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Abstract: This work presents a reliable fault-tolerant tracking control system (FTTCS) for actuator faults in a octorotor 
unmanned aerial vehicle. The proposed FTTCS is designed based on adaptive fuzzy global fast dynamic terminal 
sliding mode control (AFGFDTSMC) that guarantees the global asymptotic stability of a octorotor system. To mitigate 
the negative impacts of model uncertainties and enhance system robustness in faulty operation, an adaptive fuzzy 
system is incorporated into the global fast dynamic terminal sliding mode control (GFDTSMC) scheme for adaptively 
identifying the model uncertainties online and compensate the actuator faults effect. Lyapunov stability analysis proofs 
that the developed control method design maintains the stability in the closed loop dynamics of octorotor UAV in 
faulty operation. Simulation results show that the proposed (FTTCS) enables the octorotor to track the desired 
reference commands in the presence of actuator faults with satisfactory performance.  
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1. Introduction 

For more than half a century Unmanned Aerial 
Vehicles (UAV) has been designed in the military 
field [1]. The objective was to replace the human 
being when the task to be accomplished became 
painful or repetitive and especially when it was a 
hostile environment where the pilot's safety was no 
longer assured. 

Multi rotors helicopter modeling presents a 
challenge because this system is classified as non-
linear, underactuated, strongly coupled and has an 
unstable dynamic. In order to solve the trajectory 
tracking problems for this type of systems, some 
control strategies have been developed in the 
literature. Linear control approaches such as PID 
control can be used for attitude and altitude 
stabilization of a quadrotor UAV [2, 3]. Optimal 
linear control was also used for the control of multi 
rotors helicopter. In the works presented in [4-6], the 
Linear Quadratic Regulator (LQR) control technique 

was applied to control the linear model of quadrotor 
helicopter. H∞ methods are used in quadrotor 
helicopter control to synthesize controllers to obtain 
stabilization with best performance [7]. The 
development of linear control laws to control the 
motion of a multi rotors helicopter poses many 
problems because simplified linear models are 
generally far from the reality of the physical system. 
The complete dynamic model of a helicopter in fact 
generates uncertainties that constitute errors of the 
dynamics compared to the linear model, and, 
consequently, makes the elaboration of linear control 
laws very difficult. So the best solution is to 
synthesize nonlinear controls based on a complete 
modeling of the physical system. Nonlinear 
controller designs are generally based on the concept 
of closed-loop linearization [8, 9] of the helicopter's 
non-linear model. The idea is to transform nonlinear 
dynamics into linear form using state feedback, with 
the input-state linearization corresponding to a full or 
partial linearization of the model. Other work, using 
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the direct method of Lyapunov and taking into 
account the complete model of the quadrotor 
helicopter, was developed for trajectory tracking and 
stabilization at a fixed position [10-12]. The sliding 
mode control is characterized by robustness with 
respect to structural uncertainties and external 
disturbances for the control of drones [13]. However, 
the main disadvantage associated with this 
methodology is the appearance of vibrations 
(chattering phenomena) in the actuators that can 
damage the system. Better results have been obtained 
with the nonlinear backstepping control technique; 
the convergence of the internal states of the quadrotor 
has been guaranteed whatever the initial states [14]. 
This control technique was later reinforced with the 
addition of the integral action [15]. This approach has 
been validated to the quadrotor helicopter in various 
flight experiments. The control strategies proposed 
previously in the literature are generally based on the 
classical structure of quadrotor which leads to a 
deficiency of driving capacity especially in the 
presence of defects. A novel eight-rotor UAV model 
proposed in [16] has been used in this paper. The 
main advantages of this configuration are increased 
payload capacity, fault tolerance, stability in the wind 
and quietness efficiency. The FTC schemes enable a 
drone to continue flying with an acceptable capability  
despite the attendance of defects, over the past 
decades, researchers have classified FTC approaches 
into two types: passive fault-tolerant control (PFTC) 
and active fault-tolerant control (AFTC). PFTC uses 
robust control techniques to ensure system 
insensitivity to closed loop faults. It can maintain the 
stability of the system when the fault occurs. With 
PFTC, the system continues to operate with the same 
controller and system structure, usually; this 
technique is used in the case where the diagnosis of 
the fault is difficult to obtain. The PFTC does not 
require any fault detection and diagnosis system or 
controller reconfiguration. AFTC is based on online 
fault compensation and requires online fault 
information, therefore, this approach needs 
reconfiguration based on the information provided by 
the fault detection and identification (FDI) block [17]. 
This paper proposes an adaptive fuzzy global fast 
dynamic terminal sliding mode control 
(AFGFDTSMC) method for a class of unknown 
multiple-input-multiple-output (MIMO) nonlinear 
systems with bounded external and internal 
disturbances (octorotor helicopter with defective 
actuators) in order to compensate the fault effect after 
estimating uncertainties. Compared to recent work 
reported in the literature, the contributions of this 
paper are presented under different aspects such as: 

fault modeling, control strategy, type of multi rotors 
helicopter processed and type of fault: 
- Unlike in [18], the adaptive FTC strategy, 
developed in this work, has been introduced in all 
steps of the global fast dynamic terminal sliding 
mode control (GFDTSMC) design, to obtain a better 
trajectory tracking in the presence of defects. 
Moreover, the developed control method deals with 
an octorotor helicopter in faulty operation, while in 
[18], a healthy classical quadrotor case is used. 
- This work consists in proposing a new control 
strategy to improve the dynamic performance of the 
octorotor helicopter, especially in case of faulty 
operation. 
- Unlike the passive FTC presented in [19], the 
proposed control structure is not bounded and can 
compensate the faults without information of their 
upper bounds, such as: actuator faults. 
- Compared to the work of [20], the proposed FTC 
does not need an observer or internal model to 
compensate the fault effect. 
- By using Lyapunov’s method, the tracking errors 
are proven to be exponentially stable in contrast to the 
literature [21] where stability is not proven. In 
addition the proposed AFGFDTSMC controller can 
eliminate the chattering phenomenon which 
characterizes the sliding mode control. 
This paper is organized as follows: In section 2, the 
dynamic model of octorotor helicopter in healthy 
condition is given. In section 3, a defective model of 
the octorotor helicopter is presented. The proposed 
FTC design is carried out in section 4. Simulation 
results are presented and analyzed in section 5. 
Finally, the conclusion is given in section 6. 

2. Dynamic modeling of the octorotor 
helicopter in healthy operation   

The octorotor as its name suggests is a helicopter 
with eight rotors, each rotor is composed of a motor, 
reducer and propeller. The configuration of the 
octorotor considered in this work is represented in 
Fig.1.  

Unlike the quadrotor which only has four rotors, 
the octorotor has eight rotors equally spaced at 22.5◦ 
and connected to the centre by arms [16]. To compute 
the dynamic model of the octorotor helicopter we will 
make the following assumptions [22]:     
- The helicopter structure is rigid and symmetrical; 
- The propellers are rigid; 
- Thrust and drag are proportional to the square of the 
propellers speed; 
- Ground effect is neglected; 
- Each motor reacts immediately to the commanded 
rotor speed. 
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Figure. 1 Octorotor configuration [16] 

 
 

Based on the above assumptions and using the 
Euler-Lagrange formulation, the dynamic model of 
the octorotor is given as the following form [16]: 
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The variable ϑ in (1) is the overall residual propeller 
angular speed obtained by:   
 
𝜗 = −𝛺ଵ − 𝛺ଶ + 𝛺ଷ + 𝛺ସ − 𝛺ହ − 𝛺଺ + 𝛺଻ + 𝛺଼                                                                                             
                                                                                (2) 
 
Where Ω1,...,Ω8 the angular speeds of the propeller, 
the other parameters are given in Table 1. 
The mathematical formulation of the octorotor 
control inputs is obtained by [16]:  
 
 

 
 
 

Table 1. Octorotor helicopter parameter definitions [16] 
Symbol Parameter 

m mass 

Ix, Iy and Iz  inertia on the (x, y, z) axis 
b lift coefficient 
d force to moment scaling factor 

JH rotor inertia 

L and l 
arm and moment arm length 𝑙 =

𝐿 𝑐𝑜𝑠 ቀ
గ

଼
ቁ 

Ki (i=1,...,6) drag coefficients 

g acceleration of gravity 

U1 
total thrust on the body in the z-

axis 
U1 and U3 roll and pitch inputs 

U4 yawing moment 
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(3) 
 
Where: Ωi (i=1,...8) denotes the motors  speeds.  

 

3. Main title dynamic modeling of the 
octorotor helicopter in faulty operation 

The dynamic model of the octorotor helicopter in 
defected case is given by: 
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The fault in each rotor is modeled with a bias 
which multiplies to the forces in healthy operation 
obtained by:  
 

𝛺௜௙ = (1 − 𝛽௜)𝛺௜ ;      0 ≤ 𝛽௜ ≤ 1      (𝑖 = 1 … 8)      
(5) 

 
Where βi denotes the fault coefficient of each 

actuator, if βi=0 alludes to healthy actuator and if 
βi=1 reflect a completely damaged actuator.  

U1f, U2f, U3f  and U4f are the control inputs of the 
octorotor in faulty operation written by: 
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Introducing Eq. (6) into Eq. (4) yields:  
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The unknown resultant actuator faults are obtained 
by: 
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Assumption 2  
The actuator faults resultant related to the octorotor is 
bounded where: 
  
ห𝑑௝ห ≤ 𝑑௝

ା,   𝑗 = 𝜑, 𝜃, 𝜓, 𝑥, 𝑦, 𝑧
        

𝑑௝
ା > 0               

                                                                                (9) 

4. Design of FAGFDTSMC for octorotor 
helicopter in presence actuator faults  

The goal is to design an FTC based on 
FAGFDTSMC for an uncertain octorotor helicopter 
model in the presence of actuator faults to properly 
handle trajectory tracking. The role of fuzzy systems 
is to estimate the local nonlinearities of each 
subsystem by adaptive laws that respect the stability 
and convergence of the Lyapunov theory until the 
desired tracking performance is achieved. To design 
the proposed control, we operate with the defective 
octorotor dynamic model developed in (7), in the 
presence of actuator faults:  
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Where f1,...,f6 are unknown functions given by: 
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The basic configuration of a fuzzy logic system 
consists of a fuzzifier, some fuzzy IF-THEN rules, a 
fuzzy inference engine and a defuzzifier [23], the 
general form of the ith rule of the Takagi-Sugeno-
Kang (TSK) fuzzy logic system can be written as: 
  
𝑅(௜) : 𝑖 𝑓𝑥ଵ𝑖𝑠𝐴ଵ

௜ 𝑎𝑛𝑑. . . 𝑎𝑛𝑑 𝑥௡ 𝑖𝑠 𝐴௡
௜ 𝑡ℎ𝑒𝑛𝑓መ𝑖𝑠𝑦௜  (12) 

 
Where: 
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the fuzzy system is obtained by: 
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With θT=[y1,y2,...,ym] is the adjustable parameter 
vector, m is the number of fuzzy rules, μA

i
j is the 

degree of membership of xj to μA
i
j, and             θT=[ψ1, 

ψ 2,...,ψ m] is the fuzzy basis functions where:  
 

𝜓௜(𝑥) =
ቆ∏ ఓ

ಲೕ
೔ ൫௫ೕ൯೙

ೕసభ ቇ

∑ ቆ∏ ఓ
ಲೕ

೔ ൫௫ೕ൯೙
ೕసభ ቇ೘

೔సభ

                (14) 

 
The fuzzy inference system is utilized to approximate 
any nonlinearity hi(xi) for i=1,...,4. This 
approximation function, which can be estimated on 
compact set ϑxi, is obtained as:  
 
ℎ෠௜(𝑥̄௜) = 𝜃௜

்𝜓௜(𝑥̄௜), 𝑖 = 1, . . . ,4               
                                                                              (15) 
 
Where: xi is the input vector, θi is the adjusted vector 
parameters, and ψi(xi)  is the fuzzy basis The optimal 
value of θi can be defined as:  
 

𝜃௜
∗ = 𝐴𝑟𝑔

ఏ೔

𝑚𝑖𝑛 ቈ 𝑠𝑢𝑝
௫೔∈ణೣ̄೔

หℎ௜(𝑥̄௜) − ℎ෠௜(𝑥̄௜)ห቉                  (16) 

 
Note that θi

*, used only for demonstration purpose, is 
not required for controller synthesis [23- 25]. 
The estimation error is expressed as:  
   
𝜃෨௜ = 𝜃௜

∗ − 𝜃௜                   (17) 
 
The fuzzy approximation error is given as:  
 
𝜔̄௜(𝑥̄௜) = ℎ௜(𝑥̄௜) − 𝜃௜

∗்𝜓௜(𝑥̄௜),  𝑖 = 1, . . . ,4                
                                                                              (18) 
 
The compact set ϑxi is assumed large enough so that 
the input vector of the fuzzy systems remains in ϑxi 
under the closed loop control system. Consequently 
the fuzzy approximation error can be supposed to be 
bounded as presented in [24, 25]: 
       
|𝜔̄௜(𝑥̄௜)| ≤ 𝜔௜,  ∀𝑥̄௜ ∈ 𝜗௫̄೔

                 (19) 

 
Where ωi are unknown positive parameters. 
The tracking errors and sliding surfaces are obtained 
by: 
For z subsystem, the sliding surface is given by: 
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𝑧̃(𝑡) = 𝑧(𝑡) − 𝑧∗, 𝑠௭ = 𝑧̇̃ + 𝑐௭𝑧̃
                          

(20) 
 
The global fast dynamic terminal sliding surface is 
defined by [18]:  
 

𝑠௭భ
= 𝑠̇௭ + 𝜆ଵ𝑠௭ + 𝜏ଵ𝑠௭

௠′
భ/௡′

భ

                       

                                                                              
(21) 

 
For (y, φ) subsystems, the sliding surface is given by 
[26]:   
 
𝑦෤(𝑡) = 𝑦(𝑡) − 𝑦∗, 𝜑෤(𝑡) = 𝜑(𝑡) − 𝜑∗, 𝑠ఝ = 𝑐ଵఝ𝑦෤̇ +

𝑐ଶఝ𝑦෤ + 𝜑෤̇ + 𝑐ଷఝ𝜑෤                (22) 
 
The global fast dynamic terminal sliding surface is 
defined by [18]:  
 

𝑠ఝభ
= 𝑠̇ఝ + 𝜆ଶ𝑠ఝ + 𝜏ଶ𝑠ఝ

௠′
మ/௡′

మ

                    

                                                                              
(23) 

 
For (x, θ) subsystems, the sliding surface is given by 
[26]:   
 
𝑥෤(𝑡) = 𝑥(𝑡) − 𝑥∗, 𝜃෨(𝑡) = 𝜃(𝑡) − 𝜃∗, 𝑠ఏ = 𝑐ଵఏ𝑥෤̇ +

𝑐ଶఏ𝑥෤ + 𝜃෨̇ + 𝑐ଷఏ𝜃෨                               (24) 
 
The global fast dynamic terminal sliding surface is 
defined by [18]:  
 

𝑠ఏభ
= 𝑠̇ఏ + 𝜆ଷ𝑠ఏ + 𝜏ଷ𝑠ఏ

௠′
య/௡′

య

                       

                                                                              
(25)

 
 
For ψ subsystem, the sliding surface is given by:    
 

𝜓෨(𝑡) = 𝜓(𝑡) − 𝜓∗, 𝑠ట = 𝜓෨̇ + 𝑐ట𝜓෨,
             

(26)
 

 
The global fast dynamic terminal sliding surface is 
defined by [18]:  
 

𝑠టభ
= 𝑠̇ట + 𝜆ସ𝑠ట + 𝜏ସ𝑠ట

௠′
ర/௡′

ర

                      

                                                                              
(27) 

 
Where C1θ, C2θ, C3θ, C1φ, C1φ, C2φ, C3φ, Cz and Cψ  
 are positive parameters, and we admit that:  
 
𝜑∗ = 𝜃∗ = 0                                        (28) 
 

The adaptive fuzzy control laws presented in Eqs. 
(29)-(32) are written in the case where the dynamics 
of defective octorotor helicopter is uncertain: 
 
𝑈̇ଵ =

௠

௖௢௦ఝ ௖௢௦ఏ
(−𝜃ଵ

்𝜓ଵ(𝑥̄ଵ) + 𝑧∗ + 𝑐௭𝑧̈∗ −

 

 

      ቀ𝜆ଵ + 𝜏ଵ
௠ඁ

భ

௡ඁ
భ

𝑠௭
൫௠ඁ

భି௡ඁ
భ൯/௡ඁ

భቁ 𝑠̇௭ − 𝑘ଵଵ𝑠௭భ
−

𝑘ଵଶ 𝑡𝑎𝑛ℎ ቀ
௦೥భ

ఌ೥
ቁቁ (29) 

 

𝑈̇ଶ = 𝐼௫ ቀ−𝜃ଶ
்𝜓ଶ(𝑥̄ଶ) − ቀ𝜆ଶ + 𝜏ଶ

௠′
మ

௡′
మ

𝑠ఝ
൫௠′

మି௡′
మ൯/௡′

మቁ 𝑠̇ఝ +

  

  

𝑐ଵఝ𝑦∗ + 𝑐ଶఝ𝑦̈∗ + 𝑐ଷఝ𝜑̈∗ + 𝜑⃛∗ − 𝑘ଶଵ𝑠ఝభ
−

𝑘ଶଶ 𝑡𝑎𝑛ℎ ൬
௦കభ

ఌക
൰൰ (30) 

 

𝑈̇ଷ = 𝐼௬ ቆ−𝜃ଷ
்𝜓ଷ(𝑥̄ଷ)

− ቆ𝜆ଷ + 𝜏ଷ

𝑚′
ଷ

𝑛′
ଷ

𝑠ఏ

൫௠′
యି௡′

య൯/௡′
యቇ 𝑠̇ఏ +

       𝑐ଵఏ𝑥∗ + 𝑐ଶఏ𝑥̈∗ + 𝑐ଷఏ𝜃̈∗ + 𝜃ሸ∗ − 𝑘ଷଵ𝑠ఏభ
−

𝑘ଷଶ 𝑡𝑎𝑛ℎ ቀ
௦ഇభ

ఌഇ
ቁቁ (31) 

 

𝑈̇ସ =
1

𝐼௭
൫−𝜃ସ

்𝜓ସ(𝑥̄ସ) + 𝜓ሸ∗ + 𝑐ట𝜓̈∗ −

 
       ቀ𝜆ସ + 𝜏ସ

௠ඁ
ర

௡ඁ
ర

𝑠ట

൫௠ඁ
రି௡ඁ

ర൯/௡ඁ
రቁ 𝑠̇ట − 𝑘ସଵ𝑠టభ

−

𝑘ସଶ 𝑡𝑎𝑛ℎ ൬
௦ഗభ

ఌഗ
൰൰                                                         (32) 

 
With: εz, εφ, εθ and εz are positive design parameters 
and the design parameters ki2 remain constants for 
i=1,...,4. The inputs of the fuzzy systems are given as:    
 

𝑥̄ଵ = ൣ𝑧̃, 𝑧̇̃൧
்

,  𝑥̄ଶ = ൣ𝜑෤, 𝜑෤̇൧
்

, 𝑥̄ଷ = ቂ𝜃෨, 𝜃෨̇ቃ
்

 , 𝑥̄ସ =

ቂ𝜓෨, 𝜓෨̇ቃ
்
.                                                                     (33) 

 
In order to approximate the unknown fuzzy vectors  
(θ*

i) and the unknown parameters (k*
i2) for i=1,...,4, 

we adopt the following adaptive laws [23, 27]: 
 

 
 
 
 

1

1

1

1

1 1 1 1 1 1 1

2 2 2 2 2 2 2

3 3 3 3 3 3 3

4 4 4 4 4 4 4

zs x

s x

s x

s x

  

   

   

   

     

     

     

     

   


  


  


  









                            (34) 
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1

1

1

1

1

1

1

1

12 1 1 12 1

22 2 2 22 2

32 3 3 32 3

42 4 4 42 4

tanh

tanh

tanh

tanh

z
k k k z

z

k k k

k k k

k k k

s
k k s

s
k k s

s
k k s

s
k k s
















  


  


  


  


  
    

 
          


      
 

  
        









                       (35) 

 
Where: (σθi, γθi, γki, σki)>0  (for i=1,...,4); these 
parameters are design constants. 
 
Stability Analysis 
The proof stability is based on Lyapunov's theory. It 
is adopted by a feedback structure with two steps. 
 
Step 1: From Eq. (10), the time derivative of Sz is:  
 

𝑠̇௭ =
ଵ

௠
𝑈ଵ(𝑐𝑜𝑠 𝜑 𝑐𝑜𝑠 𝜃) − 𝑔 + 𝑓଺ − 𝑧̈∗ + 𝑐௭(𝑧̇ − 𝑧̇∗)   

                                                                                      (36) 
 
The time derivative of Sz1 is:      
 

𝑠̇௭భ
= −𝑐௭𝑧̈∗ − 𝑧∗ +

ଵ

௠
𝑈̇ଵ(𝑐𝑜𝑠 𝜑 𝑐𝑜𝑠 𝜃) +

   

        
ቀ𝜆ଵ + 𝜏ଵ

௠ඁ
భ

௡ඁ
భ

𝑠௭
൫௠ඁ

భି௡ඁ
భ൯/௡ඁ

భቁ 𝑠̇௭ + ℎଵ(𝑥̄ଵ)

                                                                                                (37) 
 
Where: 
 

 ℎଵ(𝑥̄ଵ) = 𝑐௭ ቀ
ଵ

௠
𝑈ଵ(𝑐𝑜𝑠 𝜑 𝑐𝑜𝑠 𝜃) − 𝑔 + 𝑓଺ቁ + 𝑓଺̇

  
Defining the Lyapunov function for the z-position 
subsystem as: 
 

𝑉ଵ =
ଵ

ଶ
𝑠௭ଵ

ଶ                     (38) 

 
The time derivative of (36) is: 
 

𝑉̇ଵ = 𝑠௭భ
ቀ−𝑐௭𝑧̈∗ − 𝑧∗ +

ଵ

௠
𝑈̇ଵ(𝑐𝑜𝑠 𝜑 𝑐𝑜𝑠 𝜃) +

    

       

ቀ𝜆ଵ + 𝜏ଵ
௠ඁ

భ

௡ඁ
భ

𝑠௭
൫௠ඁ

భି௡ඁ
భ൯/௡ඁ

భቁ 𝑠̇௭ + ℎଵ(𝑥̄ଵ)ቇ              

                                                                              (39) 
 
The following adaptive fuzzy system is developed to 
estimate the uncertain continuous function h1(x1)  
 
ℎ෠ଵ(𝑥̄ଵ) = 𝜃ଵ

்𝜓ଵ(𝑥̄ଵ)      

ℎଵ(𝑥̄ଵ) = 𝜃ଵ
∗்𝜓ଵ(𝑥̄ଵ) + 𝜔̄ଵ(𝑥̄ଵ)  

           = −𝜃෨ଵ
்𝜓ଵ(𝑥̄ଵ) + 𝜃ଵ

்𝜓ଵ(𝑥̄ଵ) + 𝜔̄ଵ(𝑥̄ଵ)              
                                                                              (40) 
 
Where:  
 
𝜃෨ଵ = 𝜃ଵ − 𝜃ଵ

∗                                                           (41) 
 
 is the parameter error vector. 
Introducing (40) into (39) yields:   
 
𝑉̇ଵ = −𝑠௭భ

𝜃෨ଵ
்𝜓ଵ(𝑥̄ଵ) + 𝑠௭భ

𝜃ଵ
்𝜓ଵ(𝑥̄ଵ) + 𝑠௭భ

𝜔̄ଵ(𝑥̄ଵ) +  

𝑠௭భ

ଵ

௠
𝑈̇ଵ(𝑐𝑜𝑠 𝜑 𝑐𝑜𝑠 𝜃) + ቀ𝜆ଵ + 𝜏ଵ

௠′
భ

௡′
భ

𝑠௭
൫௠′

భି௡′
భ൯/௡′

భቁ 𝑠௭భ
𝑠̇௭ −

   
                                         

         
𝑠௭భ

𝑐௭𝑧̈∗ − 𝑠௭భ
𝑧∗               (42) 

 
Where:  
 
|𝜔̄ଵ(𝑥̄ଵ)| ≤ 𝜔ଵ                 (43) 
 
ω1: unknown constant         
 
By selecting the control law obtained in Eq. (29) and 
using Eq. (43), we can make:  
 
𝑉̇ଵ ≤ −𝑠௭భ

𝜃෨ଵ
்𝛼ଵ(𝑥̄ଵ) + 𝑘ଵଶ

∗ ห𝑠௭భ
ห − 𝑘ଵଶ

𝑠௭భ
𝑡𝑎𝑛ℎ ቀ

௦೥

ఌ೥
ቁ − 𝑘ଵଵ𝑠௭భ

ଶ                                            
  
(44) 

 
Where: k*

12= ω1.  
 
Lemma 1  
The set {εi > 0, x ∈ R} satisfied the following 
inequality [23, 27]: 
 

൝
0 ≤ |𝑥| − 𝑥 𝑡𝑎𝑛ℎ ቀ

௫

ఌ೔
ቁ ≤ 𝜀௜ = 𝜌𝜀௜

𝜌 = 𝑒ି(ଵାఘ) ≃ 0.2785
 [𝜑௥

௔௕௖]  

                                                                              (45) 
 
Using Eq. (45), Eq. (44) became:  

 

𝑉̇ଵ ≤ −𝑠௭భ
𝜃෨ଵ

்𝛼ଵ(𝑥̄ଵ) + 𝑘ଵଶ
∗ 𝜀௭̄ − 𝑘෨ଵଶ𝑠௭భ

𝑡𝑎𝑛ℎ ቀ
௦೥భ

ఌ೥
ቁ −

𝑘ଵଵ𝑠௭భ
ଶ

  
                                                                               (46) 

 
Where:  
 
𝑘෨ଵଶ = 𝑘ଵଶ − 𝑘ଵଶ

∗ and 𝜀௭̄ = 0.2785𝜀௭. 
 
The augmented Lyapunov function is defined by: 
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𝑉ଶ = 𝑉ଵ +
ଵ

ଶఊഇభ

𝜃෨ଵ
்𝜃෨ଵ +

ଵ

ଶఊೖభ

𝑘෨ଵଶ
ଶ                                  

 
(47) 

 
The time derivative of Lyapunov function in Eq. (47) 
satisfied the following inequality: 
 

𝑉̇ଶ ≤ −𝑠௭భ
𝜃෨ଵ

்𝛼ଵ(𝑥̄ଵ) + 𝑘ଵଶ
∗ 𝜀௭̄ − 𝑘෨ଵଶ𝑠௭భ

𝑡𝑎𝑛ℎ ቀ
௦೥భ

ఌ೥
ቁ −

     

        𝑘ଵଵ𝑠௭భ
ଶ +

ଵ

ଶఊഇభ

𝜃෨ଵ
்𝜃̇ଵ +

ଵ

ଶఊೖభ

𝑘෨ଵଶ𝑘̇ଵଶ              (48) 

 
By introducing Eqs. (34) and (35) in Eq. (48), then 
Eq. (48) will be bounded by the following formula: 
 
𝑉̇ଶ ≤ 𝑘ଵଶ

∗ 𝜀௭̄ − 𝑘ଵଵ𝑠௭భ
ଶ − 𝜎ఏభ

𝜃෨ଵ
்𝜃ଵ − 𝜎௞భ

𝑘෨ଵଶ𝑘ଵଶ                
                                                                              (49) 
 
Property: 
 

ቊ
−𝛩෨்𝛩 ≤ −

ଵ

ଶ
ฮ𝛩෨ฮ

ଶ
+

ଵ

ଶ
‖𝛩∗‖ଶ

𝛩෨ = 𝛩 − 𝛩∗ ∈ ℜ௡
                                 (50) 

 
Where: n is a positive integer number. 
Utilizing (48), (47) is rewritten by: 
 

𝑉̇ଶ ≤ −𝑘ଵଵ𝑠௭భ
ଶ −

ఙഇభ

ଶ
ฮ𝜃෨ଵฮ

ଶ
−

ఙೖభ

ଶ
𝑘෨ଵଶ

ଶ + 𝜀ଵ̄              
                                                                              (51) 
 
With:  
 

𝜀ଵ̄ = 𝑘ଵଶ
∗ 𝜀௭̄ +

ఙഇభ

ଶ
‖𝜃ଵ

∗‖ଶ +
ఙೖభ

ଶ
𝑘ଵଶ

∗ଶ                           (52) 

 
The stabilization of the filtered errors sφ1, sθ1 and sψ1 

will be obtained in the second step.  
Step 2: The objective of this step is to synthesis the 
control laws 𝑈̇ଶ, 𝑈̇ଷ  and 𝑈̇ସ .  
 In this step the Lyapunov function is defined by: 
 

𝑉ଷ = 𝑉ଶ +
ଵ

ଶ
𝑠ఝభ

ଶ +
ଵ

ଶ
𝑠ఏభ

ଶ +
ଵ

ଶ
𝑠టభ

ଶ               (53) 
 
The time derivative of (53) checks the following 
inequality: 
 

𝑉̇ଷ ≤ −𝑘ଵଵ𝑠௭భ
ଶ −

𝜎ఏభ

2
ฮ𝜃෨ଵฮ

ଶ
−

𝜎௞భ

2
𝑘෨ଵଶ

ଶ + 𝜀ଵ̄ + 𝑠ఝభ
𝑠̇ఝభ

+
           𝑠ఏభ

𝑠̇ఏభ
+ 𝑠టభ

𝑠̇టభ                              (54) 
 
The time derivative of filtered errors sφ, sθ and sψ is 
computed using the equation (10): 
 

 
  

 

 
  

 

 

1 1

* *
5 2 2

* *
1 3

1 1

* *
4 2 3

* *
2 3

* *
4 3

1
cos sin sin sin cos

1

1
cos sin cos sin sin

1

1

x

x

z

s c U
m

f y c y y U
I

f c

s c U
m

f x c x x U
I

f c

s U f c
I

 





 





 

    

  

    

  

  

   



    


   

   


     


   

     



  

  



  

  

  

     

(55) 
 
The derivative of sφ1, sθ1 and sψ1 are given by:   
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   (56) 

Where: 
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                                                                              (57) 
 
By substituting Eq. (56) in Eq. (54), we obtain: 
 

𝑉̇ଷ ≤ −𝑘ଵଵ𝑠௭భ
ଶ + 𝑠ఝభ

ቀ−𝑐ଵఝ𝑦∗ − 𝑐ଶఝ𝑦̈∗ − 𝑐ଷఝ𝜑̈∗ −

𝜑⃛∗ +
ଵ

ூೣ
𝑈̇ଶ +      

         ቀ𝜆ଶ + 𝜏ଶ
௠ඁ

మ

௡ඁ
మ

𝑠ఝ
൫௠ඁ

మି௡ඁ
మ൯/௡ඁ

మቁ 𝑠̇ఝ + ℎଶ(𝑥̄ଶ)ቇ +     

         𝑠ఏభ
൬−𝑐ଵఏ𝑥∗ − 𝑐ଶఏ𝑥̈∗ − 𝑐ଷఏ𝜃̈∗ − 𝜃ሸ∗ +

ଵ

ூ೤
𝑈̇ଷ +   

          ቀ𝜆ଷ + 𝜏ଷ
௠ඁ

య

௡ඁ
య

𝑠ఏ

൫௠ඁ
యି௡ඁ

య൯/௡ඁ
యቁ 𝑠̇ఏ + ℎଷ(𝑥̄ଷ)ቇ + 

 

       

𝑠టభ
ቀ−𝑐௭𝜓̈∗ − 𝜓ሸ∗ +

ଵ

ூ೥
𝑈̇ସ +

 
         ቀ𝜆ସ + 𝜏ସ

௠ඁ
ర

௡ඁ
ర

𝑠ట

൫௠ඁ
రି௡ඁ

ర൯/௡ඁ
రቁ 𝑠̇ట + ℎସ(𝑥̄ସ)ቇ −      

         
ఙഇభ

ଶ
ฮ𝜃෨ଵฮ

ଶ
−

ఙೖభ

ଶ
𝑘෨ଵଶ

ଶ + 𝜀ଵ̄                                  (58) 

 
hi(xi), i=2,3,4 are unknown uncertainties functions, 
their estimation is performed by the following 
adaptive fuzzy system:  
 
ℎ෠௜(𝑥̄௜) = 𝜃௜

்𝛼௜(𝑥̄௜)                   

ℎ௜(𝑥̄௜) = 𝜃௜
∗்𝛼௜(𝑥̄௜) + 𝜔̄௜(𝑥̄௜)  

           = −𝜃෨௜
்𝛼௜(𝑥̄௜) + 𝜃௜

்𝛼௜(𝑥̄௜) + 𝜔̄௜(𝑥̄௜)         (59) 
 
With: xi is pre-defined, ωi(xi) is the fuzzy 
approximation error with:  
 
|𝜔̄௜(𝑥̄௜)| ≤ 𝜔௜                                                      (60) 

ωi is an unknown constant. 
By choosing the adaptive control laws proposed 

in Eqs. (30)-(32) and the uncertainties functions hi(xi) 
developed in Eq. (59), Eq. (58) is rewritten by:  
 

𝑉̇ଷ ≤ −𝑘ଵଵ𝑠௭భ
ଶ −

ఙഇభ

ଶ
ฮ𝜃෨ଵฮ

ଶ
−

ఙೖభ

ଶ
𝑘෨ଵଶ

ଶ + 𝜀ଵ̄ −       

        𝑠ఝభ
𝜃෨ଶ

்𝛼ଶ(𝑥̄ଶ) + 𝑘ଶଶ
∗ ห𝑠ఝభ

ห − 𝑘ଶଶ

𝑠ఝభ
𝑡𝑎𝑛ℎ ൬

௦കభ

ఌക
൰ −

        𝑘ଶଵ𝑠ఝభ
ଶ − 𝑠ఏభ

𝜃෨ଷ
்𝛼ଷ(𝑥̄ଷ) +       

      𝑘ଷଶ
∗ ห𝑠ఏభ

ห − 𝑘ଷଶ𝑠ఏభ
𝑡𝑎𝑛ℎ ቀ

௦ഇభ

ఌഇ
ቁ − 𝑘ଷଵ𝑠ఏభ

ଶ −     

       𝑠టభ
𝜃෨ସ

்𝛼ସ(𝑥̄ସ) + 𝑘ସଶ
∗ ห𝑠టభ

ห − 

        𝑘ସଶ𝑠టభ
𝑡𝑎𝑛ℎ ൬

௦ഗభ

ఌഗ
൰ − 𝑘ସଵ𝑠టభ

ଶ                           

                                                                              (61) 
 
Where 𝑘ଶଶ

∗ = 𝜔ଶ, 𝑘ଷଶ
∗ = 𝜔ଷ, and 𝑘ସଶ

∗ = 𝜔ସ . 
Using Eq. (45), the inequality (58) becomes: 
 

𝑉̇ଷ ≤ −𝑘ଵଵ𝑠௭భ
ଶ −

ఙഇభ

ଶ
ฮ𝜃෨ଵฮ

ଶ
−

ఙೖభ

ଶ
𝑘෨ଵଶ

ଶ + 𝜀ଵ̄ −

𝑠ఝభ
𝜃෨ଶ

்𝛼ଶ(𝑥̄ଶ) +

  
 

         𝑘ଶଶ
∗ 𝜀ఝ̄ − 𝑘෨ଶଶ𝑠ఝభ

𝑡𝑎𝑛ℎ ൬
௦കభ

ఌക
൰ − 𝑘ଶଵ𝑠ఝభ

ଶ −

𝑠ఏభ
𝜃෨ଷ

்𝛼ଷ(𝑥̄ଷ) +

 𝑘ଷଶ
∗ 𝜀ఏ̄ − 𝑘෨ଷଶ𝑠ఏభ

𝑡𝑎𝑛ℎ ቀ
௦ഇభ

ఌഇ
ቁ − 𝑘ଷଵ𝑠ఏభ

ଶ −

𝑠టభ
𝜃෨ସ

்𝛼ସ(𝑥̄ସ) +  

         𝑘ସଶ
∗ 𝜀ట̄ − 𝑘෨ସଶ𝑠టభ

𝑡𝑎𝑛ℎ ൬
௦ഗభ

ఌഗ
൰ − 𝑘ସଵ𝑠టభ

ଶ                 

                                                                              (62) 
 
Where:  
 
𝑘෨ଶଶ = 𝑘ଶଶ − 𝑘ଶଶ

∗ ,𝑘෨ଷଶ = 𝑘ଷଶ − 𝑘ଷଶ
∗ ,𝑘෨ସଶ = 𝑘ସଶ −

𝑘ସଶ
∗ ,𝜀ఝ̄ = 0.2785𝜀ఝ,𝜀ఏ̄ = 0.2785𝜀ఏ and 𝜀ట̄ =

0.2785𝜀ట                                                             (63) 
 
The augmented Lyapunov function is defined by:  
 

𝑉ସ = 𝑉ଷ +
ଵ

ଶఊഇమ

𝜃෨ଶ
்𝜃෨ଶ +

ଵ

ଶఊೖమ

𝑘෨ଶଶ
ଶ +

ଵ

ଶఊഇయ

𝜃෨ଷ
்𝜃෨ଷ +

                                                    

      

ଵ

ଶఊೖయ

𝑘෨ଷଶ
ଶ +

ଵ

ଶఊഇర

𝜃෨ସ
்𝜃෨ସ +

ଵ

ଶఊೖర

𝑘෨ସଶ
ଶ                       (64) 

 
The time derivation of Eq. (61) is given by:  
 

𝑉̇ସ ≤ −𝑘ଵଵ𝑠௭భ
ଶ −

𝜎ఏభ

2
ฮ𝜃෨ଵฮ

ଶ
−

𝜎௞భ

2
𝑘෨ଵଶ

ଶ + 𝜀ଵ̄

− 𝑠ఝభ
𝜃෨ଶ

்𝛼ଶ(𝑥̄ଶ) +

        𝑘ଶଶ
∗ 𝜀ఝ̄ − 𝑘෨ଶଶ𝑠ఝభ

𝑡𝑎𝑛ℎ ൬
௦കభ

ఌക
൰ − 𝑘ଶଵ𝑠ఝభ

ଶ −

𝑠ఏభ
𝜃෨ଷ

்𝛼ଷ(𝑥̄ଷ) +    



Received:  March 3, 2021.     Revised: April 26, 2021.                                                                                                     199 

International Journal of Intelligent Engineering and Systems, Vol.14, No.4, 2021           DOI: 10.22266/ijies2021.0831.18 

 

       𝑘ଷଶ
∗ 𝜀ఏ̄ − 𝑘෨ଷଶ𝑠ఏభ

𝑡𝑎𝑛ℎ ቀ
௦ഇభ

ఌഇ
ቁ − 𝑘ଷଵ𝑠ఏభ

ଶ −

𝑠టభ
𝜃෨ସ

்𝛼ସ(𝑥̄ସ) +     

        𝑘ସଶ
∗ 𝜀ట̄ − 𝑘෨ସଶ𝑠టభ

𝑡𝑎𝑛ℎ ൬
௦ഗభ

ఌഗ
൰ − 𝑘ସଵ𝑠టభ

ଶ +

ଵ

ଶఊഇమ

𝜃෨ଶ
்𝜃̇ଶ + 

          
ଵ

ଶఊೖమ

𝑘෨ଶଶ𝑘̇ଶଶ +
ଵ

ଶఊഇయ

𝜃෨ଷ
்𝜃̇ଷ +     

         
ଵ

ଶఊೖయ

𝑘෨ଷଶ𝑘̇ଷଶ +
ଵ

ଶఊഇర

𝜃෨ସ
்𝜃̇ସ +

ଵ

ଶఊೖర

𝑘෨ସଶ𝑘̇ସଶ                  

                                                                              (65) 
  
By exploiting Eq. (50), yields: 
 

𝑉̇ସ ≤ −𝑘ଵଵ𝑠௭భ
ଶ −

ఙഇభ

ଶ
ฮ𝜃෨ଵฮ

ଶ
−

ఙೖభ

ଶ
𝑘෨ଵଶ

ଶ − 𝑘ଶଵ𝑠ఝభ
ଶ −

ఙഇమ

ଶ
ฮ𝜃෨ଶฮ

ଶ
−

  
          

ఙೖమ

ଶ
𝑘෨ଶଶ

ଶ − 𝑘ଷଵ𝑠ఏభ

ଶ −
ఙഇయ

ଶ
ฮ𝜃෨ଷฮ

ଶ
−

ఙೖయ

ଶ
𝑘෨ଷଶ

ଶ − 𝑘ସଵ

𝑠టభ

ଶ −

     

          

ఙഇర

ଶ
ฮ𝜃෨ସฮ

ଶ
−

ఙೖర

ଶ
𝑘෨ସଶ

ଶ + 𝜀ଵ̄ + 𝜀ଶ̄ + 𝜀ଷ̄ + 𝜀ସ̄           

                                                                              (66) 
 
Where:  
 
𝜀ଶ̄ = 𝑘ଶଶ

∗ 𝜀ఝ̄ +
ఙഇమ

ଶ
‖𝜃ଶ

∗‖ଶ +
ఙೖమ

ଶ
𝑘ଶଶ

∗ଶ , 𝜀ଷ̄ = 𝑘ଷଶ
∗ 𝜀ఝ̄ +

ఙഇయ

ଶ
‖𝜃ଷ

∗‖ଶ +
ఙೖయ

ଶ
𝑘ଷଶ

∗ଶ,  

𝜀ସ̄ = 𝑘ସଶ
∗ 𝜀௭̄ +

ఙഇర

ଶ
‖𝜃ସ

∗‖ଶ +
ఙೖర

ଶ
𝑘ସଶ

∗ଶ                       (67) 

 
Eq. (66) Can be simplified by: 
 
𝑉̇ସ ≤ −𝜂𝑉ସ + 𝜇                                         (68) 
 
With:  
 
𝜇 = 𝜀ଵ̄ + 𝜀ଶ̄ + 𝜀ଷ̄ + 𝜀ସ̄  ,  𝜂௞ = 𝑚𝑖𝑛൛𝜎௞భ

𝛾௞భ
, 𝜎௞మ

𝛾௞మ
, 𝜎௞య

𝛾௞య
, 𝜎௞ర

𝛾௞ర
ൟ                                                (69) 

 
And: 
 

𝜂 = 𝑚𝑖𝑛൛2𝑘ଵଵ, 2𝑘ଶଵ, 2𝑘ଷଵ, 2𝑘ସଵ, 𝜎ఏభ
𝛾ఏభ

,
 

                 𝜎ఏమ
𝛾ఏమ

, 𝜎ఏయ
𝛾ఏయ

, 𝜎ఏర
𝛾ఏర

, 𝜂௞ൟ                          (70) 
 
The multiplication of Eq. (65) by the exponential 
term, eηt we get [23, 27]:  
 
 

0 
 
 

 

 

 

 

 

 

 

Figure. 2 organizational chart of the developed 
AFGFDTSMC system 

 
ௗ

ௗ௧
(𝑉ସ𝑒ఎ௧) ≤ 𝜇𝑒ఎ௧                                       (71) 

 
The integration of (67) over [0, t] yields: 
 

0 ≤ 𝑉ସ ≤
ఓ

ఎ
+ ቀ𝑉ସ(0) −

ఓ

ఎ
ቁ 𝑒ିఎ௧               (72) 

 
Where: η is selected depending to the design 
parameters and μ is a randomly selected parameter. 
In accordance with [23, 27], the Lyapunov function 
in Eq. (62) is bounded also reflect the exponential 
convergence to an adjustable residual set for tracking 
and parameter estimation errors, which means that all 
signals in closed-loop are bounded. Fig. 2 presents 
the global block diagram of the proposed FTC. 

The organizational chart of the developed 
AFGFDTSMC system is shown in Fig. 2. 

5. Simulation results 

To prove the efficacy and the capability for the path 
following problem of the octorotor helicopter, the 
developed FTC has been simulated. The physical 
parameters of octorotor helicopter are obtained by 
[16]: m=1.3 kg, L=0.23 m, the nominal values of Ix, 
Iy and Iz are (Ix, Iy, Iz)=diag(1.5×10-3, 1.5×10-3, 
2.6×10-3) Kg/m2, b=3.13×10-5 N/s2, d= 7.5×10-7 
Nm/s2, JH =6×10-5 Kg/m2, k1=k2=k3=10-3 N/m/s, 
k4=k5=k6=1.2×10-3 N/rad/s.  
The vectors:   
 

𝑥̄ଵ = ൣ𝑧̃, 𝑧̇̃൧
்

, 𝑥̄ଶ = ൣ𝜑෤, 𝜑෤̇൧
்

, 𝑥̄ଷ = ቂ𝜃෨, 𝜃෨̇ቃ
்

, 𝑥̄ସ =

ቂ𝜓෨, 𝜓෨̇ቃ
்

                                                                          (73)
 

 

 

Non linear dynamic model 
of the octorotor helicopter 
in faulty operation eq.(7) 

in eq. (28) , in eq. (29) 

in eq. (30), in eq. 

(31) 

 

Fuzzy 
inferenc

e 

 

Adaptive Laws  for 

in eq. (32) 

Adaptive Laws  for 

in eq. (33) 
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 Figure. 3 Trajectory of the output variables (Rotor 2,4,6,8 fault and rotor 1,3 failure)
  

 Figure. 4 Trajectories of roll and pitch angles (Rotor 2,4,6,8 fault and rotor 1,3 failure)
  

represent the inputs of the fuzzy inference systems  
θi

Tα(xi) for i=1,...,4. For each variable we define 
seven Gaussian membership functions uniformly 
distributed on the intervals [-1, 1]. Note that all the 
design adaptive parameters of the control laws are 
selected to reach a satisfactory transient control 
performance considering the requirement of stability 
and all variable states of the octorotor helicopter are 
supposed measurable. Flight tests in faulty condition 
have been carried out to demonstrate the performance 
of the proposed control.   

5.1 Rotor 2,4,6,8 fault and rotor 1,3 failure 

Figs. 3 and 4 show the simulation results where 
more severe fault/failure scenario where rotors 2, 4, 6 
and 8 are only 50% effective from 40 sec onwards, 
and then rotor 1 and 3 fail totally at 60sec. Fig. 5 
shows the evolution of rotor speed. The global 
trajectory effectuated by the octorotor helicopter in 
3D is given in Fig. 6. According to Figs. 3, 4, and 5, 
it can be seen, the proposed control strategy can track 
the reference trajectory accurately despite actuators 
defects. In addition, it is obviously that the proposed 
AFGFDTSMC can give small following error and 
good tracking performance compared to GFDTSMC 
proposed in [18]. 

6. Conclusion 

In this paper, the robust adaptive controller that is 
based on adaptive fuzzy global fast dynamic terminal 
sliding mode system has been investigated via its 
application in tracking control of octorotor helicopter. 
With this controller, the control law ensures the 
convergence of tracking errors in presence of actuator 
faults and parametric variations. This law 
incorporates adaptive parameters to compensate the 
faults effect. The obtained simulation results show 
that proposed controller keeps the tracking errors in 
an acceptable interval in the attendance of actuator 
defects and parametric variations. In addition, the 
comparative study performed with the control 
strategy proposed in [18] has shown the effectiveness 
of the proposed control approach in faulty operation. 
In the future work, the experimental implementation 
of the proposed control scheme will be addressed.    
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Figure. 5 Rotor speed (Rotor 2,4,6,8 fault and rotor 1,3 failure) 

 

 
Figure. 6 System position in the 3D space (Rotor 2,4,6,8 fault and rotor 1,3 failure) 
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be used as follows: “Conceptualization, Abdelmoula 
Saggai; methodology, Loutfi Benyettou; software, 
Samir Zeghlache; formal analysis, Loutfi Benyettou; 
investigation, Abdelmoula Saggai; resources, Loutfi 
Benyettou; writing—writing—review and editing, 
Samir Zeghlache; visualization, Loutfi Benyettou; 
supervision, Samir Zeghlache.  
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