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This paper presents the design of the LQR (Linear Quadratic Regulator)
and SDRE (State-Dependent Riccati Equation) controllers for the flight
control of the F-8 Crusader aircraft considering the nonlinear model of
longitudinal movement of the aircraft. Numerical results and analysis
demonstrate that the designed controllers can lead to significant
improvements in the aircraft's performance, ensuring stability in a

Keywords ' large range of attack angle situations. When applied in flight conditions
ElgE’PerforTance aircraft; with an angle of attack above the stall situation and influenced by the
SSR]:CZZ:ZOI gust model, it was demonstrated that the LQR and SDRE controllers

were able to smooth the flight response maintaining conditions in
balance for an angle of attack up to 56% above stall angle. However, for
even more difficult situations, with angles of attack up to 76% above the
stall angle, only the SDRE controller proved to be efficient and reliable
in recovering the aircraft to its stable flight configuration.

This is an open-access article under the CC-BY-SA license.

1. Introduction

The dynamics analysis of aircraft models presents a great relevance considering the
technological and scientific development of the last years, with new approaches and control
designs being proposed to describe and improve the dynamics, control, and stability of the
aircraft. In this context, fighter aircraft in combat situations have a critical behavior due to this
system operating closer to their limit regions and dealing with higher speeds and a large variety
of attack angles. For [1], the dynamics of an aircraft are naturally nonlinear due to the many
forces acting on the system, such as drag and lift forces and the orientation of the air layer and
its relationship with the chosen reference to describe it. Consequently, disregarding nonlinear
aspects can be a limiting factor in the capabilities of the representative model of the system and
consequently of its electronic controllers. According to [2], for a more realistic model, the
nonlinearities and uncertainties intrinsically present must be considered to avoid unstable
regions of operation, thus enabling more efficient and realistic control projects.
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Control approaches related to aircraft and autopilot are presented in different works, such
as, [3] that have considered adaptive neural networks in flight control and [4] using optimal
linear control in nonlinear longitudinal flight. This strategy can also be observed on [5] with
nonlinear automatic flight control. Approaches developed by [6] with robust probabilistic
control showed an increase in control performance. Considering current approaches with
adaptative control proposes, such as the proposal by [7], with a multivariate allocation of
adaptive control based on the spline to compensate for aerodynamic uncertainties, or also,
proposed by [8] where we have an adaptive control based on Lyapunov function for longitudinal
dynamics. Still with [9], is presented an autopilot project using loop modeling Hoo for missiles
with high attack angles. Finally, as addressed by [10], performing the nonlinear control project
considering the longitudinal dynamics of a high-performance aircraft.

A wide variety of linear and nonlinear control approaches are proposed to meet the new
demands for autopilot aircraft control in the literature. In [11], a PID controller is designed for
the flight system of a helicopter and a quadcopter, where considerations are made regarding
variations in the payload of the vehicles. In [12], the PID and Fuzzy control techniques are used
to control an aircraft's pitch angle. Numerical results showed that both strategies were
sufficiently good to satisfy the control design requirements. In [13], a PID controller is used to
track the pitch angle of a mini aerial vehicle. Numerical results showed the efficiency of the
proposed control method. In [14], the PID and the LQR with integral action control techniques
were projected and compared to control the aircraft’s pitch angle. Numerical results showed a
better performance index for the PID control, while the LQR with integral action showed to be
more suitable for eliminating steady-state errors.

In [15], the main subject is the lateral and longitudinal control of a fixed-wing Micro Air
Vehicle (MAV). For this end, both a PID and an LQR with integral action control techniques were
projected and compared. Results obtained by numerical simulations showed that both control
strategies are efficient and robust in the presence of disturbances. In [16], a PID technique is
designed to control an unmanned micro aerial vehicle. Numerical results have shown that the
proposed control is efficient in controlling miniature aerial vehicles, but they lose performance
in the presence of dynamics variations. In [17], the automatic control of the pitch angle of an
aircraft is proposed using two different controllers: a classical PID and a heuristic method
optimized I-PD. Numerical results demonstrated that the optimized I-PD control showed better
results, especially for the transient region.

A Fuzzy controller using the Mandani rules is considered in [18] to control an aircraft pitch
angle. A PID controller is designed in [19] to control the stability and performance of an aircraft-
type system. The numerical results showed that the control gains obtained through the Zeigler-
Nichols method presented better flight stability and performance in a general manner for the
studied case. In [20], the authors considered a PID controller with the gains optimized by a
heuristic method to control the pitch angle of a large aircraft system with uncertainties. In [21],
an extensive study on dynamics and flight control is presented, including demonstrating some
codes used in both Matlab and Fortran languages.

In [22], anonlinear control using an adaptive backstepping approach is considered to control
the longitudinal dynamics of an unmanned aerial vehicle. Numerical results showed that the
proposed control is efficient in controlling the aerodynamic velocity and the angle of flight
through direct control over the deflections of the elevator and the thrust of the aircraft. An
adaptive sliding mode control is considered in [23] for a mathematical model of a generic
hypersonic vehicle subject to uncertainties and external disturbances. Simulation results
demonstrated the robustness of the proposed control. In [24], a sliding mode control with
integral action was proposed to stabilize a spacecraft attitude in the presence of external
disturbances. Numerical results have shown that the proposed control is also robust in the
presence of actuator failures.

Guilherme P. Dos Santos et al. (SDRE and LQR Controls Comparison Applied in High-Performance Aircraft in a Longitudinal
Flight)



International Journal of Robotics and Control Systems
Vol. 1, No. 2, 2021, pp. 131-144

ISSN 2775-2658 133

In [25] proposes a nonlinear dynamic inversion control for fighter aircraft. The data from the
F16 aircraft is considered in the numerical simulations, and the results of the proposed control
are compared with an adaptive integral sliding mode controller. In [26], an optimal Heo control
is proposed for the control of the take-off and vertical landing of an underactuated aircraft.
Numerical simulations for a nonlinear system demonstrated the efficiency of the proposed
control. In [27], a robust He control is proposed for the path’s tracking of a small, fixed-wing
unmanned aircraft system. The dynamics of the aircraft were considered to be having six
degrees of freedom, and the robustness of the controller was demonstrated by computer
simulations. A proposal for automatic control of the aircraft’s landing considering the
longitudinal plane is presented in [28]. Errors and disturbances in the sensors are also
considered. The combination of the H, and Ho control techniques is proposed. The numerical
results obtained are validated for the landing of a Boeing 747, and used to demonstrate the
efficiency of the proposed control design.

In [29], it is proposed the control of the angle of flight for the longitudinal dynamics of an F-
16 aircraft. The proposed control is a robust nonlinear feedback control based on the sliding
mode backstepping control technique. The robustness of the control is evaluated considering
external disturbances, such as loading and unloading conditions during the flight. In [30], the
adaptive control using feedback linearization is applied to an aircraft control system. Numerical
simulations are presented to show that the proposed control is robust in the case of wind
disturbance. In [31], a simple adaptive control with the implicit reference model is designed
with the aim of ensuring smooth tracking of the rotation angle of the reference path, including
the prevention of lateral oscillations. The results of numerical simulations demonstrate the
efficiency of the proposed control strategy.

In [32], itis considered the application of an adaptive tracking control on aircraft wings. The
proposed control is evaluated in a typical wing rock system, considering variations in the
aerodynamic parameters. Numerical results show the efficiency of the proposed control, with
excellent results for the transient regime. In [33], a dynamic analysis considering the
singularities generated when an aircraft reaches critical speed is performed. Numerical
simulations are considered to show the complexity of the system for wing morphing and
considering different ranges of speeds around the critical one. Ref. [34] presents a robust
analysis of a non-fragile control considering a delayed aircraft flight control system. The authors
discuss the dissipative-based sampled data, using the Lyapunov stability theory and the
Writinger-based inequality to solve the problem. A group of numerical simulations analyzing
some fault situations are showed.

In [35], an incremental backstepping control system is designed for a nonlinear F/A-18
aircraft model. The results presented from numerical simulations showed that the proposed
methodology is effective for flight control. In [36], it is proposed to control the flight path angle
considering the exact state-space linearization methodology. The numerical results showed that
the proposed control is effective for longitudinal flight. In [37], a nonlinear control is designed
for flight control of a small unmanned aerial vehicle, including uncertainties and external
disturbances in the system dynamics. Numerical results show that the proposed control is
robust to satisfy the uncertainties and wind disturbances. In [38], a PID controller is proposed
to improve the stability and performance of an aircraft system. The numerical results presented
by the authors show that the gains obtained by the Zeigler-Nichols method provided good
performance results, satisfying the design requirements.

The authors in [39] present an evolving neuro-fuzzy controller called PAC (Parsimonious
Controller) for micro aerial vehicles considering the presence of a high level of environmental
perturbations. The control was used in an over-actuated hexacopter and a bio-inspired flapping-
wing micro aerial vehicle. The authors presented numerical results about the performance of
the controller. In [40], the authors propose the use of two high-order robust nonlinear
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controllers for controlling the maneuvers of a fighter aircraft in presence of uncertain
parameters. The aileron, elevator, and rudder are controlled to change the output variables
pitch, roll, and sideslip angles. Numerical simulations using a swept-wing type aircraft are
presented. The final results presented by the authors show a great level of performance, where
the aircraft was able to respond with bigger order longitudinal and lateral maneuvers, even in
the presence of uncertainties.

As shown, there are several studies in the literature considering both linear and nonlinear
dynamic models. It is of practical importance to use the linear control method as long as the
nonlinear degree of the real system is not significant. However, if the nonlinear characteristics
have a considerable impact on the analyzed operating condition, linear controllers will have a
high chance of not fully meeting the design requirements [22, 41-44].

In this paper, two strategies for controlling the deflection of the elevator from an F-8
Crusader aircraft are designed and compared. The first one is the LQR (Linear Quadratic
Regulator), a very common state-space linear control, and the second is the nonlinear SDRE
(State-Dependent Riccati Equations) control. Both controls have the same objective: to recover
the aircraft from the stall region caused by angles of attack greater than the stall angle,
considering the aircraft’s movement and its dynamic nonlinearities, as well as the effects of the
variation of the aircraft speed in relation to the wind speed due to atmospheric turbulence.

2. Mathematical Model for Longitudinal Flight of the F-8 Crusader Aircraft

The dynamics of the F-8 Crusader aircraft are analyzed considering a mathematical model
for flight dynamics, in which the forces and the coordinate system used to represent the
movement of the aircraft are presented in Fig. 1. The drag force is neglected in relation to other
parameters, and the moment of inertia is proportional to the total mass of the aircraft.

Ly

FaS. s Le
Relative wind

Horizon

/ Relative wing

Y axis perpendicular to the c.g.

Fig. 1. The dynamic model of the aircraft

The lift force is divided into two components: wing and tail. The equations of the movement
are developed in terms of four state variables (x = (u, @, 8, q)), where u is the longitudinal flight
speed, a represent the angle of attack, 6 is the pitch angle, the aircraft's pitch rate is given by g
and V is the variation in the wind speed (virtual wind tunnel) over time.
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The basic equations of longitudinal movement are represented in the system (1), where the
drag was considered small enough to be disregarded compared to the thrust and weight [10].

m(@ +w6) = —mgsin6 + L,, sina + L sin a,
m(W — u6) = mg cos 0 + Ly, cosa + L, cos a; (D
Iyé =M,, + 1L, cosa — lL, cos a, — c6

where m = aircraft weight, u = velocity of the aircraft in the x direction, w = velocity of the
aircraft in the z direction, 8 = angular displacement around the y axis, measured clockwise
from the horizon as shown in Fig. 1, g = constant of gravity, I, = moment of inertia of the aircraft
around the y axis, L,, = wing lift, L, = tail lift, « = wing angle of attack, a; = tail angle of attack,
8, = deflexdo do profundor, M,, = wind moment, [ = distance between the aerodynamic center
of the wing and the center of gravity of the aircraft, [, = distance between the aerodynamic
center of the tail and the center of gravity of the aircraft, cd = damping moment.

The lift forces of the wing and tail are given by L,, = C; qS and L; = (,qS;, respectively,
where €}, = wing lift coefficient, C;, = tail lift coefficient, ¢ = dynamic pressure, S = wing area
and S; = horizontal tail area. In addition, the moment of the wing M,,, is a function of , and the
angle of attack of the aircraft's tail a; is a function of both a and §,.

Fig. 2 shows the vector representation of the velocity components u, v and w along the x, y
and z axes [10].

Fig. 2. Velocity components

Considering Fig. 2, one can define the following mathematical speed ratios [10] as

w=utana
{W =utana + ud sec’ a (2)
Replacing (2) in (1), one obtains
it = —uftana — gsin@ + (L, /m)sina + (L,/m) sina,
Jd = @sin? a + (g/u) sin @ sina cos a — (L, /um) sin? a cos @ — (L, /um) sin a cos a sin a, +
6 cos? a + (g/u) cos? a cos @ — (L,,/um) cos® a — (L, /um) cos? a cos? a, (3)
L 6 =M, /L, + (IL,/1,) cosa — (IL,/1,) cos a, — (c/L,)0

where the aircraft lift forces represented by L,, and L; can be obtained using the following
equations [5, 10]
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Ly =C.,qS =qS(C,,° +C, a—Cy 2a®)(1/[1+ (2/0.41)°°]) (4)

Ly = C,GS, = 3S¢(CL,° + Cp, ar — €% + ag6,) (5)

where CLWO, CLwl, CLWZ, CLtO, CLt1 e CLt2 are constants, §, represents the deflection angle of the

horizontal tail measured at the right side of the x axis and a, is the linear approximation of the
effect defined by 6, in Cp,.

Substituting (4) and (5) in (3), and considering the following parameters for the F-8
Crusader model: ¢, °=C,°=0; C, ' =C,' =40; a. =0.1; S =33.75m?% S,_841m?
Cma.c =0;¢c=3.53m; I, = 127512 Kgmz; [ =0.06 m; [, = 5.01m. The aircraft's longitudinal
motion equations are given by [5, 10]

33.75W sina (4a — 12a°) +

4(0.25a +6,) —
12(0.25a + 6,)% + 0.16,
33.75W (4a — 12a®) — 8.41 cos(0.75a +5,)
[4(0.25a + 6,) — 12(0.25a + 6,)° + 0.159]}

U= —uqtana — 10sin 8 + (g/m) 1841 sin(0.252+5,) [
. : .

@ =q+ (10/u) cos a cos(a — 8) — (q/mu) cosa{

0=gq
g = (50.1/127512)mcos 6 — (171.1125(4a — 12a3) /127512)GqW cos a — (50494.752/127512)q +
+(q/127512) {2 025(4a — 12a3)W 42.1341 cos(0.25a + 6,) [ 4(0.25a +6,) — }
. a— a cosa — . COS(V. a
LT\ ) 1-12(0.25a + 6,)% + 0.15,
(6)

Where W = 1/(1 + («/0.41)%9).

To simulate the wind acting, two different contributions were used: one considered as a
continuous action (), and another oscillating portion representing the gusts according to the
following equation [10]

v = v, +1(10 cos(1.57t) + 14 cos(2.51t) + 18 cos(3.77t) + 22 cos(5.3t)) 7
T 06 426 cos(6.28t) + 30 cos(7.48t)
The dynamic pressure can be obtained by the following equation
_ 1 2
q=5pV(t) (8)

2.1. Numerical Simulations

The following parameters will be considered for the numerical simulations: aircraft speed
Vo=277.7 [m/s], the initial mass of the aircraft m = 9773 [Kg], atmospheric density at 9144
meters of altitude p = 0.4938, and 06.=-0.1 [rad]. The initial conditions are u,=257.7 [m/s],
00=0.22 [rad], 80=0.21 [rad], and qo= 0 rad/s.

Fig. 3 shows the time histories of the aircraft's longitudinal system represented by (6).
According to the behavior shown in Fig. 3, it is possible to observe the variation of the main
states of the aircraft over time, implying a long response rate, or even the aircraft stall situation
as seen in Fig. 3(c), which could damage some systems and even cause the aircraft failure. In
this kind of situation, human intervention will be necessary to control the system thus, directly
depending on the pilot's skill and experience. The automatic control of the stall angle, and
consequently of the main angles of the aircraft, becomes an alternative to keep the aircraft in
the course and safe, even in critical flight conditions, easier the pilot work and composing the
aircraft control system with autonomous flight.
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Fig. 3. Time histories of (a) aircraft’s speed, (b) angle of attack of the aircraft, (c) aircraft’s pitch angle,
(d) aircraft’s rate of the pitch.

3. Proposed control

The two control strategies used in the paper consider the introduction of a feedback control
signal (U) in the system (6).

Considering the system (6) in the matrix form with the feedback control [34]
X=AX+BU 9

where 4 is the state matrix, B is the control matrix, and U is the feedback control, and it is
defined as follows

U=—-R'B"Pe (10)

where = (X — X*), X represents the system states (X = [x; X, x3x4]7 = [u a b é]Tand X"
the desired states. Function P is obtained by solving the Ricatti equation defined as follows:

PA+A"P-PBR 'B'TP+Q =0 (11)
The quadratic cost performance for the feedback control problem is given by
J = 3, (e"Qe + UTRU)dt (12)
where @Q and R are positive definite matrices.

Another important factor to consider is that the matrix cannot violate the system's
controllability. The controllability is given by:

M =B AB A’B A3B] (13)

The system (6) is controllable if the rank of the matrix A is 4. Control (10) will be used to
control the system (6), considering U = §,.
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3.1. Feedback Control by the LQR Control

To obtain the control signal U considering the LQR control, the equation (6) is linearized, the
A and B matrices are considered as follows

0 0 -10 0 0
0 0 0 1 34.481
A= 0 0 0 1 and B = 0
0 -0.000331g O —0.396 —0.001354q
Defining the X*, @ and R matrices as
X1 100 10 O O
. _ |0.045 |10 1000 0 0 B
X = X | Q= 0 0 1 0 and R = [10000].
X4 0 0 0 1

Solving the Ricatti equation in (11), we obtain the following control signal U as
U=-0.1x; —0.2742(x, — 0.04) + 0.7477x5 + 0.2625x, (14)

3.2. Feedback control by the SDRE Control

To obtain the control U considering the SDRE technique, one considers the A matrix as
dependent on states X and B in the following linear form

0 X1X4 -10 0 7 0
_110/x,% 8.41g/mx; 10x,/x; 1 | 34481
4=1" 0 0 T 0
0 —0.000331g 0 —0.396. —0.001354q
And defining the X*, @ and R matrices as
X1 01 1 0 0]
. _ |0.045 1 10 0o o B

X=1 x| =10 0 01 0 and R = [1000].

Xy 0 0 0 0.1}

As matrix A, in this case, is dependent on the value of the states, the U control is also variable
and depends on the states. Thus, a new control gain is obtained for each numerical integration
of the system.

To obtain the U control signal through the SDRE control, the following algorithm must be
adopted [41-44].

Step 1. Define the state-space matrix A with the state-dependent coefficients.

Step 2. Define X(0)=Xo, so that the rank of M is 4 and choose the coefficients of weight
matrices Q and R.

Step 3. Solve the Riccati equation in (11) for the state X.
Step 4. Calculate the input signal from (10).
Step 5. Integrate of (6) and update the state of system X with the results.

Step 6. Calculate the rank of (13), if rank=4 return to step 4. If rank<4, continue using the last
controllable matrix A obtained and return to step 4.

3.3. Numerical Simulations

For the numerical simulations of the proposed controls, the angle of attack will be varied
with values above the stall angle to verify the efficiency and performance of the LQR and SDRE
controllers applied in the recovery and stabilization of the aircraft during the flight.

Guilherme P. Dos Santos et al. (SDRE and LQR Controls Comparison Applied in High-Performance Aircraft in a Longitudinal
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Considering this methodology, some parameters will have a fixed value, such as: Vy=277.7
[m/s], m=9773 [Kg], and p=0.4938. Whereas the stall situation of the F-8 Crusader aircraft
occurs at an angle of attack equals to 0.41 [rad] (23.5° [deg]).

Fig. 4 shows the graphics for the speed, angle of attack, pitch angle and pitch rate,
respectively. Considering the following parameters uo=257.7 [m/s], @=0.62 [rad], 60=0.61

[rad], o= 0 [rad/s], 8¢=-0.1 [rad] in the case without controllers and 8.=U for the system with
the linear LQR or nonlinear SDRE control.

600

500

‘—without CONLro| memmm | QR s SDRE ‘

W

>
D

[=——without control = =stall === QR == SDRE |

A AAANANANVY
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Fig. 4. Time histories of system with control (for 60% above the aircraft stall angle). (a) aircraft’s
speed, (b) angle of attack of the aircraft, (c) aircraft’s pitch angle, (d) aircraft’s rate of the pitch.

The aircraft speed behavior presented in Fig. 4(a) shows that the controllers have a critical
impact on the answer of the system. This occurs because when subjected to an attack angle of
56% above the stall angle, the aircraft without the controller loses its ability to respond
correctly to the forces suffered in this condition, where this situation can even cause a
catastrophic failure. In both the situations with the LQR and SDRE controllers, similar speed
behaviors are observed, with considerable stability compared with the uncontrolled system.

Fig. 4(b) shows the efficiency of the controllers in recovering the aircraft from an angle of
attack of a=0.62 [rad] (35.6° [deg]), about 56% above the aircraft stall angle, which equals to
0.41 [rad] (23.5° [deg]), in about 2 seconds. A relevant result since the recovery time of the
aircraft must be fast, mainly for the cases in which the angle of attack is in some hostile regions
of operation.

Analyzing Fig. 4(c) and Fig. 4(d), it is possible to observe the influence of the controllers on
the aircraft dynamics, where the pitch angle refers to the angle of the aircraft. As shown in Fig.
4(b), the aircraft recovers from the stall situation, and as a consequence, the pitch angle is also
controlled, this being shown in Fig. 4(c). The pitch rate demonstrates the rate of change in both
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the attack and pitch angles due to them being interconnected. Thus, observing the pitching rate,
itis possible to define the speed at which the aircraft changes its main angles and consequently
stabilizes or not its behavior. As can be seen in Fig. 4(d), the pitch rate is higher when the
system is subjected to the action of the controllers, so the system tends to stabilize at a higher
rate than when compared to the uncontrolled system. Considering the results presented in Fig.
4, it can be concluded that the LQR and SDRE control proposed are efficient and present similar
behavior in the aircraft's dynamic system, where both made it possible to recover the aircraft
from situations up to 56% above the stall angle.

Fig. 5 shows the history of speed, angle of attack, pitch angle, and pitch rate, respectively,
for cases above up to 80% of the aircraft stall angle. In this critical situation, the nonlinearities
of the system are amplified as the angle of attack of the aircraft is increased. The system and
controllers are also very influenced by these extreme stall regions. For the simulations, the
following parameters are considered: uo=257.7 [m/s], ao=0.72 [rad], 680=0.71 [rad], qo= 0
[rad/s] and 8.=-0.1 [rad] in case the system is not operating by the controllers and 8.=U to the
system with control.

4
1 x10 8
6
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> S}
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-2 -4
-6 m l
\ /7 |
3 ‘—whitoutcontrol—LQR—SDRE‘ 8 ‘—withoutcontrol— -staII—LQR—SDRE‘
0 10 20 30 40 50 0 5 10 15 20 25
t(s) t(s)
(a) (b)
3 8 ‘
25 | L. 6 ‘i I
I |l |I
21— I V 4 '
n — 2 'y llll
€ 1.5 L M @
E L Eo
> 1 ;
AN : Al
0.5 N 4
) M L
0 AAa .\j ' ' '
WYMT -6
05 [——without control ==——LQR —— SDRE]| 8 ——without control =——LQR ——SDRE
"o 5 10 15 20 25 0 5 10 15 20 25
t(s) t(s)
() (d)

Fig. 5. Time histories of system with control (for 80% above the aircraft stall angle). (a) aircraft’s
speed, (b) angle of attack of the aircraft, (c) aircraft’s pitch angle, (d) aircraft’s rate of the pitch.

As shown in the results presented in Fig. 5(a), Fig. 5(c), and Fig. 5(d), only the SDRE control
was efficient in controlling the aircraft's speed when the system was subjected to an angle of
attack 76% above the stall angle. For Fig. 5b, we can observe the efficiency of the SDRE
controller in recovering the aircraft from an angle of attack of a = 0.72 rad (41.3° deg), about
76% above the aircraft stall angle.

The results show poor performance for the LQR controller, which characterizes the
incapability of the controller to act in such a way as to guarantee the stability of the aircraft for
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extreme cases, such as for situations of the angle of attack with 76% or more of the stall angle.
The LQR and SDRE Controllers exhibit different behavior for this application region,
demonstrating the reliability of the SDRE controller design and a limited application range for
the LQR control design presented.

4. Conclusion

Considering the behavior of the aircraft shown in Fig. 4 and Fig. 5, it can be concluded that
the SDRE controller presents an excellent performance when recovering the aircraft from the
most critical stall situation that the system was submitted. As for the LQR controller, there is a
limitation when the system is subjected to severe flight regions. For this aircraft and conditions
analyzed, its application must be conditional or limited to situations with attack angles up to
56% above the stall angle. On the other side, the SDRE control could recover the system out of
the stall region for angles of attack up to 76% above the stall angle for all the situations analyzed.
Future work is considered the development of a mathematical model of the aircraft's flight
dynamics with the lateral behaviors to increase the control project application.
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