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Abstract 

Unmanned Aerial Vehicles (UAVs) have become increasingly important in surveillance, environmental monitoring, mapping, 

and scientific research, where flight stability and control performance are essential for safe and reliable operation. This study 

focuses on the modeling and stability analysis of an Aerosonde UAV using a Linear Quadratic Regulator (LQR) control approach. 

The main objective is to develop an optimal state-feedback controller capable of improving the stability and dynamic response 

of the UAV. A mathematical model of the Aerosonde UAV is established using longitudinal and lateral-directional flight dynamics 

and represented in state-space form. The LQR controller is designed by minimizing a quadratic performance index that balances 

state regulation and control effort through appropriate weighting matrices. The resulting feedback gains are applied to the 

longitudinal and lateral dynamic models, and numerical simulations are performed to compare the uncontrolled and LQR-

controlled responses. The simulation results show that the LQR controller significantly improves the dynamic behavior of the 

UAV by reducing oscillations, decreasing overshoot, and accelerating convergence toward the equilibrium conditions. In the 

longitudinal dynamics, the controlled responses of velocity, vertical motion, pitch rate, altitude, and pitch angle exhibit improved 

stability compared with the uncontrolled system. Similarly, the lateral-directional responses demonstrate improved damping and 

faster convergence for lateral velocity, roll rate, yaw rate, roll angle, and yaw angle. These results confirm that the proposed LQR 

approach provides an effective state-feedback control strategy for improving the stability and dynamic performance of the 

Aerosonde UAV. The study provides a foundation for future investigations involving robust, adaptive, or intelligent control 

techniques under external disturbances and model uncertainties. 
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1. Introduction 

Unmanned Aerial Vehicles (UAVs) have become increas-

ingly important in a wide range of applications, including sur-

veillance, environmental monitoring, mapping, scientific re-

search, and autonomous operations. For fixed-wing UAVs, 
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maintaining flight stability and achieving satisfactory dy-

namic performance are essential for safe and reliable opera-

tion. The development of appropriate mathematical models 

and control strategies is therefore an important aspect of UAV 

research [1, 2, 4]. 

The Aerosonde is a fixed-wing UAV that has been widely 

considered in studies of aircraft dynamics, modeling, and con-

trol. Accurate mathematical modeling of the aircraft dynamics 

is essential for developing controllers capable of maintaining 

stable flight under different operating conditions [2, 4-6]. In 

particular, state-space representations provide a suitable 

framework for analyzing the longitudinal and lateral-direc-

tional dynamics of aircraft and for designing state-feedback 

controllers. 

Several control approaches have been developed to im-

prove UAV stability and flight performance. Classical tech-

niques such as Proportional-Integral-Derivative (PID) control 

remain widely used because of their simplicity and ease of im-

plementation. However, optimal and advanced control meth-

ods have attracted increasing attention because they can pro-

vide improved transient response and stability for multivaria-

ble UAV systems [3, 7, 8]. Recent studies have investigated 

LQR-based and hybrid control strategies for UAV attitude and 

altitude regulation, demonstrating their applicability to differ-

ent flight-control problems [9, 10]. In addition, recent research 

on fixed-wing UAVs has compared several control strategies, 

including PID, Model Reference Adaptive Control (MRAC), 

LQR, and Linear Quadratic Gaussian (LQG), for both longi-

tudinal and lateral flight dynamics [11]. 

The Linear Quadratic Regulator (LQR) is an optimal state-

feedback control technique that is particularly suitable for sys-

tems represented in state-space form. The method determines 

an optimal feedback gain by minimizing a quadratic cost func-

tion that balances the regulation of system states and the con-

trol effort [3, 7, 8]. Its relatively simple formulation and ability 

to handle multivariable systems make it attractive for UAV 

flight-control applications. Recent research has further inves-

tigated LQR-based and hybrid LQR approaches to improve 

UAV stability, attitude regulation, and robustness under dis-

turbances and model variations [9, 10, 12]. 

Despite these developments, the stability analysis and con-

trol of fixed-wing UAVs remain challenging because of the 

coupling between the different flight-dynamic variables and 

the sensitivity of the aircraft response to operating conditions. 

Recent studies have highlighted the importance of simultane-

ously evaluating longitudinal and lateral-directional dynamics 

when assessing the performance of flight-control strategies 

[11]. Robust and adaptive extensions of optimal control meth-

ods have also been investigated to address uncertainties, dis-

turbances, and parameter variations [12, 13]. 

In this context, the objective of this study is to develop and 

analyze an LQR-based control strategy for improving the sta-

bility and dynamic performance of the Aerosonde UAV. A 

mathematical model of the UAV is established using longitu-

dinal and lateral-directional flight dynamics and represented 

in state-space form. An LQR controller is then designed for 

the resulting models, and numerical simulations are performed 

to compare the uncontrolled and controlled responses. The 

analysis focuses on the principal longitudinal and lateral state 

variables, including velocity, vertical motion, pitch, roll, and 

yaw responses. The obtained results provide an assessment of 

the effectiveness of LQR control under the nominal operating 

conditions considered in this study and establish a basis for 

future investigations involving robust, adaptive, and intelli-

gent control strategies 

2. Materials and Methods 

2.1. LQR Control 

The Linear Quadratic Regulator (LQR) control method was 

implemented to stabilize the drone. The state-feedback gain 

matrix K was determined by solving the Riccati equation. The 

procedure used to compute the optimal control law is illus-

trated in Figure 1. The trade-off between system performance 

and control effort was achieved by selecting appropriate 

weighting matrices Q and R. 

The LQR controller is a closed-loop control technique used 

to optimize the stability and performance of a dynamic system. 

It consists of minimizing a quadratic cost function defined as: 

𝐽 = ∫ [𝑥𝑇(𝑡). 𝑄. 𝑥(𝑡) + 𝑢𝑇(𝑡). 𝑅. 𝑢(𝑡)]𝑑𝑡
∞

0
     (1) 

1) 𝑥 is the state vector, 

2) 𝑢 is the control input, 

3) 𝑄 is the state weighting matrix, 

4) 𝑅 is the control weighting matrix 
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Figure 1. Flowchart for calculating the optimal quadratic control 

law. 

 
Figure 2. Closed-loop optimal control structure. 

2.2. Longitudinal Model 

The longitudinal motion equations of the drone are modeled 

by linearizing the flight equations around an equilibrium point. 
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u: Horizontal velocity 

w: Vertical velocity 

q: Pitch rate 

𝜃: Pitch angle 

h: Altitude. 

𝛺: Angular velocity 

𝛿𝐸: Elevator control input 

𝛿𝑡ℎ: Throttle control input 

For an Aerosonde-type drone, the state equations are given 

as follows. 

2.2.1. Longitudinal State Matrix (Alonga) 

The state matrix A represents the internal dynamics of the 

UAV system. It describes the relationships between the state 

variables of the longitudinal motion. 

𝐴𝑙𝑜𝑛𝑔𝑎
=

[
 
 
 
 
 
−0.2933
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0
0.0189
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                         (3) 
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2.2.2. Input Matrix 

The input matrix B defines how the control inputs affect the 

system dynamics. It represents the influence of the elevator 

deflection and throttle input on the UAV motion. 

𝐵𝑙𝑜𝑛𝑔𝑎
=

[
 
 
 
 
 
−0.3
−3.7
−50.2

0
0
0

0
0
0
0
0

02663.9]
 
 
 
 
 

              (4) 

2.2.3. Gain Matrix 

The gain matrix represents the feedback applied to the sys-

tem in order to ensure stability and desired dynamic perfor-

mance. It is obtained using the Linear Quadratic Regulator 

(LQR) method, which computes the optimal control gains 

based on the system model. 

The gain matrix is used to determine the control input ap-

plied to the system in order to regulate the state variables. 

The control law is defined as: 

𝑢(𝑡) = 𝐾𝑥(𝑡)                 (5) 

where: 

𝐾 is the feedback gain matrix, 

𝑥(𝑡) is the state vector, 

𝑢(𝑡) is the control input. 

The Alonga, Blonga, and Glonga matrices are essential for 

designing control laws that ensure the stability and perfor-

mance of the drone. 

𝑥̇ (𝑡) = 𝐴𝑥(𝑡) + 𝐵𝑢(𝑡)  

 
Figure 3. Block diagram of the longitudinal model with LQR control. 
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2.2.4. Longitudinal System Response 

The response of the longitudinal system of the drone is an-

alyzed with and without LQR control in order to evaluate the 

effectiveness of the proposed controller. The obtained results 

show the dynamic behavior of the system states under differ-

ent operating conditions. 

The longitudinal model with LQR control is illustrated in 

Figure 3. 

 
Figure 4. Comparison of the longitudinal responses without control and with LQR control. 

The system response without control presents unstable be-

havior characterized by oscillations and slow convergence of 

the state variables. In contrast, the application of the LQR con-

troller significantly improves the stability and dynamic perfor-

mance of the drone. 

The longitudinal response of the system without control and 

with LQR control is presented in Figure 4. 

 
Figure 5. Vertical velocity response (w) without control and with LQR control. 
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Figure 6. Longitudinal velocity response (u) without control and with LQR control. 

 
Figure 7. Pitch rate response (q) without control and with LQR control. 
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Figure 8. Altitude response (h) without control and with LQR control. 

 
Figure 9. Pitch angle response (θ) without control and with LQR control. 

The response of the longitudinal system of the UAV is ana-

lyzed with and without LQR control in order to evaluate the 

effectiveness of the proposed controller. The obtained results 

show the dynamic behavior of the system states under differ-

ent operating conditions. The longitudinal model with LQR 

control is illustrated in Figure 3. 

The comparison of the overall longitudinal responses with-

out control and with LQR control is presented in Figure 4. The 

results show a significant improvement in the dynamic behav-

ior of the UAV when the LQR controller is applied. The con-

trolled responses exhibit reduced oscillations and improved 

convergence toward the equilibrium conditions 
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Figure 5 presents the vertical velocity response (w). With-

out control, the vertical velocity exhibits continuous oscilla-

tions and does not rapidly converge toward the equilibrium 

condition. In contrast, the LQR-controlled response converges 

more rapidly with reduced oscillations, demonstrating im-

proved longitudinal stability. 

Figure 6 illustrates the longitudinal velocity response (u). 

Without control, the longitudinal velocity exhibits significant 

fluctuations and does not reach a stable condition rapidly. 

With LQR control, the velocity converges more rapidly to-

ward the equilibrium condition, indicating improved stabiliza-

tion of the longitudinal dynamics. 

The pitch rate response (q) is presented in Figure 7. The un-

controlled system exhibits persistent oscillations, whereas the 

LQR controller significantly reduces these oscillations and 

improves the damping of the pitch dynamics. 

Figure 8 presents the altitude response (h). Without control, 

the altitude exhibits large variations, resulting in an unstable 

and unpredictable vertical motion. With LQR control, the al-

titude response becomes more stable and converges more rap-

idly toward the equilibrium condition, demonstrating im-

proved altitude regulation. 

Finally, the pitch angle response (θ) is shown in Figure 9. 

Without control, the pitch angle exhibits persistent oscillations 

and unstable behavior. After applying the LQR controller, the 

oscillations are effectively damped and the pitch angle con-

verges toward the equilibrium position. These results demon-

strate the effectiveness of the LQR controller in improving 

pitch attitude stability. 

2.3. Lateral Model 

The lateral motion of the UAV is modeled by linearizing the 

flight dynamics around an equilibrium operating condition. 

This model describes the lateral-directional behavior of the 

drone, including roll motion, yaw motion, and lateral velocity. 

The lateral dynamic model can be represented in state-space 

form as: 

𝑥𝑙𝑎𝑡̇ =
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 (6) 

where: 

V: is the lateral velocity, 

p: is the roll rate, 

r: is the yaw rate, 

𝜓: is the roll angle, 

𝜙: is the yaw angle, 

𝛿𝑎: is the aileron control input, 

𝛿𝑟: is the rudder control input. 

 
Figure 10. Block diagram of the lateral dynamic model of the Aerosonde UAV. 
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2.3.1. Lateral State Matrix (Alat) 

The Alat matrix represents the internal lateral dynamics of 

the UAV system without external control inputs. It describes 

the relationships between the lateral state variables and their 

evolution over time. 

The state matrix of the lateral model is expressed as follows: 

𝐴𝑙𝑎𝑡 = [

−0.0558
0.5980

−3.0500
0

−0.9968
−0.1150
0.3880

0

0.0802
−0.0318
−0.4650
1.0000

0.0415
0
0
0

]  

The matrix coefficients are obtained by linearizing the UAV 

lateral dynamics around the equilibrium flight condition. 

2.3.2. Lateral Input Matrix (Blat) 

The Blat matrix defines the influence of the control inputs 

on the lateral dynamics of the UAV system. It represents the 

effect of the aileron and rudder deflections on the lateral state 

variables. 

The input matrix of the lateral model is expressed as follows: 

𝐵𝑙𝑎𝑡 = [

0.0073
−0.4750 
0.1530
0.0000

0.0000
0.0077
0.1430
0.000

]            (7) 

 

 

2.3.3. Gain Matrix 

The gain matrix is used to apply state-feedback control in 

order to stabilize the lateral dynamics of the UAV system. The 

optimal gain matrix is obtained using the Linear Quadratic 

Regulator (LQR) method. 

𝑥̇(𝑡) = 𝐴𝑙𝑎𝑡𝑥𝑙𝑎𝑡(𝑡) + 𝐵𝑙𝑎𝑡𝑢𝑙𝑎𝑡(𝑡)        (8) 

Where: 

1) (K) is the feedback gain matrix, 

2) (x(t)) is the state vector, 

3) (u(t)) is the control input vector. 

The gain matrix allows the reduction of oscillations and im-

proves the stability and dynamic response of the UAV lateral 

system. 

The Alat, Blat, and gain matrices are essential for designing 

the lateral control law and ensuring stable flight performance. 

2.3.4. Lateral System Response 

The response of the lateral UAV system is analyzed with 

and without LQR control in order to evaluate the effectiveness 

of the proposed controller. The obtained results illustrate the 

dynamic behavior of the lateral state variables under different 

operating conditions. 

The lateral responses of the UAV system are presented in 

Figures 11-15. In each figure, the uncontrolled response is 

compared with the response obtained using the LQR control-

ler. 

 
Figure 11. Lateral velocity response ((v)) without control and with LQR control. 
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Without control, the lateral velocity response exhibits oscil-

latory and unstable behavior. With the application of the LQR 

controller, the response rapidly converges toward the equilib-

rium state with reduced oscillations and improved stability. 

 
Figure 12. Roll rate response ((p)) without control and with LQR control. 

The roll rate response demonstrates that the LQR controller 

effectively improves the damping characteristics of the system 

and reduces oscillatory behavior. 

The yaw rate response becomes significantly more stable 

under LQR control. The controller reduces overshoot and im-

proves the transient response of the UAV lateral dynamics. 

 
Figure 13. Yaw rate response ((r)) without control and with LQR control. 
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Figure 14. Roll angle response ((\phi)) without control and with LQR control. 

The roll angle response indicates that the uncontrolled sys-

tem experiences persistent oscillations, whereas the LQR-con-

trolled system rapidly stabilizes and maintains better attitude 

control. 

The results presented in Figure 15 confirm that the pro-

posed LQR controller improves the overall stability and dy-

namic performance of the UAV lateral system. The controlled 

responses exhibit faster convergence and reduced oscillations 

compared with the uncontrolled case. 

 
Figure 15. Yaw angle response ((\psi)) without control and with LQR control. 

3. Discussion 

The obtained simulation results demonstrate the effective-

ness of the proposed LQR controller for stabilizing the longi-

tudinal and lateral dynamics of the Aerosonde UAV. The com-

parison between the uncontrolled and controlled responses 

shows that the controller improves the dynamic behavior of 
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the UAV by reducing oscillations and accelerating conver-

gence toward the equilibrium conditions. 

For the longitudinal dynamics, the LQR controller reduces 

oscillations and improves the transient response of the state 

variables. The longitudinal velocity, vertical velocity, pitch 

rate, altitude, and pitch angle responses exhibit more stable 

behavior under closed-loop control. These observations are 

consistent with recent research on fixed-wing UAVs, where 

LQR-based control has been investigated for both longitudinal 

and lateral flight dynamics [9, 11]. 

Similarly, the lateral model demonstrates improved stability 

and dynamic response when the LQR controller is applied. 

The lateral velocity, roll rate, yaw rate, roll angle, and yaw 

angle responses converge more rapidly toward their equilib-

rium conditions, with reduced oscillatory behavior. Recent 

studies have emphasized the importance of evaluating both 

longitudinal and lateral dynamics when assessing UAV flight-

control strategies [11]. 

The obtained results also show that the LQR controller pro-

vides improved transient behavior under the nominal condi-

tions considered in this study. However, the present simula-

tions do not explicitly evaluate external disturbances, meas-

urement noise, or significant model uncertainties. Recent re-

search indicates that LQR-based control can be further com-

bined with adaptive or hybrid control strategies to improve 

disturbance rejection and robustness under changing operating 

conditions [10, 12-15]. 

Therefore, the present results should be interpreted as a 

baseline assessment of LQR-based stabilization for the Aero-

sonde UAV. The proposed approach provides effective state-

feedback stabilization under the considered operating condi-

tions, while future investigations should evaluate its perfor-

mance under wind disturbances, model uncertainties, meas-

urement noise, and parameter variations. Such investigations 

could also consider hybrid or robust control strategies to fur-

ther improve the reliability of the UAV control system [10, 12-

15]. 

4. Conclusions 

This study presented the design and implementation of a 

Linear Quadratic Regulator (LQR) controller for the stabiliza-

tion of an Aerosonde-type UAV. The longitudinal and lateral 

dynamic models were developed using state-space represen-

tation in order to analyze the behavior of the drone under dif-

ferent flight conditions. 

The simulation results demonstrated that the proposed LQR 

controller significantly improves the stability and dynamic 

performance of the UAV. In both longitudinal and lateral mo-

tions, the controller effectively reduces oscillations, mini-

mizes overshoot, and decreases the settling time of the system 

responses. 

The controlled system exhibited faster convergence toward 

equilibrium conditions compared with the uncontrolled sys-

tem. The results confirmed that the LQR approach provides 

efficient stabilization and enhances the robustness of the UAV 

flight dynamics. 

Therefore, the proposed control strategy represents an ef-

fective solution for improving UAV flight stability and control 

performance. Future work may focus on the implementation 

of adaptive, robust, or intelligent control techniques in order 

to further improve system performance under external disturb-

ances and uncertain operating conditions. 
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LQR Linear Quadratic Regulator 

UAV Unmanned Aerial Vehicle 

PID Proportional Integral Derivative 

AUV Autonomous Underwater Vehicle 
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(𝑞)  Pitch Rate 
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(𝜓)  Pitch Angle 

(𝑣)  Lateral Velocity 

(𝑝)  Roll Rate 

(𝑟)  Yaw Rate 

(𝜙)  Roll Angle 

(\𝑝𝑠𝑖)  Yaw Angle 

(𝛿𝐸)  Elevator Control Input 

(𝛿𝑡ℎ)  Throttle Control Input 

(𝛿𝑎)  Aileron Control Input 
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