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ABSTRACT 
Aircraft is a highly non-linear vehicle especially when it flies at high angles of 

attack due to flow separations which cause non-linear aerodynamic 

characteristics in that region. To deal with the non-linearity of the aircraft in 

this region, a robust control method for a multi-input multi-output or MIMO 

problem is considered in this feasibility review. Sliding mode control (SMC) 

approach was selected as it is one of the robust and nonlinear control 

methods. In this paper, the controller objective is to track the angles of 

attack and the pitch angle throughout the high angles of attack envelope 

itself. Numerical simulations are carried out  with respect to high angles of 

attack maneuver; and the novel integrated SMC-MIMO system 

performances were studied accordingly based on their transient responses. 

The results show the feasibility of the proposed control architecture for the 

high angles of attack within the flight envelopes. 

 

 
1. INTRODUCTION  
Aircraft dynamics are known to be non-linear especially flying at high angles of attack region. 
The region is limited by the maximum lift coefficient and is considered dangerous due to 
drastic changes in the aircraft dynamics that are introduced by the non-linearities in the 
aerodynamic characteristics. As the aircraft enters this region, it can end up in a critical flight 
condition such as a stall or a spin. Though the necessity for an aircraft to fly at high angles of 
attack may be low, but it may be encountered in some situations for examples, avoiding 
collision with terrains, following evasive manoeuvres, flying during bad weather conditions, 
reducing landing distance or during some other emergencies.  

Conventionally, flight control systems are designed based on approximately linear 
mathematical models at various flight conditions based on the non-linear model. Then, a 
controller parameter is varied with the flight conditions in the gain scheduled approach [1], 
[2]. However, a great amount of assessment is required to provide enough reference at off-
design point and actual system performance and stability can be different from the design 
results. To overcome such limitations, a number of researchers started to explore non-linear 
control techniques such as dynamic inversion which forces a non-linear system to behave 
linearly from a synthetic input to a desired output [3], [4]. It is an advance control method 
which can directly handle nonlinear system with less gain schedule and provides inherent  
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decoupled property. However, the controller is lacking in robustness and that sometimes 
aircraft system is considered as a non-minimum phase system. If not much care is taken into 
consideration, the non-minimum phase condition might lead to unstable internal dynamics [5]. 
Thus, several papers proposed an integration of dynamic inversion with other robust 
controllers such as structured singular value (𝜇𝜇) synthesis [6], [7], quantitative feedback theory 
[8] and stochastic probabilistic method [9] to deal with uncertainty, which are complex in 
terms of their computations. 

On the other hand, the implementation of sliding mode control (SMC) on a nonlinear 
aircraft model has promised robustness due to its insensitivity to modelling inaccuracies and 
reduction in the complexity of feedback design [10]–[12]. In developing the sliding mode 
control design, a sliding surface is chosen from the output variables. The control action in 
sliding mode control involves two phases; sliding phase and reaching phase. In sliding phase, 
the system performance is completely determined by the sliding manifold design, which is 
insensitive to matched uncertainties. While in reaching phase, the system is forced to reach 
the desired sliding surface. 

This control approach was initiated by Emilyanov in early 1950. Since then, it has been 
applied to various control problems including spacecraft attitude control [13], air to air missile 
control [14], [15] and aircraft flight control. Though there are already works dealt with the 
SMC on aircraft controls with different set of objectives, the SMCs were either designed based 
on linearization of the aircraft model [11], [12], and implemented for the lateral-directional 
motion of the aircraft [16]–[18], or designed as a reconfigurable control for a damage aircraft 
[19].  

This feasibility review attempts on applying the SMC for multi-input-multi-output 
(MIMO) aircraft system, which is the novel highlight herein. The angle of attack α and the 
pitch angle θ appear to be correlated and are chosen as the tracking output. The angle of attack 
is important because if the critical angle of attack is exceeded, then the aircraft will go into in 
a stall condition. 
 
2. MATHEMATHICAL MODEL OF AIRCRAFT 
The aircraft model used in this work is based on the F-18 fighter aircraft [20]. The longitudinal 
dynamics motion for the aircraft are given by [21]: 
 

𝑉̇𝑉 = 1
𝑚𝑚

(−𝑞𝑞�𝑆𝑆𝐶𝐶𝐷𝐷 + 2𝑇𝑇 cos𝛼𝛼 cos 1.98𝑜𝑜 − 𝑚𝑚𝑚𝑚 sin𝜃𝜃 cos𝛼𝛼)                            (1) 
 

𝛼̇𝛼 = 1
𝑚𝑚𝑚𝑚

(−𝑞𝑞�𝑆𝑆𝐶𝐶𝐿𝐿 + 2𝑇𝑇 sin𝛼𝛼 cos 1.98𝑜𝑜 − 𝑚𝑚𝑚𝑚 cos 𝛾𝛾) + 𝑞𝑞                           (2) 
 

𝑞̇𝑞 = 1
𝐼𝐼𝑦𝑦𝑦𝑦

�
𝑞𝑞�𝑆𝑆𝑐𝑐̅(𝐶𝐶𝑀𝑀) + 𝑙𝑙𝑧𝑧(𝑞𝑞�𝑆𝑆𝐶𝐶𝐿𝐿 sin𝛼𝛼 − 𝑞𝑞�𝑆𝑆𝐶𝐶𝐷𝐷 cos𝛼𝛼) +

𝑙𝑙𝑥𝑥( 𝑞𝑞�𝑆𝑆𝐶𝐶𝐿𝐿 cos𝛼𝛼 + 𝑞𝑞�𝑆𝑆𝐶𝐶𝐷𝐷 sin𝛼𝛼) + 𝑙𝑙𝑧𝑧𝑧𝑧(2𝑇𝑇 cos 1.980)�                        (3) 

 
𝜃̇𝜃 = 𝑞𝑞                                                              (4) 

 
where 𝑚𝑚, 𝑔𝑔, 𝑞𝑞�, 𝑆𝑆, 𝑇𝑇, and 𝐼𝐼𝑦𝑦𝑦𝑦 are the mass, the gravitational acceleration, the dynamic pressure, 
the wing area, thrust and the inertia, respectively. Note that the thrust line is slanted about 
1.98° from the aircraft centre line. 𝐶𝐶𝐷𝐷,𝐶𝐶𝐿𝐿 , and 𝐶𝐶𝑀𝑀 denote the aerodynamic coefficients for 
drag, lift and moment. The aerodynamic coefficients are defined as follow: 
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𝐶𝐶𝐷𝐷 = 𝐶𝐶𝐷𝐷0 + 𝐶𝐶𝐷𝐷𝛿𝛿ℎ𝛿𝛿ℎ + 𝑐𝑐̅
2𝑉𝑉
𝐶𝐶𝐷𝐷𝑞𝑞𝑞𝑞                                              (5) 

 
𝐶𝐶𝐿𝐿 = 𝐶𝐶𝐿𝐿0 + 𝐶𝐶𝐿𝐿𝛿𝛿ℎ𝛿𝛿ℎ + 𝑐𝑐̅

2𝑉𝑉
𝐶𝐶𝐿𝐿𝑞𝑞𝑞𝑞                                               (6) 

 
𝐶𝐶𝑀𝑀 = 𝐶𝐶𝑀𝑀0 + 𝐶𝐶𝑀𝑀𝛿𝛿ℎ

𝛿𝛿ℎ + 𝑐𝑐̅
2𝑉𝑉
𝐶𝐶𝑀𝑀𝑞𝑞𝑞𝑞                                             (7) 

 
where 𝑐𝑐̅ is the mean aerodynamic chord. The data can be retrieved as in [22]. The small 
subscripts 0, 𝛿𝛿ℎ, and 𝑞𝑞 represent the aerodynamics derivatives with respect to basic airframe, 
stabilator deflection and pitch rate for the respective variables.  

The aircraft dynamics at longitudinal condition is always categorized into two under-
damped oscillatory modes; the short period mode and the phugoid mode. In this paper, the 
dynamics of short period is more of interest as it is faster than the phugoid mode and it involves 
rapid changes to angle of attack and pitch angle. 
 
3. SLIDING MODE CONTROL DESIGN 
The control objective is to ensure a control law for the fighter aircraft model such that it tracks 
a given path for angle of attack α and pitch angle 𝜃𝜃 in the inertial frame with a closed loop 
stability. The model is assumed to be underactuated with affine system and written as follows: 
 

𝒙̇𝒙 = 𝑭𝑭(𝒙𝒙) + 𝐵𝐵𝒖𝒖                                                        (8) 
 

𝒚𝒚 = 𝒉𝒉(𝒙𝒙)                                                            (9) 
 

The state vector is defined by 𝒙𝒙 = [𝑉𝑉,𝛼𝛼, 𝑞𝑞,𝜃𝜃]𝑇𝑇 which represents the velocity, angle of 
attack, pitch rate and pitch angle. The control vector is determined by two inputs, 𝒖𝒖 =
[𝛿𝛿ℎ,𝑇𝑇]𝑇𝑇, which represent the stabilator and thrust. Since the objective is to track angle of 
attack, α, and pitch angle, θ; thus 𝒉𝒉 = [α,𝜃𝜃]𝑇𝑇. Based on the outputs, by reorganizing the state 
variables in (8) and (9) into a matrix form, then the MIMO system can be rewritten as follows: 
 

�𝛼̇𝛼𝑞̇𝑞�
�
𝒙̇𝒙

= �
𝑓𝑓𝛼𝛼
𝑓𝑓𝑞𝑞
�

�
𝑭𝑭(𝒙𝒙)

+ �𝑏𝑏11 𝑏𝑏12
𝑏𝑏21 𝑏𝑏22

�
�������

𝑩𝑩

�𝛿𝛿ℎ𝑇𝑇 �
�
𝒖𝒖

                                          (10) 

 
where; 
 

𝑓𝑓𝛼𝛼 = − 𝑞𝑞�𝑆𝑆
𝑚𝑚𝑚𝑚

�𝐶𝐶𝐿𝐿0 + 𝑐𝑐̅
2𝑉𝑉
𝐶𝐶𝐿𝐿𝑞𝑞𝑞𝑞� −

𝑔𝑔
𝑉𝑉

sin𝜃𝜃 sin𝛼𝛼 − 𝑔𝑔
𝑉𝑉

cos 𝜃𝜃 cos𝛼𝛼 + 𝑞𝑞                      (11) 
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𝑓𝑓𝑞𝑞 = 1
𝐼𝐼𝑦𝑦𝑦𝑦

⎣
⎢
⎢
⎢
⎢
⎢
⎢
⎡ 𝑞𝑞�𝑆𝑆𝑐𝑐̅ �𝐶𝐶𝑀𝑀0 + 𝑐𝑐̅

2𝑉𝑉
𝐶𝐶𝑀𝑀𝑞𝑞𝑞𝑞�+

𝑞𝑞�𝑆𝑆𝑙𝑙𝑧𝑧�𝐶𝐶𝐿𝐿0 𝑠𝑠𝑠𝑠𝑠𝑠 𝛼𝛼 − 𝐶𝐶𝐷𝐷0 𝑐𝑐𝑐𝑐𝑐𝑐 𝛼𝛼� +
𝑞𝑞�𝑆𝑆𝑐𝑐̅𝑙𝑙𝑧𝑧
2𝑉𝑉

�𝐶𝐶𝐿𝐿𝑞𝑞 𝑠𝑠𝑠𝑠𝑠𝑠 𝛼𝛼 − 𝐶𝐶𝐷𝐷𝑞𝑞 𝑐𝑐𝑐𝑐𝑐𝑐 𝛼𝛼� 𝑞𝑞 +

𝑞𝑞�𝑆𝑆𝑙𝑙𝑥𝑥�𝐶𝐶𝐿𝐿0 𝑐𝑐𝑜𝑜𝑜𝑜 𝛼𝛼 + 𝐶𝐶𝐷𝐷0 𝑠𝑠𝑠𝑠𝑠𝑠 𝛼𝛼� +
𝑞𝑞�𝑆𝑆𝑐𝑐̅𝑙𝑙𝑧𝑧
2𝑉𝑉

�𝐶𝐶𝐿𝐿𝑞𝑞 𝑐𝑐𝑐𝑐𝑐𝑐 𝛼𝛼 + 𝐶𝐶𝐷𝐷𝑞𝑞 𝑠𝑠𝑠𝑠𝑠𝑠 𝛼𝛼� ⎦
⎥
⎥
⎥
⎥
⎥
⎥
⎤

                                 (12) 

 
and the controller matrix is such that:  
 

𝑏𝑏11 = − 𝑞𝑞�𝑆𝑆
𝑚𝑚𝑚𝑚

𝐶𝐶𝐿𝐿𝛿𝛿ℎ                                                       (13) 
 

𝑏𝑏12 = 2
𝑚𝑚𝑚𝑚

sin𝛼𝛼 𝑐𝑐𝑐𝑐𝑐𝑐 1.980                                              (14) 
 

𝑏𝑏21 = 𝑞𝑞�𝑆𝑆
𝐼𝐼𝑦𝑦𝑦𝑦

�𝑐𝑐̅𝐶𝐶𝑀𝑀𝛿𝛿ℎ
+ 𝑙𝑙𝑧𝑧 �𝐶𝐶𝐿𝐿𝛿𝛿ℎ 𝑠𝑠𝑠𝑠𝑠𝑠 𝛼𝛼 − 𝐶𝐶𝐷𝐷𝛿𝛿ℎ 𝑐𝑐𝑐𝑐𝑐𝑐 𝛼𝛼� + 𝑙𝑙𝑥𝑥 �𝐶𝐶𝐿𝐿𝛿𝛿ℎ cos𝛼𝛼 + 𝐶𝐶𝐷𝐷𝛿𝛿ℎ 𝑠𝑠𝑠𝑠𝑠𝑠 𝛼𝛼��     (15) 

 
𝑏𝑏22 = 2

𝐼𝐼𝑦𝑦𝑦𝑦
𝑙𝑙𝑧𝑧𝑒𝑒 𝑐𝑐𝑐𝑐𝑐𝑐 1.980                                                (16) 

 
For the SMC, it is important to select an appropriate sliding surface as it plays an essential 

role in describing the dynamics of the system. Thus, it should be selected in consideration of 
the desired aircraft dynamics in which in this review; angle of attack α and pitch angle θ are 
selected. They are defined as a function of tracking error given by: 
 

�
𝑠𝑠𝛼𝛼
𝑠𝑠𝜃𝜃� = �

𝑒𝑒𝛼𝛼
𝑒̇𝑒𝜃𝜃 + 𝑘𝑘𝑘𝑘𝜃𝜃�                                                  (17) 

 
where k determines the slope of the sliding surface and can be any positive number, while e 
is the difference between output measurement and set point such as: 
 

�
𝑒𝑒𝛼𝛼
𝑒𝑒𝜃𝜃� = �

𝛼𝛼 − 𝛼𝛼𝑑𝑑
𝜃𝜃 − 𝜃𝜃𝑑𝑑�                                                   (18) 

 
The aim of the SMC is to guarantee that the outputs always follow the desired trajectory, 

i.e., error 𝑒𝑒 and its derivative 𝑒̇𝑒 must be zero or approaching to zero as time t is increased. The 
derivatives of (18) then are written as: 
 

�𝑒̇𝑒𝛼𝛼𝑒̇𝑒𝜃𝜃
� = �

𝛼̇𝛼 − 𝛼̇𝛼𝑑𝑑
𝜃̇𝜃 − 𝜃̇𝜃𝑑𝑑

�                                                  (19) 

 
Once the sliding manifold has been defined, then the control law is designed in such a way 

that it drives the output to the desired value and satisfy the reachability condition leading 
towards an integrated SMC-MIMO control architecture. 
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3.1. Reachability Condition 
A candidate function based on the Lyapunov function is given by: 
 

𝑉𝑉 = 1
2
𝑠𝑠2                                                      (20) 

 
Using the Lyapunov function, the derivative of the sliding surface can be written as: 

 
𝑠̇𝑠 ≤ −𝜂𝜂 𝑠𝑠𝑠𝑠𝑠𝑠 (𝑠𝑠)                                                 (21) 

 
Similarly, if (17) are differentiated, then the equation is given as: 

 

�𝑠̇𝑠𝛼𝛼𝑠̇𝑠𝜃𝜃
� = �

𝛼̇𝛼 − 𝛼̇𝛼𝑑𝑑
(𝑞̇𝑞 − 𝑞̇𝑞𝑑𝑑) + 𝑘𝑘�𝜃̇𝜃 − 𝜃̇𝜃𝑑𝑑�

�                                    (22) 

 
Using the information in (21) and substitute in (22), respectively; then: 

 

�
(𝛼̇𝛼 − 𝛼̇𝛼𝑑𝑑)

(𝑞̇𝑞 − 𝑞̇𝑞𝑑𝑑) + 𝑘𝑘�𝜃̇𝜃 − 𝜃̇𝜃𝑑𝑑�
� = �−𝜂𝜂𝛼𝛼 𝑠𝑠𝑠𝑠𝑠𝑠 (𝑠𝑠𝛼𝛼)

−𝜂𝜂𝜃𝜃 𝑠𝑠𝑠𝑠𝑠𝑠 (𝑠𝑠𝜃𝜃)�                           (23) 

 
Solving for the 𝛼̇𝛼 and 𝑞̇𝑞, and  

 

�
𝛼̇𝛼𝑑𝑑 − 𝜂𝜂𝛼𝛼 𝑠𝑠𝑠𝑠𝑠𝑠 (𝑠𝑠𝛼𝛼) 

𝑞̇𝑞𝑑𝑑 − 𝑘𝑘�𝜃̇𝜃 − 𝜃̇𝜃𝑑𝑑� − 𝜂𝜂𝜃𝜃 𝑠𝑠𝑠𝑠𝑠𝑠 (𝑠𝑠𝜃𝜃)� = �
𝑓𝑓𝛼𝛼
𝑓𝑓𝑞𝑞
� + �𝑏𝑏11 𝑏𝑏12

𝑏𝑏21 𝑏𝑏22
� �𝛿𝛿ℎ𝑇𝑇 �               (24) 

 
Solving for the controllers; the term for the equivalent controller are given as follows: 

 

�𝛿𝛿ℎ𝑇𝑇 � = − �𝑏𝑏11 𝑏𝑏12
𝑏𝑏21 𝑏𝑏22

�
−1
��
𝑓𝑓𝛼𝛼
𝑓𝑓𝑞𝑞
� − �

𝛼̇𝛼𝑑𝑑 − 𝜂𝜂𝛼𝛼 𝑠𝑠𝑠𝑠𝑠𝑠 (𝑠𝑠𝛼𝛼)
𝜃̈𝜃𝑑𝑑 − 𝑘𝑘�𝜃̇𝜃 − 𝜃̇𝜃𝑑𝑑� − 𝜂𝜂𝜃𝜃 𝑠𝑠𝑠𝑠𝑠𝑠 (𝑠𝑠𝜃𝜃)��             (25) 

 
However, due to the discontinuities in the signum function, saturation function was 

selected to substitute in (25) to reduce the chattering problem cause by signum function, which 
is defined by: 
 

sat(𝑠𝑠𝑖𝑖 , 𝜇𝜇) = �
1 𝑠𝑠𝑖𝑖 > 𝜇𝜇
𝑠𝑠𝑖𝑖
𝜇𝜇

−𝜇𝜇 ≤ 𝑠𝑠𝑖𝑖 ≤ 𝜇𝜇
−1 𝑠𝑠𝑖𝑖 < 𝜇𝜇

                                              (26) 

 
where 𝜇𝜇 is the boundary layer thickness. The control scheme for the aircraft is generally 
retained as illustrated in Fig. 1 to ensure its practicality. 
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Figure 1: SMC control scheme. 
 
3.2. Stability Analysis 
To guarantee that the system is stabilized, the derivative of the Lyapunov function must be 
less than or equal to zero �𝑉̇𝑉 ≤ 0�. Thus, the stability of system in (8) is analysed from the 
summation of the Lyapunov function in (20), which is given by: 
 

𝑉𝑉 = 1
2
𝑠𝑠𝛼𝛼2 + 1

2
𝑠𝑠𝜃𝜃2                                                   (27) 

 
The derivative of (27) is then can be written as: 

 
𝑉̇𝑉 = 𝑠𝑠𝛼𝛼𝑠̇𝑠𝛼𝛼 + 𝑠𝑠𝜃𝜃𝑠̇𝑠𝜃𝜃                                                   (28) 

 
From (21), (28) can be rewritten as: 

 
𝑉̇𝑉 = −𝜂𝜂𝛼𝛼|𝑠𝑠𝛼𝛼| − 𝜂𝜂𝜃𝜃|𝑠𝑠𝜃𝜃|                                             (29) 

 
To satisfy the inequality relation for the derivative of Lyapunov function, it can be 

concluded that both 𝜂𝜂𝛼𝛼 and 𝜂𝜂𝜃𝜃 must be real positive numbers. 
 
4. NUMERICAL TREATMENTS 
The SMC-MIMO control architecture applied on the selected fighter aircraft model is 
evaluated by numerical simulations. The simulations are performed with MATLAB/Simulink 
to evaluate the proposed controller. The reference fighter aircraft has the following general 
parameters as shown in Table 1: 
 
Table 1: Aircraft parameters [20]. 
Parameter Value 
Mass, 𝒎𝒎 (kg) 16224.63 
Wing span, 𝒃𝒃 (m) 11.41 
Wing area, 𝑺𝑺 (m2) 37.16 
Aerodynamic centre to centre of gravity in x direction, 𝒍𝒍𝒙𝒙(𝐦𝐦) 0.09 
Aerodynamic centre to centre of gravity in z direction, 𝒍𝒍𝒛𝒛(𝐦𝐦) 0.071 
Engine distance, 𝒍𝒍𝒛𝒛𝒆𝒆(𝐦𝐦) 0.071 
Mean aerodynamic chord, 𝒄𝒄� (m) 3.51 
Pitch inertia, 𝑰𝑰𝒚𝒚𝒚𝒚 (kg m2) 236246.3 
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Figure 2: Aircraft loads and reference line. 

 
The simulations were performed from a trimmed condition of velocity 𝑉𝑉𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 = 124 m/s, at 

an altitude ℎ𝑧𝑧 = 4572m with the level flight condition of 𝛼𝛼𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 = 𝜃𝜃𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 = 7.4° and the inputs 
setting are at 𝛿𝛿ℎ𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 = −0.078° and 𝑇𝑇𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 = 10kN . The numerical simulations are performed 
for 𝑘𝑘 = 1, 𝜂𝜂𝛼𝛼 = 1, 𝜂𝜂𝜃𝜃 = 0.3,  𝜇𝜇𝛼𝛼 = 0.01, and 𝜇𝜇𝜃𝜃 = 0.01, 

 

 
Figure 3: Angle of attack and pitch angle tracking error. 
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In order to show its high α capabilities, a maneuver was designed to follow a demanded 

trajectory on 𝛼𝛼 and 𝜃𝜃 simultaneously. The 𝛼𝛼 and the 𝜃𝜃 are slowly increased at t = 25s to reach 
the peak values of 38 deg for 𝛼𝛼  and 30 deg for the 𝜃𝜃 and slowly decrease back to their initial 
conditions to achieve the level flight. The time taken to complete the turns about 150s for both 
𝛼𝛼 and 𝜃𝜃 as shown in Fig. 3. The demand values are designed such ways to see the effects of 
both state variables to the inputs setting. 

The tracking errors for both state variables show a small difference and both values are 
converging as time increase. However, there is a residue error in 𝛼𝛼 and 𝜃𝜃, in which the error 
does not conserve to 0 after certain times. Since 𝑒𝑒𝛼𝛼 ≠ 0 as time increased, it may affect the ℎ𝑧𝑧 
as the flight path angle, defined by 𝛾𝛾 = 𝜃𝜃 − 𝛼𝛼, failed to be maintained at 0°. However, the 
condition is not that obvious as referenced to Fig. 4. This may due to the difference is 
considered very small which is of 0.1° so the changes in 𝛾𝛾 and ℎ𝑧𝑧 are not noticeable. On the 
other hand, to show that the aircraft is stabilized throughout the time, a transient performance 
for the longitudinal response are generated as for other state variables as shown in Fig. 4. 

 

 
Figure 4: Longitudinal response. 
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Fig. 5 shows the control efforts from the engine and stabilator as the 𝛼𝛼 and 𝜃𝜃 are changes 

throughout the time. Smooth responses were expected to show the continuity function from 
the saturation function. However, at the beginning of the simulation time, it can be seen that 
the inputs response spiked to an arbitrary value due to missing information at the beginning 
of the time simulation at t = 0s. This is quite typical in numerical simulations. Therefore, the 
results shown in Fig. 5 are acceptable; and therefore, correspond to the other results presented 
in Figs. 3 – 4.  

 

 
Figure 5: System input responses. 

 
The stability of the chosen sliding surface variable of 𝜃𝜃 is shown in phase portrait plotting. 

Fig. 6 (a) and (b) show phase portraits with the boundary layers 𝜇𝜇𝜃𝜃 between 0.01 and 0.009, 
which ensure the system stability and its performance. 

It is noticed from Fig. 5 that the thrust 𝑇𝑇 almost reach 0 as the 𝛼𝛼 is increased. Therefore, 
the effect of increasing 𝛼𝛼 on the thrust setting is investigated by varying the peak value for 𝛼𝛼 
while maintaining the 𝜃𝜃 at its trimmed condition as plotted in Fig. 7. It was seen that as the 
peak value is increased from 15° to 23°, 𝑇𝑇 even reached negative value while 𝑉𝑉𝑇𝑇𝑇𝑇𝑇𝑇 reached its 
minimum value. To make sure that the thrust keep providing a positive thrust, a configuration 
on the thrust is needed for example the vectored thrust, thus, to achieve a higher 𝛼𝛼. 
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Figure 6: Phase portrait for the chosen sliding variable 𝜃𝜃 for (a) 𝜇𝜇𝜃𝜃 = 0.01 and (b) 
𝜇𝜇𝜃𝜃 = 0.009. 
 

 
Figure 7: Effect of angle of attack on the thrust setting for (a) 𝛼𝛼𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 = 15°, and (b) 
𝛼𝛼𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 = 23°. 
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5. CONCLUSIONS 
This feasibility study attempts to analyse the novel SMC-MIMO system in achieving high α 
in the longitudinal flight with 2 inputs, which are the stabilator and thrust. In order to handle 
the 2 inputs, 2 sliding surfaces are introduced for the sliding mode control. The result has 
shown a promising performance with an acceptable transient response; and therefore, the 
novel SMC-MIMO architecture is indeed a potential flight control option. In fact, different 
thrust configurations may further allow a higher α to be achieved if needed. Finally, a future 
work may be considered on differentiating the state variables for tracking purposes to 
understand the effect of the chosen state variables towards the dynamics of the high 𝛼𝛼 apart 
of considering the typical vectored thrust option. 
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