formula to achieve fast adaptation against disturbance94

and uncertainty.95

This paper is written in the following pattern. First,96

section II briefly introduces quadcopter modeling. Then,97

FIGURE 1. Quadcopter configuration [28].

Section III discusses the proposed control scheme. Section IV 98

evaluates the proposed control scheme via the MATLAB/ 99

Simulink platform, where the simulation results are presented 100

and discussed. Finally, section V concludes the article. 101

II. THE QUADCOPTER MODELLING AND DESCRIPTION 102

In this section, a brief description of the quadcopter has been 103

introduced, then the quadcopter kinematics and the dynamics 104

equations have been presented. 105

A. QUADCOPTER SYSTEM DESCRIPTION 106

The quadcopter system composes of four rotors which 107

attached to the mainframe in symmetric cross shape [26], 108

[27], as illustrated in Figure 1. 109

B. QUADCOPTER KINEMATICS EQUATIONS 110

To obtain the kinematics equations of the quadcopter, the 111

coordinates space can be given as follows. 112

q= [ξ , η]T (1) 113

where, 114

ξ= [x, y, z]T (2) 115

and, 116

η= [φ, θ, ψ]T (3) 117

Therefore, the translational motion equations of the quad- 118

copter can be written as follows. 119

ξ̇ = RV (4) 120

where ξ represents the linear velocity in the E-frame where 121

E=(xe, ye, ze), and V denotes the linear velocity in the 122

B-frame where B=(xb, yb, zb), while and R is the transfor- 123

mational matrix (5), as shown at the bottom of the next page. 124
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Similarly, the quadcopter rotational motion equations can125

be obtained as follows.126

η̇ = Tω (6)127

where η̇ denotes the angular velocity in the E-frame, and ω128

denotes the angular velocity in the B-frame. T is the transfer129

matrix [29], and it’s given as follows.130

T =

 1 sin φ tan θ cos φ tan θ
0 cos φ − sin φ
0 sin φ

cos θ
cos φ
cos θ

 (7)131

C. QUADCOPTER DYNAMIC EQUATIONS132

The quadcopter dynamic equations in 6-DOF (space) are133

presented as follows.134

ẍ = (cos φ sin θ cos ψ + sin φ sin ψ )
u1
m

135

ÿ = (cos φ sin θ sin ψ − sin φ cos ψ )
u1
m

136

z̈ = −g+ (cos φ cosθ)
u1
m

137

φ̈ = a1θ̇ ψ̇ + a2θ̇�d +
1
Ix
u2138

θ̈ = a3φ̇ψ̇ + a4φ̇�d +
1
Iy
u3139

ψ̈ = a5φ̇θ̇ +
1
Iz
u4 (8)140

where141

a1 =
Iy − Iz
Ix

, a2 =
Jr
Ix
, a3 =

Iz − Ix
Iy

, a4 =
Jr
Iy
,142

and a5 =
Ix − Iy
Iz

143

and, (u1, u2, u3, u4) are the control inputs, where144

u1 = b(�2
1 +�

2
2 +�

2
3 +�

2
4)145

u2 = b(�2
4 −�

2
2)146

u3 = b(�2
3 −�

2
1)147

u4 = d(�2
4 +�

2
2 −�

2
3 −�

2
1) (9)148

and, �d is written as follows.149

�d = −�1 +�2 −�3 +�4 (10)150

where the quadcopter model parameters are listed and defined151

as in Table 1.152

III. CONTROL DESIGN153

This section discussed the proposed control algorithm design154

based on the integral adaptive SMC to control the quadcopter155

attitude and position subsystems, via the inner loop and the156

outer loop controllers, respectively.157

TABLE 1. Model parameters definitions.

FIGURE 2. Overall proposed control scheme.

A. THE INNER LOOP CONTROLLER DESIGN 158

The inner loop controller has been proposed based on the 159

integral adaptive SMC to control the quadcopter attitude 160

dynamics, and it is designed based on the following approach. 161

φ̈ = a1θ̇ ψ̇ + a2θ̇�d +
1
Ix
u2 + µφ 162

θ̈ = a3φ̇ψ̇ + a4φ̇�d +
1
Iy
u3 + µθ 163

ψ̈ = a5φ̇θ̇ +
1
Iz
u4 + µψ (11) 164

where, 165

a1 =
Iy − Iz
Ix

, a2 =
Jr
Ix
, a3 =

Iz − Ix
Iy

, a4 =
Jr
Iy
, 166

and a5 =
Ix − Iy
Iz

167

and µφ, µθ , µψ denote the external disturbances for φ, θ, ψ 168

dynamics, respectively. 169

The control objective is to develop an integral adaptive 170

SMC control law to stabilize the error dynamics of the 171

quadcopter attitude. The error attitude dynamics are given as 172

follows: 173

eφ = φ − φd 174

eθ = θ − θd 175

eψ = ψ − ψd (12) 176

R =

 cos θ cos ψ sin φ sin θ cos ψ − cos φ cos ψ sin φ sin θ cos ψ + cos φ sin ψ
cos θ sin ψ sin φ sin θ sin ψ + cos φ cos ψ cos φ sin θ sin ψ − sin φ cos ψ
−sin θ sin φ cos θ cos φ cos θ

 (5)

94756 VOLUME 10, 2022



A. Eltayeb et al.: Integral Adaptive Sliding Mode Control for Quadcopter UAV

where (φ, θ, ψ) is the measured attitude, and (φd , θd , ψd ) is177

the reference attitude. The proposed integral adaptive SMC178

control laws for the attitude have been developed following179

the below methodology:180

Step 1: is to write the dynamics of the errors as in (12).181

Step 2: is to select the integral sliding surface as in (13) [5].182

s =
(
d
dt
+ k1

)n−1
e+ k2

∫ t

0
edτ (13)183

Consequently, the integral SMC surface for attitude angles184

individually is chosen as follows.185

sφ = ėφ + k1φeφ + k2φ

∫ t

0
eφdτ186

sθ = ėθ + k1θ eθ + k2θ

∫ t

0
eθdτ187

sψ = ėψ + k1ψ eψ + k2ψ

∫ t

0
eψdτ (14)188

where, sφ, sθ and sψ represent the integral SMC surfaces.189

While k1φ , k1θ , k1ψ > 0 and k2φ , k2θ , k2ψ > 0 are the inner190

loop integral SMC control gains.191

Step 3: is to implement the sliding mode condition as in the192

below (15).193

ṡ = −C1sgn(s)−C2s (15)194

where C1 and C2 are positive constants.195

Substitute (12) into (14), then derivative both sides result196

to.197

ṡφ = (φ̈ − φ̈d )+ k1φ ėφ + k2φeφ198

ṡθ = (θ̈ − θ̈d )+ k1θ ėθ + k2θ eθ199

ṡψ = (ψ̈ − ψ̈d )+ k1ψ ėψ + k2ψ eψ (16)200

Substitute (11) into (16), yields to.201

ṡφ = a1θ̇ ψ̇ + a2θ̇�d +
1
Ix
u2 + µφ − φ̈d + k1φ ėφ + k2φeφ202

ṡθ = a3φ̇ψ̇ + a4φ̇�d +
1
Iy
u3 + µθ − θ̈d + k1θ ėθ + k2θ eθ203

ṡψ = a5φ̇θ̇ +
1
Iz
u4 + µψ − ψ̈d + k1ψ ėψ + k2ψ eψ (17)204

where k1φ , k1θ , k1ψ> 0 and k2φ , k2θ , k2ψ> 0 are the design205

parameters.206

Step 4: is to select the control input u2, u3, u4 as follows.207

u2 = Ix
(
φ̈d − a1θ̇ ψ̇ − a2θ̇�d − k1φ ėφ − k2φeφ + µφ + U1

)
208

209

u3 = Iy
(
θ̈d − a3φ̇ψ̇ − a4φ̇�d − k1θ ėθ − k2θ eθ + µθ + U2

)
210

u4 = Iz
(
ψ̈d − a5φ̇θ̇ − k1ψ ėψ − k2ψ eψ + µψ + U3

)
(18)211

Substitute (18) into (17), yields to.212

ṡφ = U1 + 0φ213

ṡθ = U2 + 0θ214

ṡψ = U3 + 0ψ (19)215

where, 216

0φ = Ixµφ 217

0θ = Iyµθ 218

0ψ = Izµψ (20) 219

Step 5: is to calculate the estimated 0φ, 0θ , 0ψ based on 220

selected Lyapunov functions as follows. 221

Vφ =
1
2
s2φ +

1
2
0̃φγφ0̃φ 222

Vθ =
1
2
s2θ +

1
2
0̃θγθ 0̃θ 223

Vψ =
1
2
s2ψ +

1
2
0̃ψγψ 0̃ψ (21) 224

where, 0̃φ, 0̃θ , 0̃ψ are errors between the actual and esti- 225

mated uncertainties which can be written as, 0̃φ = 0φ − 0̂φ , 226

0̃θ = 0θ − 0̂θ , and 0̃ψ = 0ψ − 0̂ψ , respectively. while 227

γφ, γθ , and γψ are positive constants. 228

Differentiating the equation (21) leads to. 229

V̇φ = sφ ṡφ +
˙̃
0φγφ0̃φ 230

V̇θ = sθ ṡθ +
˙̃
0θγθ 0̃θ 231

V̇ψ = sψ ṡψ +
˙̃
0ψγψ 0̃ψ (22) 232

As per (22) the adaption laws are calculated as follows. 233

˙̂
0φ =

1
γφ
sφ 234

˙̂
0θ =

1
γθ
sθ 235

˙̂
0ψ =

1
γψ

sψ (23) 236

Therefore, considering (15) and (19), the control laws are 237

obtained as follows. 238

U1 = −0̂φ − C1φ sgn(sφ)−C2φ sφ 239

U2 = −0̂θ − C1θ sgn(sθ )−C2θ sθ 240

U3 = −0̂ψ − C1ψ sgn(sψ )−C2ψ sψ (24) 241

Step 6: to reduce the chattering, the sign(s) is approxi- 242

mated by the hyperbolic function tangent function (tanh(s)). 243

Therefore, the switching function in (24) will be replaced by 244

(tanh(s)), where its formula is given as follows. 245

tanh(s) =
es − e−s

es + e−s
(25) 246

and has properties: 247

tanh(s) =


1 if s is a positive big
0 if s = 0,
−1 if s is a negative big

248

Step 7: the switching gains are designed as in (26) to sense 249

and adapt the changes in the uncertainties quickly. There are 250

three parameters ϕi, αi and δi (t) can be used and selected to 251

VOLUME 10, 2022 94757



A. Eltayeb et al.: Integral Adaptive Sliding Mode Control for Quadcopter UAV

achieve fast adaptation, which contributes to the chattering252

reduction.253

˙̂Ci =

{
ϕi

{
α−1i · |si (t)|

}−δi(t)
· δi (t)

ϕi · α
−1
i · |si (t)|

if Ĉi> 0
if Ĉi= 0

(26)254

The parameter ϕi can be tuned as follows:255

δi (t) = tanh(‖si (t)‖∞ − εi) (27)256

ϕi =

{
ϕiup
ϕidown

if δi (t)> 0
if δi (t) ≤ 0

(28)257

where, ϕiup is controlling the increment rate and ϕidown is258

controlling the decrement rate.259

B. THE OUTER LOOP CONTROLLER DESIG260

As it can be observed, the overall dynamics of the quad-261

copter (attitude and position) as given in (8) are underactu-262

ated where there are 6-DOFs [x, y, z, φ, θ, ψ]T controlled via263

[u1, u2, u3, u4]T only [30], [31]. However, as shown in (8),264

the underactuated part is coming from the quadcopter posi-265

tion dynamics subsystem. Therefore, the Cartesian positions266

(u1, φ and θ ) are utilized to generate three virtual control267

inputs to control each output individually. Considering the268

quadcopter position dynamics, the virtual controls can be269

written as follows.270  uxuy
uz

 =
 cos φ sin θ cos ψ + sin φ sin ψcos φ sin θ sin ψ − sin φ cos ψ

cos φ cos θ

 u1
m

271

−

 0
0
g

+
µxµy
µz

 (29)272

where, µx , µy and µz are the position disturbances.273

From (29), the Cartesian positions are calculated as274

follows.275

u1 =
√
u2x + u2y+(uz + g)2 (30)276

and,277

φd = sin−1
(
uxsinψd − uycosψd

u1

)
(31)278

θd = tan−1
(
uxsinψd + uycosψd

uz + g

)
(32)279

where ux , uy and uz denote the virtual controls generated280

to control the quadcopter position through (u1, φd and θd ).281

Particularly, as shown in Figure 2, the outer loop controller282

takes the errors signals which is the difference between the283

desired (xd , yd , zd ) and the measured (x, y, z) position and284

produces the virtual controls (ux , uy, uz). Then, the convertor285

generates the lift force u1, φd , and θd angles.286

The aim of this section is to design an outer loop controller287

based on the integral adaptive SMC control to stabilize the288

quadcopter position.289

Step 1: Subsequently, the error dynamics of the quadcopter 290

position subsystem are written as follows. 291

ex = x − xd 292

ey = y− yd 293

ez = z− zd (33) 294

Step 2: Similarly, as in the inner loop controller design 295

section, the integral sliding surface for the outer loop con- 296

troller is written as follows. 297

sx = ėx + k1x ex + k2x

∫ t

0
exdτ 298

sy = ėy + k1yey + k2y

∫ t

0
eydτ 299

sz = ėz + k1zez + k2z

∫ t

0
ezdτ (34) 300

where, sx , sy and sz represent the sliding surfaces for x, y, 301

and z dynamics, respectively. While k1x , k1y , k1z > 0 and 302

k2x , k2y , k2z > 0 are the outer loop integral adaptive SMC 303

control gains. 304

Step 3: is to apply the sliding mode condition as in (15). 305

ṡx = (ẍ − ẍd )+ k1x ėx + k2x ex 306

ṡy = (ÿ− ÿd )+ k1y ėy + k2yey 307

ṡz = (z̈− z̈d )+ k1z ėz + k2zez (35) 308

Then, from (29) and (35), we obtain. 309

ṡx = ux + µx − ẍd + k1x ėx + k2x ex 310

ṡy = uy + µy − ÿd + k1y ėy + k2yey 311

ṡz = uz + µz − z̈d + k1z ėz + k2zez (36) 312

Step 4: is to select the control input ux, uy, uz as follows: 313

ux =
{
ẍd − k1x ėx − k2x ex

}
+ Ux 314

uy =
{
ÿd − k1y ėy − k2yey

}
+ Uy 315

uz =
{
z̈d − k1z ėz − k2zez

}
+ Uz (37) 316

Therefore, from (36) and (37), we get 317

ṡx = µx + Ux 318

ṡy = µy + Uy 319

ṡz = µz + Uz (38) 320

Thus, 321

ṡx = Ux + 0x 322

ṡy = Uy + 0y 323

ṡz = Uz + 0z (39) 324

where, 325

0x = µx 326

0y = µy 327

0z = µz (40) 328
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TABLE 2. The quadcopter model Parameters [32].

Step 5: is to calculate the estimated 0x , 0y, 0z based on329

selected Lyapunov functions as follows.330

Vx =
1
2
s2x +

1
2
0̃xγx 0̃x331

Vy =
1
2
s2y +

1
2
0̃yγy0̃y332

Vz =
1
2
s2z +

1
2
0̃zγz0̃z (41)333

where, 0̃x , 0̃y, 0̃z are the uncertainty errors, and calculated334

as 0̃x = 0x − 0̂x , 0̃y = 0y − 0̂y, and 0̃z = 0z − 0̂z, while,335

γx , γy, and γz are positive constants.336

Therefore, the first derivative for both sides of the selected337

Lyapunov function (41) yields to.338

V̇x = sx ṡx +
˙̃
0xγx 0̃x339

V̇y = syṡy +
˙̃
0yγy0̃y340

V̇z = szṡz +
˙̃
0zγz0̃z (42)341

The adaption laws are calculated as follows.342

˙̂
0x =

1
γx
sx343

˙̂
0y =

1
γy
sy344

345

˙̂
0z =

1
γz
sz (43)346

Thus, the control laws will be as follows.347

Ux = −0̂x − C1x sgn(sx)− C2x sx348

Uy = −0̂y − C1ysgn(sy)− C2ysy349

Uz = −0̂z − C1zsgn(sz)− C2zsz (44)350

To reduce the chattering, steps 6 and 7 are implemented as in351

the previous section.352

IV. SIMULATION MODEL353

The proposed control scheme has been simulated and eval-354

uated via the MATLAB/Simulink platform. The designed355

control parameters are listed in Table 3 and Table 4 for the356

inner and the outer loop controllers, respectively.357

TABLE 3. The inner loop Controller parameters for the attitude.

TABLE 4. The outer loop Controller parameters for the position.

FIGURE 3. Quadcopter position-following the desired position in space.

V. SIMULATION RESULTS 358

To evaluate the performance of the proposed control scheme, 359

three different scenarios have been investigated. In the first 360

case, the quadcopter has been commanded to reach the 361

desired position. In the second case, the quadcopter has 362

been commanded to track a predefined reference trajectory. 363

Finally, the proposed control scheme has been evaluated, 364

considering both the external disturbance and the quadcopter 365

mass uncertainty, where the quadcopter is following the pre- 366

defined track. 367

A. CONTROL SYSTEM PERFORMANCE: ACHIEVING THE 368

DESIRED POSITION 369

In this scenario, the desired setpoint in space is defined 370

as (xd , yd , zd ), and the quadcopter UAV has been com- 371

manded to reach that point. The proposed control scheme 372

is designed to achieve the assigned task precisely and 373

fastly as shown in Figure 3 and Figure 4 for the position 374
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FIGURE 4. Quadcopter attitude-following the desired angles in space.

FIGURE 5. Quadcopter position errors signals.

FIGURE 6. Quadcopter attitude errors signals.

and attitude, respectively. Figure 5 and Figure 6 presented375

the associated errors for the position and attitude, respec-376

tively. Figure 7 presents the control efforts to accomplish the377

assigned tasks.378

B. CONTROL SYSTEM PERFORMANCE: FOLLOWING379

REFERENCE TRAJECTORY TRACKING380

In this case, the quadcopter is simulated and commanded381

to track a predefined trajectory in space 6-DOFs (for the382

position as in Figure 8 and Figure 9, and for the attitude as in383

FIGURE 7. Quadcopter control signals.

FIGURE 8. 3D view of desired trajectory tracking- nominal parameters.

FIGURE 9. Quadcopter position-following the desired position in
space-nominal parameters.

Figure 10), considering the ideal environment where there is 384

no influence neither from the uncertainties nor disturbances. 385

This scenario is almost similar and applicable for indoor 386

quadcopter applications where the operation area is limited 387

and closed. 388

The simulation results in this scenario prove that the 389

proposed controller is robust against the reference tracking 390

modification. In the previous scenario, the performance was 391

evaluated for the quadcopter to reach the reference setpoint, 392

whereas, in this scenario, the proposed controller is evaluated 393
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FIGURE 10. Quadcopter attitude-following the desired angles in
space-nominal parameters.

FIGURE 11. Quadcopter position errors signals (nominal parameters).

FIGURE 12. Quadcopter attitude errors signals-nominal parameters.

to follow a full predefined trajectory tracking in space.394

Figure 11 and Figure 12 visualize the error signals for the395

position and attitude, respectively. The control efforts that396

enabled the quadcopter to achieve this task successfully are397

shown in Figure 13.398

C. THE CONTROL SYSTEM PERFORMANCE: FOLLOWING399

REFERENCE TRAJECTORY TRACKING AGAINST THE400

VARIABLE PAYLOAD AND DISTURBANCE401

In this scenario, the quadcopter is simulated to mimic the402

real and harsh environment applicable in some outdoor403

FIGURE 13. Quadcopter control signals-nominal parameters.

FIGURE 14. Quadcopter variable payloads (mass uncertainty).

FIGURE 15. External disturbances acting on x, y and z-axes.

applications such as spraying agricultural pesticides where 404

the disturbances and uncertainties are challenging. In this 405

case the uncertainty has been represented by a variable pay- 406

load where it is assumed as an added mass (such as liquid 407

pesticides) 0.18 kg to the quadcopter nominal mass 0.65 kg; 408

the added mass is about 30%. As shown in Figure 14 the 409

added mass discharges linearly until the liquid pesticides 410

finish and the quadcopter mass returns to the nominal value. 411

Meanwhile, the disturbances have been considered as well as 412

depicted in Figure 15. 413

Despite these challenges, the proposed controller still 414

enables the quadcopter to track a predefined trajectory in 415
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FIGURE 16. 3D view of desired trajectory tracking in the presence of
disturbance and mass uncertainty.

FIGURE 17. Quadcopter position-following the desired position in space-
in the presence of disturbance and mass uncertainty.

FIGURE 18. Quadcopter attitude-following the desired angles in space-in
the presence of disturbance and mass uncertainty.

space 6-DOFs for (the position as in Figure 16 for 3D416

view and Figure 17 and the attitude as in Figure 18). The417

assigned task has been achieved successfully, and the con-418

troller performance can be observed as in Figure 19, and419

FIGURE 19. Quadcopter position errors signals-in the presence of
disturbance and mass uncertainty.

FIGURE 20. Quadcopter attitude errors signals-in the presence of
disturbance and mass uncertainty.

FIGURE 21. Quadcopter control signals- in the presence of disturbance
and mass uncertainty.

Figure 20, which presented the errors in quadcopter position 420

and attitude, respectively. The control efforts that enabled 421

the quadcopter to overcome these challenges with satisfac- 422

tory chattering as shown in Figure 21. The performance of 423
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FIGURE 22. Quadcopter control signals- in the presence of disturbance
and mass uncertainty.

FIGURE 23. Adaptive estimated gains vs the constant gains.

the proposed control scheme has been compared with the424

benchmark integral adaptive SMC controller in which the425

gain is considered as constant and the swiching function is426

considered as sign(s) without an approximation to study and427

investigate the performance of the proposed integral adaptive428

SMC control scheme in terms of the chattering attenuation429

and robustness. The results have been shown in Figure 21 and430

Figure 22 which represent the performance of the proposed431

controller and benchmark controller, respectively, where the432

performance of the proposed controller outperformed the433

benchmark controller. While Figure 23 visualizes the behav-434

ior of the adaptive gains against the uncertainties and the435

disturbance.436

VI. CONCLUSION437

In this paper, the proposed control scheme has been devel-438

oped based on the adaptive SMC control algorithm. The439

quadcopter dynamic is divided into two parts, the position440

and the attitude subsystems. Subsequently, an outer loop con-441

troller has been designed based on the adaptive SMC control442

method to control the quadcopter position. Also, an inner loop443

controller has been developed based on the adaptive SMC444

control technique to control the quadcopter attitude. The445

overall proposed control scheme provided robust tracking and446

contributed to chattering reduction. Based on the proposed 447

integral SMC, it is suggested to proceed further to identify 448

the unknown dynamics, which is also important for UAV 449

control. Currently, intelligent algorithms are widely used in 450

online estimation, e.g., neuroadaptive control for complicated 451

underactuated systems with simultaneous output and veloc- 452

ity constraints; adaptive fuzzy control for a class of MIMO 453

underactuated systems with plant uncertainties and actuator 454

dead-zones. These topics are the subject of future research. 455

REFERENCES 456

[1] W. Gu, K. P. Valavanis, M. J. Rutherford, and A. Rizzo, ‘‘UAV 457

model-based flight control with artificial neural networks: A survey,’’ 458

J. Intell. Robot. Syst., vol. 100, nos. 3–4, pp. 1469–1491, Dec. 2020, doi: 459

10.1007/s10846-020-01227-8. 460

[2] A. Talaeizadeh, E. Najafi, H. N. Pishkenari, and A. Alasty, ‘‘Deployment 461

of model-based design approach for a mini-quadcopter,’’ in Proc. 7th 462

Int. Conf. Robot. Mechatronics (ICRoM), Nov. 2019, pp. 291–296, doi: 463

10.1109/ICRoM48714.2019.9071917. 464

[3] I. S. Leal, C. Abeykoon, and Y. S. Perera, ‘‘Design, simulation, anal- 465

ysis and optimization of PID and fuzzy based control systems for 466

a quadcopter,’’ Electronics, vol. 10, no. 18, p. 2218, Sep. 2021, doi: 467

10.3390/electronics10182218. 468

[4] Y. Shtessel, C. Edwards, L. Fridman, and A. Levant, Sliding Mode Control 469

and Observation. New York, NY, USA: Springer, 2014. 470

[5] S. Vaidyanathan and C. H. Lien, Applications of Sliding Mode Control in 471

Science and Engineering, vol. 709. Cham, Switzerland: Springer, 2017. 472

[6] A. Noordin, M. A. M. Basri, and Z. Mohamed, ‘‘Sliding mode control 473

for altitude and attitude stabilization of quadrotor UAV with external 474

disturbance,’’ Indonesian J. Elect. Eng. Inform., vol. 7, no. 2, pp. 203–210, 475

2019, doi: 10.11591/ijeei.v7i2.1149. 476

[7] A. T. Nguyen, N. Xuan-Mung, and S. K. Hong, ‘‘Quadcopter adaptive 477

trajectory tracking control: A new approach via backstepping technique,’’ 478

Appl. Sci., vol. 9, no. 18, pp. 1–17, 2019, doi: 10.3390/app9183873. 479

[8] M. A. M. Basri, ‘‘Robust backstepping controller design with a fuzzy 480

compensator for autonomous hovering quadrotor UAV,’’ Iranian J. Sci. 481

Technol., Trans. Electr. Eng., vol. 42, no. 3, pp. 379–391, Sep. 2018, doi: 482

10.1007/s40998-018-0080-6. 483

[9] E. Kuantama, I. Tarca, and R. Tarca, ‘‘Feedback linearization LQR 484

control for quadcopter position tracking,’’ in Proc. 5th Int. Conf. 485

Control, Decis. Inf. Technol. (CoDIT), Apr. 2018, pp. 204–209, doi: 486

10.1109/CoDIT.2018.8394911. 487

[10] J. C. Escobar, R. Lozano, and M. B. Estrada, ‘‘PVTOL control using 488

feedback linearisation with dynamic extension,’’ Int. J. Control, vol. 94, 489

no. 7, pp. 1794–1803, Jul. 2021, doi: 10.1080/00207179.2019.1676468. 490

[11] O. Mofid and S. Mobayen, ‘‘Adaptive sliding mode control for finite-time 491

stability of quad-rotor UAVs with parametric uncertainties,’’ ISA Trans., 492

vol. 72, pp. 1–14, Jan. 2018, doi: 10.1016/j.isatra.2017.11.010. 493

[12] S. Nadda and A. Swarup, ‘‘On adaptive sliding mode control for improved 494

quadrotor tracking,’’ J. Vib. Control, vol. 24, no. 14, pp. 3219–3230, 495

Jul. 2018, doi: 10.1177/1077546317703541. 496

[13] D. Lee, H. J. Kim, and S. Sastry, ‘‘Feedback linearization vs. adaptive 497

sliding mode control for a quadrotor helicopter,’’ Int. J. Control, Autom., 498

Syst., vol. 7, no. 3, pp. 419–428, 2009, doi: 10.1007/s12555-009-0311-8. 499

[14] L. Liu, W. X. Zheng, and S. Ding, ‘‘High-order sliding mode controller 500

design subject to lower-triangular nonlinearity and its application to robotic 501

system,’’ J. Franklin Inst., vol. 357, no. 15, pp. 10367–10386, Oct. 2020, 502

doi: 10.1016/j.jfranklin.2020.08.013. 503

[15] A. Mazinan, M. Kazemi, and H. Shirzad, ‘‘An efficient robust adaptive 504

sliding mode control approach with its application to secure communica- 505

tions in the presence of uncertainties, external disturbance and unknown 506

parameters,’’ Trans. Inst. Meas. Control, vol. 36, no. 2, pp. 164–174, 507

Apr. 2014, doi: 10.1177/0142331213492544. 508

[16] J. Zhu and K. Khayati, ‘‘A new approach for adaptive sliding mode control: 509

Integral/exponential gain law,’’ Trans. Inst. Meas. Control, vol. 38, no. 4, 510

pp. 385–394, Apr. 2016, doi: 10.1177/0142331215583328. 511

[17] O. Barambones and P. Alkorta, ‘‘Position control of the induction 512

motor using an adaptive sliding-mode controller and observers,’’ IEEE 513

Trans. Ind. Electron., vol. 61, no. 12, pp. 6556–6565, Dec. 2014, doi: 514

10.1109/TIE.2014.2316239. 515

VOLUME 10, 2022 94763

http://dx.doi.org/10.1007/s10846-020-01227-8
http://dx.doi.org/10.1109/ICRoM48714.2019.9071917
http://dx.doi.org/10.3390/electronics10182218
http://dx.doi.org/10.11591/ijeei.v7i2.1149
http://dx.doi.org/10.3390/app9183873
http://dx.doi.org/10.1007/s40998-018-0080-6
http://dx.doi.org/10.1109/CoDIT.2018.8394911
http://dx.doi.org/10.1080/00207179.2019.1676468
http://dx.doi.org/10.1016/j.isatra.2017.11.010
http://dx.doi.org/10.1177/1077546317703541
http://dx.doi.org/10.1007/s12555-009-0311-8
http://dx.doi.org/10.1016/j.jfranklin.2020.08.013
http://dx.doi.org/10.1177/0142331213492544
http://dx.doi.org/10.1177/0142331215583328
http://dx.doi.org/10.1109/TIE.2014.2316239


A. Eltayeb et al.: Integral Adaptive Sliding Mode Control for Quadcopter UAV

[18] S. Di Gennaro, J. R. Domínguz, and M. A. Meza, ‘‘Sensorless high516

order sliding mode control of induction motors with core loss,’’ IEEE517

Trans. Ind. Electron., vol. 61, no. 6, pp. 2678–2689, Jun. 2014, doi:518

10.1109/TIE.2013.2276311.519

[19] A. Eltayeb,M. F. Rahmat,M.A.M. Eltoum, andM.A.M. Basri, ‘‘Adaptive520

fuzzy gain scheduling sliding mode control for quadrotor UAV systems,’’521

in Proc. 8th Int. Conf. Modeling Simulation Appl. Optim. (ICMSAO),522

Apr. 2019, pp. 1–5, doi: 10.1109/ICMSAO.2019.8880438.523

[20] Y. Yang and Y. Yan, ‘‘Attitude regulation for unmanned quadrotors using524

adaptive fuzzy gain-scheduling sliding mode control,’’ Aerosp. Sci. Tech-525

nol., vol. 54, pp. 208–217, Jul. 2016, doi: 10.1016/j.ast.2016.04.005.526

[21] N. Ben, S. Bouallègue, and J. Haggège, ‘‘Fuzzy gains-scheduling of an527

integral sliding mode controller for a quadrotor unmanned aerial vehicle,’’528

Int. J. Adv. Comput. Sci. Appl., vol. 9, no. 3, pp. 132–141, 2018, doi:529

10.14569/ijacsa.2018.090320.530

[22] E. Ahmed, ‘‘Robust adaptive sliding mode control design for quadrotor531

unmanned aerial vehicle trajectory tracking,’’ Int. J. Comput. Digit. Syst.,532

vol. 9, no. 2, pp. 249–257, Jan. 2020, doi: 10.12785/IJCDS/090210.533

[23] M. M. Rezaei and J. Soltani, ‘‘Robust control of an islanded multi-bus534

microgrid based on input–output feedback linearisation and sliding mode535

control,’’ IET Gener., Transmiss. Distrib., vol. 9, no. 15, pp. 2447–2454,536

Nov. 2015, doi: 10.1049/iet-gtd.2015.0340.537

[24] A. Eltayeb, M. F. Rahmat, M. A. M. Eltoum, S. Ibrahim, and538

M. A. M. Basri, ‘‘Adaptive sliding mode control design for the539

2-DOF robot arm manipulators,’’ in Proc. Int. Conf. Comput.,540

Control, Electr., Electron. Eng. (ICCCEEE), Sep. 2019, pp. 1–5, doi:541

10.1109/ICCCEEE46830.2019.9071314.542

[25] J. Baek, M. Jin, and S. Han, ‘‘A new adaptive sliding-mode control scheme543

for application to robot manipulators,’’ IEEE Trans. Ind. Electron., vol. 63,544

no. 6, pp. 3628–3637, Jun. 2016, doi: 10.1109/TIE.2016.2522386.545

[26] Q. Quan, Introduction to Multicopter Design and Control. Beijing, China:546

Springer, 2017.547

[27] A. Eltayeb, M. F. Rahmat, and M. A. M. Basri, ‘‘Adaptive feedback548

linearization controller for stabilization of quadrotor UAV,’’ Int. J. Integr.549

Eng., vol. 12, no. 4, pp. 1–17, 2020, doi: 10.30880/ijie.2020.12.04.001.550

[28] A. Eltayeb, M. F. Rahmat, M. A. M. Basri, and M. S. Mahmoud,551

‘‘An improved design of integral sliding mode controller for chatter-552

ing attenuation and trajectory tracking of the quadrotor UAV,’’ Ara-553

bian J. Sci. Eng., vol. 45, no. 8, pp. 6949–6961, Aug. 2020, doi:554

10.1007/s13369-020-04569-5.555

[29] R. Olfati-Saber, ‘‘Nonlinear control of underactuated mechanical sys-556

tems with application to robotics and aerospace vehicles,’’ Ph.D. Thesis,557

Massachusetts Inst. Technol., Cambridge, MA, USA, 2001.558

[30] H. Boudjedir, O. Bouhali, and N. Rizoug, ‘‘Adaptive neural network559

control based on neural observer for quadrotor unmanned aerial vehi-560

cle,’’ Adv. Robot., vol. 28, no. 17, pp. 1151–1164, Sep. 2014, doi:561

10.1080/01691864.2014.913498.562

[31] Z. Li, X. Ma, and Y. Li, ‘‘Model-free control of a quadrotor using adaptive563

proportional derivative-sliding mode control and robust integral of the564

signum of the error,’’ Int. J. Adv. Robot. Syst., vol. 15, no. 5, pp. 1–15,565

2018, doi: 10.1177/1729881418800885.566

[32] S. Bouabdallah, ‘‘Design and control of quadrotors with application to567

autonomous flying,’’ Ph.D. thesis, Lausanne, EPFL, Laboratoire de Sys-568

tèmes Autonomes, 2007.569

AHMED ELTAYEB received the B.S. degree in570

electronic engineering from the University of571

Gezira, Sudan, in 2008, and the M.Sc. degree572

in systems engineering from the King Fahd Uni-573

versity of Petroleum and Minerals, Saudi Arabia,574

in 2013. He is currently pursuing the Ph.D. degree575

with the Division of Control and Mechatronics576

Engineering, UTM University, Malaysia. He was577

appointed as a Teaching Assistant at the Depart-578

ment of Electronic Engineering, University of579

Gezira, from 2008 to 2010. He was appointed as a Researcher Assistant at580

the Department of Systems Engineering, KFUPM University. His research581

interests include robotics and unmanned aerial vehicles control design.582

MOHD FUA’AD RAHMAT (Senior Mem- 583

ber, IEEE) received the B.E.Eng. (Hons.) 584

from Universiti Teknologi Malaysia (UTM), 585

Skudai Johor, in 1989, the master’s degree in 586

control system engineering from The University 587

of Sheffield, U.K., in 1993, and the Ph.D. degree 588

in electronic instrumentation engineering from 589

Sheffield Hallam University, U.K., in 1996. He is 590

currently a Professor with the Department of 591

Control and Mechatronics Engineering, Faculty 592

of Electrical Engineering, UTM. His research interests include system 593

identification and estimation, signal processing, process tomography for 594

industrial process, process control instrumentation, sensors and actuators, 595

hydraulic, and pneumatic systems. 596

MOHD ARIFFANAN MOHD BASRI received 597

the B.Eng. degree in electrical and mechatronics, 598

the M.Eng. degree in electrical and mechatron- 599

ics and automatic control, and the Ph.D. degree 600

in electrical and control degree from Univer- 601

siti Teknologi Malaysia (UTM), Johor Bahru, 602

Malaysia, in 2004, 2009, and 2015, respectively. 603

He is currently a Senior Lecturer with the School 604

of Electrical Engineering, Faculty of Engineering, 605

UTM. He has authored over 30 journal and con- 606

ference papers, and book chapters. His current research interests include 607

advanced control techniques, artificial intelligent, and their applications. 608

He is a member of the Board of Engineers Malaysia (BEM), the Malaysia 609

Board of Technologists (MBOT), the Malaysian Society for Automatic 610

Control Engineers (MACE), the Malaysian Simulation Society (MSS), and 611

the International Association of Engineers (IAENG). 612

M. A. MOHAMMED ELTOUM received the B.S. 613

degree in electrical engineering from the Sudan 614

University of Science and Technology, Sudan, 615

in 2015, and the master’s degree in systems and 616

control engineering from the King FahdUniversity 617

of Petroleum and Minerals, Saudi Arabia, in 2020. 618

He is currently pursuing the Ph.D. degree with 619

Khalifa University, UAE. His research interests 620

include nonlinear control systems, electric drives, 621

mechatronics, and intelligent control systems. 622

MAGDI SADEK MAHMOUD (Senior Mem- 623

ber, IEEE) is a Distinguished Professor at the 624

King Fahd University of Petroleum and Minerals 625

(KFUPM), Saudi Arabia. He was on the faculty at 626

different universities worldwide including Egypt 627

(CU, AUC), Kuwait (KU), UAE (UAEU), U.K. 628

(UMIST), USA (Pitt, Case Western), Singapore 629

(Nanyang), and Australia (Adelaide). He lectured 630

in Venezuela (Caracas), Germany (Hanover), U.K. 631

(Kent), USA (UoSA), Canada (Montreal), and 632

China (BIT, Yanshan). He is the principal author of fifty-one (51) books, 633

inclusive book chapters and the author/co-author of more than 610 peer- 634

reviewed articles. He is a fellow of the IEE, the CEI (UK), and a registered 635

consultant engineer of information engineering and systems (Egypt). He has 636

received several national, regional, and international prizes in recognition of 637

his outstanding research. He has served on the Editorial Board of several 638

International Journals. He is currently actively engaged in teaching and 639

research in the development of modern methodologies to distributed control 640

and filtering, networked control systems, fault-tolerant systems, cyberphys- 641

ical systems, and information technology. 642

643

94764 VOLUME 10, 2022

http://dx.doi.org/10.1109/TIE.2013.2276311
http://dx.doi.org/10.1109/ICMSAO.2019.8880438
http://dx.doi.org/10.1016/j.ast.2016.04.005
http://dx.doi.org/10.14569/ijacsa.2018.090320
http://dx.doi.org/10.12785/IJCDS/090210
http://dx.doi.org/10.1049/iet-gtd.2015.0340
http://dx.doi.org/10.1109/ICCCEEE46830.2019.9071314
http://dx.doi.org/10.1109/TIE.2016.2522386
http://dx.doi.org/10.30880/ijie.2020.12.04.001
http://dx.doi.org/10.1007/s13369-020-04569-5
http://dx.doi.org/10.1080/01691864.2014.913498
http://dx.doi.org/10.1177/1729881418800885

