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Abstract: In quadrotor unmanned aerial vehicle (UAV) systems, chattering is a well-known disadvantage of sliding 9 

mode control (SMC). Moreover, quadrotors are frequently subjected to aerodynamic perturbations such as wind gusts, 10 

which can drastically degrade flight performance if not properly compensated. To solve these problems, this work pro-11 

poses a novel control strategy that combines a second-order sliding mode control system with a multi-channel decom-12 

position of the quad-rotor dynamics. 13 

In order to develop specialized controllers for each motion channel, the quadrotor model is first decomposed into in-14 

dependent subsystems. After that, a super-twisting algorithm is used to ensure continuous control action while pre-15 

serving the robustness properties of the second order sliding mode control. The proposed method is designed to effec-16 

tively suppress both chattering phenomenon and disturbance forces acting on the dynamic of the quadrotor. Numerical 17 

simulations under various reference trajectories and external disturbances are used to validate the control strategy's 18 

efficacy. The results show fast convergence, strong robustness, and better performance compared to classical sliding 19 

mode control. 20 

 21 

Keywords: Quadrotor UAV, Second Order Sliding Mode Control, Chattering. 22 

1 Introduction 23 

The evolution of unmanned aerial vehicle (UAV) systems has accelerated in recent years. The quadrotor UAVs 24 

have become an important research area because of their large domain of applications [1-2].  25 

The quadrotor UAV features a symmetrical airframe, four rotors integrated with onboard data processing, and 26 

high-performance propellers. These characteristics have made it a subject of great interest in recent research efforts 27 

[3]. UAVs have played an important role in a wide range of applications, including military operations, thanks to their 28 

notable advantages over manned aerial vehicles, such as lower cost and greater maneuverability [4]. As highlighted by 29 

[5] and [6], UAV uses include picture and video mapping, construction, medical services, parcel delivery, search and res-30 

cue missions, wireless communication, aerial surveillance, and exploration of inaccessible locations. Furthermore, they 31 

are used in precision agriculture as well as in monitoring oil rigs and power lines [7]. 32 

Control design for quadrotor UAV systems has been a topic of active research in recent years due to their im-33 

portant potential applications. This system is a type of powered aircraft that does not carry a human pilot, and can fly 34 

autonomously or be remotely controlled. The first reported quadrotor helicopter was built in 1907 by the Breguet 35 

Brothers [8]. However, there was no means of control provided to the pilot other than a throttle for the engine to 36 

change the rotor speed, and the stability of the machine was found to be very poor. The machine was subsequently 37 

tethered so that it could move only vertically upward. In recent years, UAV technology has experienced a rapid growth 38 

in popularity. This has been driven by advancements in computing and positioning technologies as well as the benefits 39 

UAVs could offer us. Moreover, UAV field seems to step out of the exclusivity of the military applications, and a lot of 40 

potential civil applications have emerged. Examples of applications include fire ground surveillance, agriculture and film 41 

production, management of the large infrastructures, recognition and surveillance vehicles, and search and rescue op-42 

erations. For these reasons, the automatic control of a quadrotor UAV, the path tracking problem and attitude stabiliza-43 

tion, has attracted the attention of many researches in the past few years [8]. 44 

The X4 flyer is an engine of 68cm*68cm of total size and not exceeds 2Kg in mass. It is designed in a cross form 45 

and made of carbon fiber. Each tip of the cross has a rotor including an electric brushless motor, a speed controller and 46 

two-blade ducted propeller. The operating principle of the X4 can be presented thus: two rotors turn clockwise, and the 47 

two other rotors turn counterclockwise to maintain the total equilibrium in yaw motion. 48 

 49 
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Fig. 1 Each figure should. 66 

Many strategies have been proposed in literature to stabilize the four rotors and to generate its trajectory, such as 67 

design due to its distinct advantages. However, it suffers from a disadvantage called the "chattering" phenomenon [9], 68 

which represents a major obstacle to the practical implementation of SMC in engineering applications [10]. To elimi-69 

nate this phenomenon, researchers have carried variousstudies [11�13]. In previous methods, the discontinuous com-70 

ponents were replaced with continuous functions, which minimized chattering. However, this solution often came at 71 

the cost of significantly diminished control performance [14]. A variable structure terminal guidance law incorporating 72 

an adaptive fast-reaching law and a filter method based on a sliding mode observer was proposed in [15]. Wu et al. 73 

proposed the use of slack matrices feedback linearization control, visual control, backstepping control and sliding-mode 74 

control.  75 

Sliding Mode Control (SMC), as a variable structure control technique, is particularly well-suited for quadrotor UAV 76 

system along with a delay-dependent sufficient condition to ensure that the sliding mode dynamics are generalized, 77 

quadratically stable, and robustly passive [16, 17]. Moreover, Wu et al. designed an integral sliding surface function 78 

along with an observer to estimate the system states, and it was demonstrated that these states could be reached in fi-79 

nite time [18, 19]. An integral-type sliding surface function is developed to establish the sliding mode dynamics, which 80 

can be modeled as a switched stochastic system subject to external disturbances and uncertainties [20]. However, 81 

these control methods are based on the classical variable structure control theory, which is not well suited for quad-82 

rotor UAV systems due to the presence of the chattering phenomenon. Therefore, it is important to explore advanced 83 

sliding mode control strategies that not only ensure strong robustness but also enable continuous control action. Shtes-84 

sel et al. proposed a second-order sliding mode variable structure control algorithm, which demonstrated strong ro-85 

bustness and effectively eliminated the chattering phenomenon [21�23]. However, the high-order sliding mode control 86 

algorithm has certain limitations, such as the complexity of algorithm.To overcome this limitation, higher-order sliding 87 

mode (HOSM) techniques have been introduced. In particular, second-order sliding mode control algorithms, such as 88 

the super-twisting algorithm. When compared to classical SMC, these techniques have shown better results in reducing 89 

chattering and improving tracking accuracy even under severe disturbance forces. However, because of the high inter-90 

action between system dynamics, its application to quadrotor systems often results in increased design complexity. 91 

By dividing system dynamics into independent subsystems, model decomposition approaches provide an appealing so-92 

lution in this situation by simplifying controller design, and developing different controllers for each motion channel, 93 

which reduces complexity and improves implementation performances. This paper proposes a novel control strategy 94 

that combines a multi-channel decomposition of the quadrotor dynamics with a second-order sliding mode control 95 

scheme based on the super-twisting algorithm. The main objective is to reduce the complexity of controller design 96 

while ensuring high robustness and elemining the chattering phenomenon. 97 

This paper addresses the chattering phenomenon in quadrotor UAV tracking systems. To tackle this problem, the 98 

quadrotor UAV motion is decomposed into five-channel subsystems, and a second-order sliding mode control, specifi-99 

cally the super-twisting algorithm is proposed, which has fast convergence and strong robustness. 100 

The rest of this paper is organized in five sections, the second section relates the modeling of the X4, and a five-101 

channel decomposition model is proposed.The following section presents the design of the five-channel controllers. 102 

Section 5 evaluates the control performance through simulations. Finally, Section 6 concludes the paper. 103 

 104 
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2 Dynamic Model of a Quadrotor 108 

This section presents the dynamic model of the X4 quadrotor drone. The model is developed using the Lagrange-109 

Euler approach, while considering the following simplifying assumptions: 110 

 The carbon fiber assumed to be rigid. 111 

 The drone is symmetrical, implying a diagonal inertia matrix. 112 

 The thrust and drag forces generated by the motors are proportional to the square of the angular velocity. 113 

 The center of gravity coincides with the origin of the body-fixed frame. 114 

The mathematical model of X4 quadrotor drone is defined by both the translation and rotation equations. The trans-115 

lation motion is modeled by the following equations: 116 𝑚̈ݔ = − ܵఏ ݕ𝑚̈ (a.1) 3ݑ = ݖ𝑚̈ (b.1) 3ݑథܵఏܥ = 3ݑఏܥథܥ − 𝑚݃ (1.c) 

Where ξ = (x, y, z)ϵ R³ represents the position of the helicopter's center of mass, η = (θ, Ф, ψ)ϵS3 are the three Eu-117 

ler angles (roll, pitch, and yaw) representing the orientation of the helicopter in the body-fixed frame, m represents the 118 

mass, and u3 is the thrust generated by the four motors. 119 

And, the rotation motion is modeled by: 120 

߶̈ =
ఏܥథܥ௬௬ܫ1 (߬థ+ܫ௬௬ܵథܥఏ߶̇2 +  (̇߶ߠథ̇ܥ௬௬ܵఏܫ

(2.a) 

ߠ̈ =
థܥ௫௫ܫ1 (߬ఏ+ܫ௫௫ܵథ߶̇̇ߠ) 

(2.b) 

ߖ̈ =
߬టܫ௭௭ (2.c) 

Where I = diag[Ixx, Iyy, Izz] is the inertia matrix, and (τϕ, τθ, τψ) are the generalized torques. 121 

Since the translation subsystem is completely independent of the rotation subsystem, the model presented in Eq. (1) 122 

and Eq. (2) is reduced to a simplified form, also called decoupled dynamic. 123 

The decoupled dynamic model of rotation can be written as: 124 

⎩⎪⎪⎨
⎪⎪⎧ mẍ = − Sθ u3

mÿ = CθSϕu3𝑚̈ݖ = 3ݑఏܥథܥ − 𝑚݃θ̈ = u4Ф̈ = u5ψ̈ = u6
 

 

 

 

(3) 

The vectors 3u , 4u , 5u and 6u  combines the principal non conservative forces applied to the engine airframe inclu ing 125 

forces generated by the motors and drag terms. 126 

The resulting model is nonlinear, characterized by a linear translation motion, and a nonlinear rotation motion. 127 

2.1 Decomposition of Mathematical Model 128 

          In this session, the quadrotor dynamics are decomposed into multiple subsystems, each associated with a specific 129 

motion channel. This decomposition allows the design of independent controllers for each channel, significantly reduc-130 

ing the complexity of the control problem. 131 

Each subsystem can be expressed in the following nonlinear form: 132 { ௜ݔ̇ = ௜+1ݔ௜+1̇ݔ  =  ௜݂(ݔ௜ , (௜+1ݔ + ℎ௜ ௝ܷ  
(4) 

where: 133 ݔ௜  represents the state vector of the  ith subsystem, 134 ௜ܷ  is the corresponding control input. 135 
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2.1.1 Vertical Motion Subsystem 136 

The vertical motion (altitude) is governed by: 137 ̈ݖ =
1𝑚 ( 3ݑఏܥథܥ) − ݃ 

(5) 

We define the state variables: 1ݔ = 2ݔ and ݖ =  138 ݖ̇

The state-space representation becomes: 139 

{ 1ݔ̇ = 2ݔ2̇ݔ  =  
cos ߠ cos 𝑚ߔ 3ܷ − ݃ 

 

(6) 

2.1.2 Horizontal Motion Subsystems 140 

The horizontal motions along the x and y axes are described by: 141 

mẍ = − Sθ u3 (7) 

mÿ = CθSϕu3 (8) 

Define the state variables: 3ݔ = 4ݔ , ݔ = 5ݔ ,ݔ̇ = 6ݔ and , ݕ =  142 ݕ̇

Thus, the state-space form is: 143 

{ 3ݔ̇ = 4ݔ4̇ݔ  =  
− sin 𝑚ߠ 3ܷ 

 

(9) 

{ 5ݔ̇ = 6ݔ6̇ݔ  =  
cos ߠ sin 𝑚ߔ 3ܷ 

 

(10) 

2.1.3 Attitude Subsystems 144 

The rotational dynamics are decomposed into three independent channels corresponding to roll, pitch, and yaw mo-145 

tions. 146 

2.1.3.1 Channel Subsystem of Roll angle  147 

The channel subsystem of Roll angle is given as follows: 148 {̇7ݔ = 8ݔ8̇ݔ  =  4ܷ 
(11) 

2.1.3.2 Channel Subsystem of Pitch angle  149 

The channel subsystem of pitch angle is described by: 150 {̇9ݔ = 10ݔ10̇ݔ  =  5ܷ 
(12) 

2.1.3.3 Channel Subsystem of Yaw angle  151 

The channel subsystem of Yaw angle is expressed as: 152 {̇11ݔ = 12ݔ12̇ݔ  =  6ܷ  
(13) 

3 Sliding mode control 153 

         Sliding Mode Control (SMC) is a control strategy derived from Variable Structure Control (VSC) [3]. The main objec-154 

tive of SMC is devised two stages. In the first stage, a discontinuous control law is designed to enforce the error vector 155 

toward the sliding surface. In this phase, the control action switches between the two sides of the sliding surface. In the 156 

second stage, once the error vector reaches and remains on the sliding surface, the system follows the dynamics de-157 

fined by the sliding surface equations. This component of the controller is referred to as the equivalent control [6]. 158 

The sliding surface equation determines the dynamics of the system, it is defined as: 159 



 

5 

 

ܵ = ݁̇ +  (15) ݁ߣ

Where λ is a positive tuning parameter. 160 

The control law ܷ(ݐ) is composed by two components: a continuous component ueq(t), and a discontinuous compo-161 

nent ud(t). Thus, it can be expressed as follows: 162 ܷ(ݐ) = (ݐ)௘௤ݑ  +  (16) (ݐ)ௗݑ 

The first component depends on the controlled variable and the reference value. The second component includes a 163 

nonlinear term containing a switching element. 164 

(ݐ)ௗݑ  =  ݇ௗ(17) ((ݐ)ܵ)݊݃݅ݏ  ݇ௗ  is a tuning parameter design. 165 

The chattering phenomenon [6,7] can be reduced by represented  Eq. (17) as follows: 166 

(ݐ)ௗݑ  =  ݇ௗ(18) ((ݐ)ܵ)ݐܽݏ 

3.1   Sliding mode control of the translation subsystem 167 

The altitude, can be controlled by the SMC controller. With through the equation of the following movement 168 .ݖ 𝑚̈ݖ = 3ݑఃܥ௾ܥ − 𝑚݃ (19) 

The surface is deduced from the [27, 28] here the degrees of the sliding surface r equal to 2 so that one obtain: 169 ܵ(ݖ) = ݁̇௭ +  ௭݁௭ (20)ߣ

Where, 170 ݁௭ = ௥௘௙ݖ − ௭̇݁ (21) ݖ = ௥௘௙ݖ̇ − ௭̈݁ (22) ݖ̇ = ௥௘௙ݖ̈ −  (23) ݖ̈

As result the surface derivative is: 171 ܵ̇(ݖ) = ݁̈௭ +  ௭݁̇௭ (24)ߣ

When the sliding mode occurs, the surface S(z) became null also its derivative. That gives the control: 172 ݑ௘௤ =
𝑚ܥ௾ܥః ௥௘௙ݖ̇) + ݃ + ௥௘௙ݖ̇)௭ߣ −  (25) ((ݖ̇

During de convergence mode we have to satisfy the conditionS(z)Ṡ(z) < 0 by choosing: 173 ݑௗ = − ݇ௗ(26) ((ݖ)ܵ)ݐܽݏ 

So that, the output command of the altitude is given as follows: 174 3ݑ =
𝑚ܥ௾ܥః ௥௘௙ݖ̇) + ݃ + ௥௘௙ݖ̇)௭ߣ − ((ݖ̇ − ݇௭(27) ((ݖ)ݏ)ݐܽݏ 

From the model presented in Eq. (3),we can see that the motion through the axes x and ydepends on u3. In fact u3 is 175 

the total thrust vector oriented to obtain the desired linear motion. If we considered ux = Sθ and uy = CϴSΦ the orien-176 

tations of u3 responsible for the motion throughxandyaxis respectively, we can then extract the roll and pitch angle 177 

necessary to compute the control ux and uy. 178 ݑ௫ =
−𝑚3ݑ ௥௘௙ݔ̇) + ௥௘௙ݔ̇)௫ߣ − ((ݔ̇ − ݇௫(28) ((ݔ)ݏ)ݐܽݏ 

௬ݑ =
−𝑚3ݑ ௥௘௙ݕ̇) + ௥௘௙ݕ̇)௬ߣ − ((ݕ̇ − ݇௬(29) ((ݕ)ݏ)ݐܽݏ 

3.2 Sliding Mode Control of the Rotations Subsystem 179 

        The SMC is applied to roll angle, in such a way to obtain simple surface. The degrees of the sliding surface r equal 180 

to 2 so that one obtain: 181 ܵ(ߔ) = ݁̇ః +  ః݁ః (30)ߣ

Where, 182 ݁ః = ௥௘௙ߔ − ః̇݁ (31) ߔ = ௥௘௙ߔ̇ −  (32) ߔ̇



6  ݁̈௭ = ௥௘௙ߔ̈ −  (33) ߔ̈

As result the surface derivative is: 183 ܵ̇(ߔ) = ݁̈ః +  ః݁̇ః (34)ߣ

When the sliding mode occurs, the surface S(Φ) became null as well as its derivative. That gives the control: 184 ݑ௘௤ = ௥௘௙ߔ̈) − ௥௘௙ߔ̇)ఃߣ −  (35) ((ߔ̇

During the convergence mode we have to satisfy the condition S(Φ)Ṡ(Φ) < 0 by choosing: 185 ݑௗ = − ݇ః(36) ((ߔ)ܵ)ݐܽݏ 

This leads to a sliding mode controller for Φ control given by: 186 5ݑ = ௥௘௙ߔ̈) − ௥௘௙ߔ̇)ఃߣ − ((ߔ̇ − ݇ః(37) ((ߔ)ܵ)ݐܽݏ 

The same steps are followed to extracted 187 4ݑ = ௥௘௙ߐ̈) + ௥௘௙ߐ̇)௾ߣ − ((ߐ̇ − ݇ః6ݑ (38) ((ߐ)ݏ)ݐܽݏ = ௥௘௙ߖ̈) − ௥௘௙ߖ̇)అߣ − ((ߖ̇ − ݇అ(39) ((ߖ)ݏ)ݐܽݏ 

4 Higher-order sliding control 188 

       To reduce or avoid the chattering phenomenon, High-Order Sliding Mode (HOSM) can be used. They generalize the 189 

basic sliding mode concept by acting on higher-order time derivatives of the system deviation from the constraint, in-190 

stead of influencing only the first derivative of the deviation as in standard sliding mode [34]. HOSM have the ad-191 

vantage of completely eliminating the chattering effect while preserving the main advantages of the original approach, 192 

such as robustness. Several algorithms exist to implement HOSM. In this work, we focus on a specific algorithm, called 193 

super-twisting algorithm.  194 

The principle of higher-order sliding mode control is to force the system to evolve on a sliding surface defined by an-195 

other sliding variableS(x, t)with a relative degree "r". Ifris greater than 1, a control law of the form U = −Ksign(s) is no 196 

longer acceptable.Therefore, an alternative control structure must be found. A simple solution is to consider the 197 

first(r − 1) derivatives of the sliding variable in the control design, as described in [24]. 198 ̅ݏ=ݏ௥−1+…+ܿ2(40) 0ܿ+1ݏ1ܿ+2ݏ 

This gives the command: 199 ܷ=−݊݃݅ݏܭ(ܵ  (41) (௥−1+……+ܿ2ܵ2+ܿ1ܵ1+ܿ0Sܵ) ݊݃݅ݏܭ−=(̅

With ܿ௥−1, … … . ܿ1, ܿ0: are coefficients. 200 

The supertwisting algorithm [25, 26] is one of the simplest and most widely used among second-order sliding mode 201 

(SOSM) algorithms. There are two ways to apply the twisting algorithm [25, 26]: either to the main system dynamics of 202 

relative degree two, or to the main dynamics of relative degree one with an integrator introduced in series with the 203 

plant). For principal dynamics of relative degree two, it can be formulated as follows: let the plant (or the plant plus ac-204 

tuator) be described by the following differential equations, which include both principal and parasitic dynamics. 205 

This algorithm can therefore be regarded as a nonlinear generalization of a proportional-integral (PI) control strategy. If 206 

the physical system is not of relative degree two and S is in fact derived from an output-based sliding surface, the ap-207 

proach can be generalized to a nonlinear proportional-integral-derivative (PID) control strategy. 208 

The control algorithm is given by the control law [27]:   209 

u(t)= −ߙ|ܵ|௤݊݃݅ݏ( ௜ܵ) +∫ )݊݃݅ݏߚ− ௜ܵ) (42) 

The second-order sliding mode control (SOSMC) technique based on the super-twisting algorithm is developed for the 210 

quadrotor UAV. The design relies on the multi-channel decomposition introduced in Section 2. 211 

The control design procedure is detailed for the vertical subsystem only. The same methodology can be extended to the 212 

horizontal and attitude subsystems. 213 

 214 

 215 

4.1 Controller Design of vertical Subsystem (Altitude Control) 216 
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The dynamic of the vertical motion is defined by: 217 { 1ݔ̇ = 2ݔ2̇ݔ  =  
cos ߠ cos 𝑚ߔ 3ܷ − ݃ 

(43) 

The sliding surface is chosen as: 218 ܵ(ݖ)=(
ௗௗ௧+ߣ௭)e (ݖ) (44) 

where the error and its derivative are given by: 219 {݁(ݖ)  = ௗݖ   − (ݖ)̇݁ݖ   = ௗݖ̇   −  ݖ̇ 
(45) 

Substituting these expressions into the sliding surface yields: 220 

S(z)=λz(zd-z)+żd-ż (46) 

The time derivative of the sliding surface is then expressed as: 221 

Ṡ(z)=λz(żd-ż)+z̈d-z̈  (47) 

By substituting the system dynamicsẍinto the above equation, the derivative of the sliding surface becomes:  222 ܵ̇(ݖ)=ߣ௭(̇ݖௗ-̇ݖ)+̈ݖௗ - 
cos ఏ cos ః௠ 3ܷ + ݃ (48) 

It can be observed that the control law explicitly appears in the expression of Ṡ(x), which leads us to introduce the su-223 

per-twisting law. 224 3ݑ = - 
௠cos ఏ cos ః [−݃-̈ݖௗ-ߣ௭(̇ݖௗ-̇ݖ) +ܵ̇(ݖ) ]  (49) 

The super-twisting control is chosen as in (45): 225 ௦ܹ௧,3(ܵ௭)= ܵ̇(ݖ)=-α|ܵ|1/2݊݃݅ݏ(ܵ௭)+ ∫ − β ݊݃݅ݏ(ܵ௭)  (50) 

Therefore, 226 3ݑ =
௠cos ఏ cos ః [݃+̈ݖௗ+ߣ௭(̇ݖௗ-̇ݖ) +α|ܵ|1/2݊݃݅ݏ(ܵ௭)+ ∫  β ݊݃݅ݏ(ܵ௭) ]  (51) 

The other subsystems are developed in a similar manner, and their control laws are obtained following the same pro-227 

cedure. 228 1ݑ =
௠௎3 [-̈ݔௗ-ߣ௫(̇ݔௗ-̇ݔ) -α|ܵ|1/2݊݃݅ݏ(ܵ௫)− ∫  β ݊݃݅ݏ(ܵ௫) ]  (52) 2ݑ =
௠௎3 [̈ݕௗ+ߣ௬(̇ݕௗ-̇ݕ) +α|ܵ|1/2݊݃݅ݏ(ܵ௬)+ ∫  β ݊݃݅ݏ(ܵ௬) ] (53) 5ݑ = [Φ̈ௗ+ߣΦ(Φ̇ௗ-Φ̇) +-α|ܵ|1/2݊݃݅ݏ(ܵΦ)+ ∫ β ݊݃݅ݏ(ܵΦ)   ] (54) 4ݑ = [θ̈ௗ+ߣθ(θ̇ௗ-θ̇) +-α|ܵ|1/2݊݃݅ݏ(ܵθ)+ ∫ β ݊݃݅ݏ(ܵθ)   ] (55) 6ݑ = [ψ̈ௗ+ߣψ(ψ̇ௗ-ψ̇) +-α|ܵ|1/2݊݃݅ݏ(ܵψ)+ ∫ β ݊݃݅ݏ(ܵψ)   ] (56) 

5 Simulation Results 229 

           For simulation tests, a quadrotor with a mass of 2 kg is considered, the initial values of position and angle of the 230 

quadrotor are [0,0,0]m and [0,0,0]rad. Inaddition, the controller parameters are listed in Table1.  231 

Table1 Controller parameters. 232 

Variables Values Variables Values 

 λ1 1 α5 6 

 β1 0.1 λ7 40 α1 30 β7 12 λ3 2.5 α7 80 β3 10 λ8 0.5 α3 4 β8 3 λ5 3 α8 0.1 β5 20   

At first, we work with a straight-line trajectory along the z, x, and y axes. The drone must fly in the z direction (vertical 233 

flight), followed by motion along the x axis, and then along the y axis.  234 

The reference trajectory for the vertical flight is defined by the following equation: 235 

(ݐ)௥ݖ = ℎௗ 5ݐ5ݐ + ( ௙ܶ1 −  5(ݐ
(57) 
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With hd is the desired altitude of 10m, and Tf1 is the final time. The final value of one flight phase is the initial value of 236 

the subsequent motion, the reference trajectory along x can be written as follows: 237 ݔ௥(ݐ) = ℎௗ ݐ) − ௙ܶ1)5(ݐ − ௙ܶ2)5
+ ( ௙ܶ1 − ݐ) − ௙ܶ2))5 

(58) 

The motion along y can be expressed by the following formula: 238 ݕ௥(ݐ) = ℎௗ ݐ) − ௙ܶ2)5(ݐ − ௙ܶ3)5
+ ( ௙ܶ2 − ݐ) − ௙ܶ3))5 

(59) 

Where; 239 

Tf2 : The final time of the motion alongx . 240 

Tf3 : The final time of the motion alongy . 241 

The simulations results are shown in Figs. 2�3.  242 

 243 

 244 

 245 

 246 

 247 

 248 

 249 

 250 

 251 

Fig.2 The 3D displacement of the drone. 252 

 253 
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 267 

 268 

Fig.3 Vertical flight, control input U3, and the error ez. 269 

Figure 2 illustrates the reference trajectories for flights along the x and y directions, as well as the vertical flight along z. 270 

The drone performs a vertical motion of 10 m, followed by a motion along the x axis over a distance of 10 m, and then a 271 

motion along the y axis over the same distance. 272 

Figure 3 presents the vertical flight response, the control input U3, and the tracking error ez obtained using the Second-273 

Order Sliding Mode Controller (Super-Twisting Algorithm). The drone attains the desired altitude with a rapid response. 274 

It is also shown in this figure that the displacement error according to the direction z quickly converges to zero. Note 275 

 

0
2

4
6

8
10

12

0

5

10

15
0

2

4

6

8

10

 

X-Displacement (m)
Y-Displacement (m)

 

Z
-D

is
p

la
c

e
m

e
n

t 
(m

)

Desired

Mesured

 

0 10 20 30 40 50 60 70 80 90 100

0

5

10

Z
 (

m
)

0 10 20 30 40 50 60 70 80 90 100
0

20

40

U
3

 (
N

)

0 10 20 30 40 50 60 70 80 90 100
0

2

4

6
x 10

-5

z
-e

rr
o

r 
(m

)

Time (sec)



 

9 

 

that the control input U3 = mg at the equilibrium state is always verified without chattering. These results demon-276 

strate that the proposed controller ensures smooth control action and solve le problem of the chattering phenomenon. 277 

5.1 Trajectory Tracking Results 278 

            Two trajectories are retained in the simulation study, namely a semi-circular trajectory and a spiral trajectory. 279 

These trajectories were selected because they offer increasing levels of complexity and therefore allow a progressive 280 

evaluation of the controller performance. 281 

 The first tracking test concerns the semi-circular trajectory. We work with trajectories to perform maneuvers such as 282 

turns. A turn is represented by a circular arc with radius α and angle α(t) (the turning angle). The time dependence of α 283 

implies that we can plan how the turn is executed. In this way, it is possible to schedule acceleration or deceleration 284 

during a turn. Similarly, the angle α, which directly affects the yaw behavior, can take values between zero (a sharp an-285 

gle) for a change in direction, and 2π for navigating around an intersection. 286 

We propose to link z and x through the following equations. 287 {ݔௗ(ݐ) = ((ݐ)ߙ)ݏ݋ܥߩ− + ௗݖߩ = ((ݐ)ߙ)݊݅ܵߩ + ℎௗ  
 

(60) 

And for the reference transition between x and y, we take: 288 {ݔௗ(ݐ) = ((ݐ)ߙ)݊݅ܵߩ + )ௗݔ ௙ܶ2)ݕௗ(ݐ) = ((ݐ)ߙ)ݏ݋ܥߩ− + ߩ  
 

(61) 

To ensure continuity of the time derivatives of ݔௗ(ݐ)and ݕௗ(ݐ), that is, in terms of velocity, we have: 289 (ݐ)ߙ =
ݐ)ௗߙ − ௙)5ݐ

ݐ) − ௙)5ݐ + ௔ݐ) −  5(ݐ
 

(62) 

Numerically, ρ = 2m, ߙௗ = ݇ఈ2/ߨ (݇ఈ = ௔ݐ ,(1.2 = ௙ݐ ,ܿ݁ݏ 6 = )ௗݔ and ܿ݁ݏ 8 ௙ܶ2) = )ௗݕ ௙ܶ3) = ℎௗ + ߩ = 10 𝑚. 290 

The corresponding results are shown in Figure 4. 291 

 292 
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 307 

Fig.4 3D Tracking of a Semi-Circular Trajectory. 308 

Figure 4 shows the comparison between the desired trajectory and the measured trajectory. We observe that the 309 

measured trajectory follows the desired trajectory very closely during the whole motion. The two curves almost over-310 

lap, which shows that the controller provides accurate trajectory tracking. Small tracking errors can be observed at 311 

some points, especially during changes in direction, but these errors remain very small. 312 

The second test corresponds to the spiral trajectory, which is more demanding since it requires the quadr tor to simul-313 

taneously track a horizontal circular motion and a continuously increasing altitude. This trajectory is defined by: 314 
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(ݐ)ௗݔ} = (ݐ)ௗݕ(ݐ⍵)ݏ݋ܴܿ = (ݐ)ݖ(ݐ⍵)݊݅ݏܴ = ݐ0.2  

 

(63) 

Where ܴ denotes the trajectory radius and ⍵ is the angular speed. 315 

Numerically, ܴ = 1 𝑚 and ⍵ =  316 .ݏ/݀ܽݎ 0.5

The corresponding results are shown in Figure 5. 317 

 318 
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 331 

 332 

Fig.5 Tracking performance for a spiral reference trajectory. 333 

Compared with the circular case, the spiral trajectory introduces an additional challenge because the vertical motion 334 

must be coordinated with the horizontal displacement. Nevertheless, the simulation results show that the quadrotor 335 

remains capable of following the prescribed path with satisfactory overall accuracy. Small tracking deviations may ap-336 

pear during the transient phase, but the general shape of the spiral is correctly reproduced. This figure shows the effec-337 

tiveness of the proposed method. 338 

5.2 Controllers robustness 339 

           One of the primary motivations for implementing the second Order Sliding Mode Control is its theoretical invari-340 

ance to matched uncertainties and its inherent robustness against external disturbances. In real-world outdoor applica-341 

tions, quadrotors are frequently subjected to aerodynamic perturbations such as wind gusts, which can drastically de-342 

grade flight performance if not properly compensated. According to the literature, these environmental disturbances 343 

are typically modeled as additive time-varying forces and aerodynamic drag torques acting on the dynamic of the quad-344 

rotor. This drag force can be calculated as follows: 345 

݂ =
1

2
 2ܸ ܣ ߩ ௫ܥ

 

(64) 

where: 346 

f : drag force [N];  347 

V: relative velocity [m/s];  348 

A: characteristic frontal area of the drone structure [m2];  349 ρ: air density [kg/m3]; 350 

Cx: drag coefficient. 351 

Numerically, ρ = 1.22 kg/m3, A = 0.031 m2, Cx = 0.5. 352 

Figures 6-8 present the simulation results in the presence of different drag forces. 353 
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 371 

Fig.6 Impact of a Drag Force (3.2 N). 372 
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Fig.7 Impact of a Drag Force (6 N). 388 
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Fig.8 Impact of a Drag Force (12 N). 404 
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Figures 6-8 show the trajectory tracking performance under different drag forces applied at the time t = 8 sec and 405 

compare the second order Sliding Mode Control with the Classical Sliding Mode Control. We observe that the second 406 

order sliding mode control drives the drone back to its desired equilibrium position, small tracking errors appear due to 407 

the increased drag force disturbance. Moreover, the control input converges to its equilibrium value U3 = mg. These 408 

results confirm that the proposed control strategy remains robust even under severe disturbance forces . 409 

6 Conclusion 410 

This work presented a robust control method for quadrotors based on a second-order sliding mode control approach 411 

combined with multi-channel decomposition. Firstly, the quadrotor dynamic was divided into independent motion 412 

channels. Then, the second order sliding mode control (Super-Twisting Algorithm) was designed to reduce the chatter-413 

ing phenomenon and suppress the disturbance forces acting on the dynamic of the quadrotor. 414 

The simulation results under different reference trajectories and external aerodynamic disturbances showed that the 415 

proposed method presents rapid convergence and accurate trajectory tracking compared with the results obtained us-416 

ing classical sliding mode control. 417 

The obtained results demonstrate that the proposed method is suitable for robust quadrotor control in the presence of 418 

disturbances. 419 
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