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Abstract 
 

This paper proposes an optimal control method based on the iterative 
LQR aimed at enhancing the trajectory tracking accuracy of a 6 DOF 
quadcopter UAV under external disturbances and varying payloads. 
The main distinguishing feature of the proposed method is the 
iterative optimization mechanism of the weighting matrices Q and R 
through the logarithmic normalization of error metrics, including 
ITAE, ISE, and RMSE, which automatically adjusts the controller based 
on the system's actual performance. The effectiveness of the method 
is evaluated through simulations in MATLAB across various flight 
trajectories and scenarios, including ideal conditions, disturbances, 
and combined disturbances with varying payloads. The simulation 
results show that the iterative LQR method significantly improves 
control quality compared to traditional PID and LQR controllers, with 
error reductions ranging from 6.6% to 41.8%, particularly evident in 
the x and y position axes and the yaw angle ψ. Furthermore, 
preliminary experimental results on quadcopter UAV hardware show 
that the proposed iterative LQR algorithm helps improve control 
quality and enhance flight attitude stability under low wind 
disturbance and varying payloads. These results demonstrate the 
adaptability and robustness of the proposed method under the 
complex operating conditions of UAVs. 

  
Keywords: UAV quadcopter, Linear Quadratic Regulator (LQR), PID 
control, Optimal Control, Iterative optimization. 

  
1. INTRODUCTION 

UAV quadcopters have become essential in many applications, such as 
surveying, environmental monitoring, and air traffic. However, in real-world 
environments, quadcopters often face external disturbances such as wind, 
changes in gravity, and other unforeseen factors. Therefore, developing 
effective controllers is essential to ensure the stability and performance of 
UAVs. One of the biggest challenges in controlling quadcopters is reacting 
quickly to these disturbances. In recent studies, various control methods have 
been proposed, such as PID controllers [1-8], fuzzy logic control [9-10], 
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backstepping control [11], fuzzy-PID control [12-14], model predictive control 
[15], linear quadratic regulator [16], sliding mode control [17,18], optimal 
control [19], nonlinear robust control [20], neural network-based control [21, 
22], PID control, and integral state feedback [23]. Among them, the optimal 
linear controller LQR is highly regarded for its ability to ensure stability, fast 
response, and low computational cost. However, most current studies use 
fixed weighting matrices Q and R or those selected based on experience, 
leading to limitations in adaptability when operating conditions change. 

This study presents the design and performance evaluation of a six 
degrees of freedom (6-DOF) control system for UAV quadcopter, using 
iterative LQR control method based on iterative optimization of Q and R 
weight matrices, aiming to ensure accurate trajectory tracking control and 
stability under various operating conditions, including external disturbance 
and changing payload. Unlike traditional methods that often assume an ideal 
environment or use controllers with fixed coefficients, this research conducts 
a comprehensive comparative analysis between the iterative LQR and classical 
PID/LQR controllers through multiple complex scenarios in simulation. To 
enhance practical applicability, an experimental UAV platform was also 
developed to evaluate the performance of the control system under real 
operating conditions. 

The structure of this article includes six main sections. Part 1 - 
Introduction. Part 2 - Related Works. Part 3 - Originality. Part 4 presents the 
complete nonlinear/linear 6-DOF UAV quadcopter dynamics model, 
considering the influence of external disturbances, and proposes an iterative 
LQR controller design for the 6-DOF UAV quadcopter, emphasising trajectory-
tracking control capability under changing disturbance and payload 
conditions. Part 5 - provides comprehensive simulation results, comparing the 
performance of the proposed improved LQR controller with that of the 
classical PID/LQR controller across various flight trajectories and scenarios, 
using the integral error metrics (ISE, ITSE, ITAE) and statistical indices (MSE, 
RMSE) for quantitative assessment. The quadcopter UAV hardware was then 
deployed, and flight experiments were conducted under wind disturbances 
and varying loads using the proposed algorithm. The final part is the 
conclusion and references.  

 
2. RELATED WORKS 

Research from [24-29] has focused on applying LQR control algorithms 
to improve system performance and optimize control capabilities for stable 
and responsive complex objects. LQR has been shown to be an effective tool in 
minimizing errors and enhancing robustness. This algorithm also allows 
optimizing energy usage, minimizing oscillations and improving system 
accuracy under various operating conditions. Research [24] proposed LQR to 
solve the complete tracking problems in the identification and control of 
aircraft systems even with moderate measurement deviations and noise as 
long as the aircraft model is accurately determined. Research [25] proposed a 
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dual-loop LQR controller for autonomous UAVs, with the inner loop using LQR 
for stabilization and the outer loop using Fuzzy-PID to track reference signals. 
In [26], the authors proposed LQR for a small UAV, optimized the unmanned 
system, and conducted simulation experiments. In study [27], the authors 
applied LQR to reduce errors and overshoot, helping the aircraft maintain 
excellent stability and accuracy. In [28], the authors presented a discrete LQR 
controller combined with integral action to stabilize the attitude and altitude 
of a four-rotor helicopter, thereby reducing energy consumption and achieving 
the desired UAV behavior. In study [29], the authors compared LQR, LQG, and 
Kalman filter controllers to control the pitch angle of a fixed-wing UAV. 
However, the aforementioned studies often rely on specific adaptive law 
structures or require additional modeling, and they do not directly optimize 
control performance based on quantitative metrics. Therefore, there remains 
a research gap in developing a systematic LQR weighting adjustment method 
that is directly based on trajectory tracking performance and can be flexibly 
applied under nonlinear conditions, with disturbances and varying loads. 

 
3. ORIGINALITY 

The study is demonstrated through three main contributions: (i) the 
integration of a complete nonlinear 6-DOF dynamic model for the UAV 
quadcopter, accounting for the effects of disturbance and payload; (ii) propose 
an iterative LQR control method, in which the weight matrices Q and R are 
determined by an iterative optimization algorithm, to minimize the weighted 
average control quality index of the ITAE, ISE, RMSE criteria; (iii) the 
assessment of control performance across various trajectory types.  

 
4. SYSTEM DESIGN 
4.1. UAV Quadcopter Dynamic Model 

In this study, we assume that the structure of the quadcopter is rigid and 
symmetrical, with the center of mass located at the origin of the body frame. 
The propellers are also considered rigid, with the thrust and drag generated 
by them proportional to the square of the rotational speed, and the motors are 
classified and numbered from 1 to 4 (Figure 1). Each motor plays a crucial role 
in controlling the movements of the quadcopter, allowing it to perform actions 
such as ascending, descending, and rotating. Fig.1 illustrates the structure and 
the forces acting on the quadcopter in three-dimensional space, where the four 
propellers are securely mounted on the arms. Each propeller generates an 
upward thrust along with a torque around its axis, with corresponding angular 
velocities, helping to adjust the direction and speed of the quadcopter. The 
coordinate system (xB,yB,zB) is attached to the quadcopter. In contrast, the 
coordinate system (x,y,z) represents two UAV different movements, facilitating 
the adjustment of thrust to perform movements such as ascending, 
descending, rotating, and lateral. The quad- 
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Figure 1. Inertial reference frame and body reference frame of UAV quadcopter 

 
copter, an unmanned aerial vehicle (UAV), uses four independently operating 
propellers, allowing precise movement control by adjusting each propeller's 
speed. 

The Newton-Euler equations provide a comprehensive model of the 
dynamics of the quadcopter, assuming it is a rigid body. For the translational 
component, the UAV is influenced by two main forces: the net thrust [0,0, 𝐹]𝑇 
and the gravitational force [0,0, 𝑚𝑔]𝑇 , where m is the mass of the quadcopter 
and g is the acceleration due to gravity. Conversely, the rotational dynamics 
are governed by the change in angular momentum, determined by the 

difference between the external torque [𝜏𝜙, 𝜏𝜃, 𝜏𝜓]
𝑇

 and the restoring force 𝜔𝛿 . 

Therefore, the nonlinear dynamics of the quadcopter are described here 
through the Euler angles 𝜙, 𝜃 and 𝜓, which defines its orientation in three-
dimensional space [2,5,6], 

 

𝑥̈ =
𝐹

𝑚
(𝑐𝑜𝑠 𝜓 𝑠𝑖𝑛 𝜃 𝑐𝑜𝑠 𝜙 + 𝑠𝑖𝑛 𝜓 𝑠𝑖𝑛 𝜙) 

𝑦̈ =
𝐹

𝑚
(𝑠𝑖𝑛 𝜓 𝑠𝑖𝑛 𝜃 𝑐𝑜𝑠 𝜙 − 𝑐𝑜𝑠 𝜓 𝑠𝑖𝑛 𝜙) 

𝑧̈ =
𝐹

𝑚
(𝑐𝑜𝑠 𝜙 𝑐𝑜𝑠 𝜃) − 𝑔 

      (1) 

[
𝑝̇
𝑞̇
𝑟̇

] = [

(𝐼𝑦𝑦 − 𝐼𝑧𝑧)𝑞𝑟/𝐼𝑥𝑥

(𝐼𝑧𝑧 − 𝐼𝑥𝑥)𝑝𝑟/𝐼𝑦𝑦

(𝐼𝑥𝑥 − 𝐼𝑦𝑦)𝑝𝑞/𝐼𝑧𝑧

] − 𝐼𝑀 [
𝑞/𝐼𝑥𝑥

−𝑝/𝐼𝑦𝑦

     0

] 𝜔𝛿 + [

𝜏𝜙/𝐼𝑥𝑥

𝜏𝜃/𝐼𝑦𝑦

𝜏𝛹/𝐼𝑧𝑧

] (2) 

𝑝̇ = 𝜙̈ = (
𝐼𝑦𝑦 − 𝐼𝑧𝑧

𝐼𝑥𝑥
) 𝜃̇𝜓̇ − (

𝐼𝑀𝜔𝛿

𝐼𝑥𝑥
) 𝜃̇ + (

𝜏𝜙

𝐼𝑥𝑥
) 

𝑞̇ = 𝜃̈ = (
𝐼𝑧𝑧 − 𝐼𝑥𝑥

𝐼𝑦𝑦
) 𝜓̇𝜙̇ + (

𝐼𝑀𝜔𝛿

𝐼𝑦𝑦
) 𝜙̇ + (

𝜏𝜃

𝐼𝑦𝑦
) 

𝑟̇ = 𝜓̈ = (
𝐼𝑥𝑥 − 𝐼𝑦𝑦

𝐼𝑧𝑧
) 𝜃̇𝜙̇ + (

𝜏𝜓

𝐼𝑧𝑧
) 

(3) 
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where, 𝜔𝛿 = 𝜔1 − 𝜔2 + 𝜔3 − 𝜔4 is the total speed of the propellers, m is the 
mass of the quadrotor, 𝐼𝑀 is the moment of inertia of the rotor. 𝐼𝑥𝑥 , 𝐼𝑦𝑦, and 𝐼𝑧𝑧 

are the moments of inertia of the quadrotor along the x,y,z axes. The angular 
velocity vector [𝑝, 𝑞, 𝑟]𝑇 is related to the Euler angles through the following 
transformation, as detailed in [2,5,6]. 

[
𝑝
𝑞
𝑟

] = [
1      0      − 𝑆𝑖𝑛 𝜃 
0     𝐶𝑜𝑠 𝜙     𝐶𝑜𝑠 𝜃 𝑆𝑖𝑛 𝜙 
0    − 𝑆𝑖𝑛 𝜙    𝐶𝑜𝑠 𝜃 𝐶𝑜𝑠 𝜙

] [

𝜙̇

𝜃̇
𝜓̇

] (4) 

 
The inputs can be defined as follows [2, 4-6], 

𝐹 = 𝑈1 = 𝑘(𝜔1
2 + 𝜔2

2 + 𝜔3
2 + 𝜔4

2) 
𝜏𝜙 = 𝑈2 = 𝑙 𝑘 (𝜔4

2 − 𝜔2
2) 

𝜏𝜃 = 𝑈3 = 𝑙 𝑘 (𝜔3
2 − 𝜔1

2) 
𝜏𝜓 = 𝑈4 = 𝑏(𝜔1

2 − 𝜔2
2 + 𝜔3

2 − 𝜔4
2) 

(5) 

 
where, the input signal 𝑈1 is the total thrust of the four rotors, while 𝑈2, 𝑈3and 
𝑈4 represent the moments for roll, pitch, and yaw, respectively. The lift force 
coefficient is denoted by k, the rotor's torque coefficient by b and the distance 
between the propeller and the UAV's center of mass by l. 
 
4.2.  The Iterative LQR Control Design For UAV Quadcopter 

This article proposes an iterative LQR controller system to stabilize the 
UAV quadcopter trajectory tracking control in the disturbance environment, 
using the iterative optimization algorithm to determine the Q and R weight 
matrices to minimize the average control quality index of ITAE, ISE, RMSE 
criteria.   

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2. Block diagram of the iterative LQR control system for UAV quadcopter  
 

Figure 2 presents the control diagram of the system, where the LQR 
controllers are assigned to each state variable: position x,y, altitude z, and the 
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roll angle θ, pitch angle ϕ, and yaw angle ψ. This system compares the desired 
input value for each state variable with the actual measured value, generating 
a deviation signal. This signal is then fed into the corresponding iterative LQR 
controllers, which calculate the necessary control feedback to minimize the 
error. Additionally, the control signals from the x and y position controllers are 
processed through the reverse solution block to compute the desired roll 
angles, assisting the UAV in maintaining a stable position in three-dimensional 
space. With the external disturbances block simulating external disturbances, 
this control system still performs well, helping the quadcopter closely follow 
the desired trajectory and ensuring stability under complex conditions.          

The cost minimization function of iterative LQR control in this study, 
including state error and control effort, is defined as follows [27, 30], 

𝐽 = ∫ (𝑥̄𝑇𝑄𝑥̄ + 𝑢𝑇𝑅𝑢)
∞

0

𝑑𝑡 (7) 

where Q and R is weighting matrices determining the relative importance of 
state error and control input. Q is configured to prioritize position tracking and 
adjust control effort, while R is tuned to balance control smoothness. These 
weighting matrices play a crucial role in assessing the relative importance of 
current errors as well as the energy consumption of the system. Choosing 
appropriate values for the weighting matrices Q, R directly affects the control 
system performance and mainly based on experience. If the Q matrix is set too 
high, the system may overreact to minor deviations, leading to unnecessary 
control actions that could cause instability. Conversely, if R is too low, the 
system may prioritize minimizing control effort over achieving the desired 
state performance, resulting in slow response times.  

To improve the UAV quadcopter system trajectory tracking control 
quality, this study proposes a new iterative optimization algorithm to 
minimize the objective function based on the control error, as follows: 

Step 1: Initialize the system with Q, R as the unit matrix 

𝑄 = 𝐼𝑛, 𝑅 = 𝐼𝑚 (8) 

where, n is the number of states, and m is the number of control signals.   

Step 2: Calculate the error indices for the iteration k-th. 
Let kPI  is perforance index, total error of the k-th iteration, which is also 

the iterative optimization objective function, obtained from the weighted 
average of the ITAE, ISE, RMSE indices, defined as follows:  

𝑃𝐼𝑘 = 𝛼 × 𝐼𝑇𝐴𝐸𝑘 + 𝛽 × 𝐼𝑆𝐸𝑘 + 𝛾 × 𝑅𝑀𝑆𝐸𝑘 (9) 
 
The ITAE (Integral of Time-weighted Absolute Error) measures the 

cumulative absolute error, with a weighting factor that increases with time. It 
combines the heavy penalization of large errors with the emphasis on reducing 
long-lasting errors. ITAE  is represented by the formula 
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𝐼𝑇𝐴𝐸 = ∫ 𝑡|𝑒(𝑡)|
∞

0

𝑑𝑡 (10) 

 
The ISE (Integral of Squared Error) measures the cumulative square of 

the error over time. It penalizes large errors more heavily than small errors. 
This is useful when it's critical to minimize large deviations from the desired 
output. ISE is represented by the formula 

𝐼𝑆𝐸 = ∫ 𝑒2(𝑡)
∞

0

𝑑𝑡 (11) 

The RMSE provides a measure of the average magnitude of the error, 
expressed in the same units as the output variable, making it easier to 
interpret. Essentially, RMSE provides a good idea of how much the control 
system output deviates from the desired setpoint on average. RMSE (Root 
Mean Squared Error) is sensitive to outliers due to the square of the error 
terms. RMSE is calculated as  

𝑅𝑀𝑆𝐸 = √
1

𝑇
∫ 𝑒2(𝑡)𝑑𝑡

𝑇

0

;  𝑇 − calculated time period (12) 

In this UAV quadcopter trajectory tracking control study, the highest 
priority is given to ITAE because it reflects long-term oscillations with =0.5, 
ISE for instantaneous error with =0.3 and RMSE reflects the degree of actual 
average deviation with =0.2 

Step 3: Check satisfied termination 
The iterative algorithm will continue as long as the total error of the k-th 

iteration is greater than the predefined threshold: 

𝑃𝐼𝑘 > 𝛿 (13) 
 

where,   is the convergence threshold. 

Step 4: Calculate iiQ  using the logarithmic normalization error formula.   

The diagonal elements of iiQ are updated based on the logarithmic 

transformation of the normalized error: 

𝑄𝑖𝑖
(𝑘+1)

= 𝑙𝑜𝑔 (1 +
𝑒𝑖

(𝑘)

𝜀 + 𝑚𝑖𝑛𝑗 𝑒𝑗
(𝑘)

) (14) 

where 𝜀 is a very small constant to avoid division by 0, and k is the current 
iteration.  

Step 5: Calculate 𝑅𝑗𝑗  based on the actual control signal 𝑢𝑗
(𝑘)

(𝑡) 

The diagonal elements of 𝑅𝑗𝑗  are updated based on the average 

magnitude of the control signal 𝑢𝑗
(𝑘)

(𝑡) 



Volume 14, No. 1, June 2026 
 

 
EMITTER International Journal of Engineering Technology, p-ISSN: 2335-391X, e-ISSN: 2443-1168 

128 

𝑅𝑗𝑗
(𝑘+1)

= 𝑙𝑜𝑔 (1 +
1

𝑇
∫ |𝑢𝑗

(𝑘)
(𝑡)|𝑑𝑡

𝑇

0

) (15) 

where, T is the simulation calculation time. 

Step 6: Update the LQR control with the new Q,R. 

Recalculate the gain matrix K with the new weighting matrices 𝑄(𝑘+1), 

𝑅(𝑘+1) and update control signals.  
 

After obtaining the above matrices Q,R, solved the Riccati algebra 
equation to determine the symmetric matrix P, and then determined the 
control gain matrix K, and finally determined the improved optimal control 
vector u. 

𝐴𝑇𝑃 + 𝑃𝐴 − 𝑃𝐵𝑅−1𝐵𝑇𝑃 + 𝑄 = 0 (16) 
𝐾 = 𝑅−1𝐵𝑇𝑃 (17) 

𝑢 = −𝐾 𝑥̄ (18) 
  

5. EXPERIMENT AND ANALYSIS 
The simulation of the UAV quadcopter trajectory tracking control system 

using the iterative LQR control algorithm is implemented in the MATLAB to 
evaluate the effectiveness of the proposed controller in maintaining stability 
and following the desired trajectory, as described at Table 1.  

 
Table 1. The parameters of the UAV quadcopter  

Parameter Symbol Value 
Quadcopter mass m 0.468 kg 
Arm length l 0.225 m 
Gravity g 29.81 /m s   

Inertia moment of the rotor MI  23.357 5 .me kg−    

Thrust factor of rotor k 22.980 6 .e N s−    

Drag coefficient b 21.140 7 . .Ne m s−  

Inertial constants ,xx yyI I  24.856 3 .me kg−    

Inertial constants 
zzI  28.801 3 .me kg−    

 
The study conducts a comprehensive analysis of the control performance 

of the iterative LQR controller compared to traditional LQR/PID controller 
through three characteristic operational scenarios: (i) the ideal conditions 
without disturbance, (ii) the external disturbance environment, (iii) the 
combination of disturbance and varying payload. Each scenario is tested with 
three complex different flight trajectory types. The control performance index 
is evaluated through time-integrated error indices (ISE, ITAE) and statistical 
indices (MSE, RMSE), providing a quantitative and objective insight into the 
system accuracy, responsiveness, and stability under each operating 
condition. 
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5.1.  Evaluation of the quality of UAV quadcopter control system with 
iterative LQR control and traditional LQR control  

The performance evaluation results of the UAV quadcopter trajectory 
tracking control system with iterative LQR control and traditional LQR control 
are presented in Table 2 and Figure 3. 

 
Table 2. Comparison of UAV quadcopter control quality with the fixed chosen Q,R 

(traditional LQR) and iterative optimal Q,R (iterative LQR) 

Quality 
 Index 

Controll
er 

ITAE_ 
Fixed 

ITAE_ 
Opt 

ISE_ 
Fixed 

ISE_ 
Opt 

RMS
E_ 

Fixed 

RMSE_O
pt 

e_Fixed e_Opt 

x 
640.756

9 
623.84

96 
0.632

3 
0.598

3 
0.056

2 
0.0547 

384.64
94 

374.49
47 

y 
567.465

0 
552.65

77 
3.633

5 
3.470

9 
0.134

8 
0.1317 

341.58
25 

332.64
90 

z 
128.426

2 
51.197

8 
0.243

4 
0.170

3 
0.034

9 
0.0292 

77.132
2 

30.772
7 

 62.4495 
62.323

1 
1.266

5 
1.193

5 
0.079

6 
0.0773 

37.857
6 

37.759
7 

 64.7210 
64.671

8 
0.144

5 
0.136

6 
0.026

9 
0.0261 

38.878
6 

38.846
7 

 21.7146 5.4867 
0.000

3 
0.000

0 
0.001

2 
0.0003 

13.029
0 

3.2920 

 
The results show that the iterative LQR controllers with the Q,R iterative 

optimized weight matrices improves the control performance on all quality 
metrics (ITAE, ISE, RMSE). Notably, the ITAE value on the z-axis is significantly 
reduced from 128.43 to 51.20, corresponding to an improvement of more than 
60%, reflecting a significant reduction in system delay. Similarly, the yaw angle 
ψ shows a marked improvement, with the ITAE decreasing from 21.71 to 5.49 
and the RMSE from 0.0012 to 0.0003, indicating a significant improvement in 
directional stability. In addition, the total errors each controller are also 
significally improved, such as with the z-axis decreasing from 77.13 to 30.77 
and ψ-angle yaw decreasing from 13.03 to 3.29. These results confirm that the 
automatic optimization of Q-R weights provides superior performance in UAV 
control, especially in adjusting the altitude and direction of flight, thus 
improving the trajectory tracking accuracy and system stability under 
changing dynamic conditions.  
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Figure 3. Comparison chart of UAV quadcopter control quality with the fixed Q,R 
(traditional LQR) and iterative optimal Q,R  

 

5.2. Evaluation of the quality of UAV quadcopter control system with 
iterative LQR control and traditional PID control  

Next, the control performance comparison between the traditional PID 
controller and the iterative LQR controller is conducted for the 6-DOF UAV 
quadcopter on three different trajectories under disturbance and payload 
variation. 

Figures 4,5,6,7 illustrate the response of the iterative LQR UAV 
quadcopter control system to three different trajectories under disturbance 
and variable payload, showing a clear difference in performance between the 
conventional PID controller and the iterative LQR controller. In each figure, it 
can be seen that the iterative LQR controller always maintains the trajectory 
close to the reference line, with smaller oscillation amplitude and shorter 
response time. Especially on the x, y position axes and the phi, theta, psi 
rotation angles, the iterative LQR signal shows better stability and noise 
rejection than the conventional PID. Meanwhile, the PID controller tends to 
cause oscillation around the equilibrium point, noticeable overshoot and 
larger hysteresis, especially when the system is subjected to disturbance or 
sudden load changes. The response curve of the PID shows significant 
instability in the third trajectory (Fig.7), while the iterative LQR still maintains 
smoothness and accuracy. Analysis of these response curves shows that the 
iterative LQR is a more suitable controller for systems requiring high accuracy, 
good tolerance to disturbances, and long-term stability. In contrast, PID, 
although capable of faster response in some short-term situations, is generally 
less efficient and more susceptible to disturbances. 
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Figure 4. The UAV quadcopter 3D position simulation with variable payload and 

disturbance of the iterative LQR and traditional PID controllers. a) First trajectory, 
b) Second trajectory, c) Third trajectory 

 

Figure 5. Time response of position and attitude states (x [m], y [m], z [m], φ [rad], θ 
[rad], ψ [rad]) under disturbance and payload variation for the first trajectory of the 

iterative LQR and traditional PID controllers.  
 

   

(a) (b) (c) 
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Figure 6. Time response of position and attitude states (x [m], y [m], z [m], φ [rad], θ 
[rad], ψ [rad]) under disturbance and payload variation for the second trajectory of 

the iterative LQR and traditional PID controllers 
 

Figure 7. Time response of position and attitude states (x [m], y [m], z [m], φ [rad], θ 
[rad], ψ [rad]) under disturbance and payload variation for the third trajectory of 

the iterative LQR and traditional PID controllers. 
 

The three control performance comparison tables between the PID 
controller and the iterative LQR controller (Tables 3,4,5) show that the 
iterative LQR generally outperforms the PID in most of the measurements, 
especially in terms of errors along the position axis. Specifically, in Table 3, for 
the first trajectory under the influence of noise and load, the iterative LQR 
shows significantly lower mean square error (MSE) and root mean square 
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error (RMSE) than the PID on most axes, notably 0.0677). Similar results are 
observed in Table 4 (second trajectory), where the iterative LQR continues to 
show advantages on the x,y-axes, with an MSE of only 0.0011, while the PID 
has 0.0263 and 0.0150, respectively. However, it is worth noting that on the z-
axis, the PID performs better with an MSE of 0.0210 compared to 0.0672 for 
the iterative LQR, indicating that factors may affect the performance of the LQR 
on this axis in the second trajectory. In Table 5, with the third trajectory, the 
iterative LQR still shows superiority on 

 
Table 3. The control quality evaluation between the iterative LQR and PID 

controllers with the first trajectory with variable payload-disturbance 
 

Quality  
Index 

Controller 
MES_PID 

MES_ 
improved 

LQR 
RMES_PID 

RMES_ 
improved 

LQR 
x 0.0099782 0.0040539 0.099891 0.06367 
y 0.067748 0.017226 0.26028 0.13125 
z 0.0016589 0.017421 0.04073 0.13199 

 0.00048717 0.0046679 0.022072 0.068322 

 0.00010706 0.0016485 0.010347 0.040602 

 3.9607e-05 2.5716e-06 0.0062934 0.0016036 

 
Table 4. The control quality evaluation between the iterative LQR and PID 
controllers with the second trajectory with variable payload-disturbance 

 
Quality 

Index 
Controller 

MES_PID 
MES_ 

improved 
LQR 

RMES_PID 
RMES_ 

improved 
LQR 

x 0.0263 0.0011 0.1622 0.0337 
y 0.0150 0.0011 0.1224 0.0337 
z 0.0210 0.0672 0.1449 0.2593 

 0.0000 0.0000 0.0053 0.0045 

 0.0000 0.0000 0.0059 0.0043 

 0.0000 0.0000 0.0061 0.0016 

 
Table 5.  The control quality evaluation between the iterative LQR and PID 

controllers with the third trajectory with variable payload-disturbance 
 

Quality 
Index 

Controller 
MES_PID 

MES_ 
improved 

LQR 
RMES_PID 

RMES_ 
improved 

LQR 
x 0.0496 0.0077 0.2228 0.0876 
y 0.0401 0.0070 0.2003 0.0839 
z 0.0016 0.0026 0.0405 0.0507 

 0.000063 0.002699 0.007944 0.051954 

 0.000067 0.003205 0.008211 0.056613 

 0.000045 0.000003 0.006733 0.001669 
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From the entire analysis and simulation data presented in the article, it 
can be concluded that the iterative LQR controller demonstrates superior 
performance compared to PID controller in terms of stability and accuracy in 
controlling the 6-DOF UAV quadcopter, primarily when the system operates 
under complex conditions such as variable payload and disturbance. 
Specifically, through the data tables (Tables 2–5) and simulation images 
(Figures 4–7), iterative LQR controller consistently achieves lower MSE and 
RMSE metrics on the position x,y-axes, reflecting its ability to maintain a 
smooth trajectory and minimize oscillations. Although PID controller may 
perform better in some rotational components, such as phi and theta, in 
simpler trajectories or on the z-axis, but iterative LQR controller shows 
exceptional stability as complexity increases, as evidenced in the third 
trajectory. Moreover, PID controller exhibits significant oscillations in variable 
payload and disturbance conditions, particularly at yaw angles (ψ) and in 
states requiring quick responses. At the same time, iterative LQR controller 
maintains smooth feedback and noticeably more minor errors, demonstrating 
good noise resistance. These results prove that the iterative LQR controller is 
optimal for systems requiring precise control, long-term stability, and 
adaptability to external fluctuations. At the same time, despite its simplicity 
and ease of implementation, the PID controller is limited in scalability under 
complex and nonlinear conditions. Table 6 presents the performance index of 
the PID and iterative LQR controllers under disturbance and varying payload.  

   
Table 6. The performance index of the iterative LQR and PID controllers 

Evaluation Criteria 
Iterative LQR Controller 

Performance 
PID Controller 
Performance 

Trajectory Tracking 
Accuracy 

High (RMSE is always 
lower) 

Good in ideal conditions, 
poor with disturbances 

Disturbance Rejection 
Capability 

Stable and quick respond  Very prone to oscillation 

Payload Adaptation 
Capability 

Stable under varying 
payload 

Performance degradation 

Euler Angle Control 
(,θ,ψ) 

Stable, can be improved 
with better Q 
optimization 

Responsive in light 
conditions, strong 
oscillations under 
disturbance 

Energy Consumption 
(indirect) 

More efficient due to 
optimized control signals 

More fluctuations lead to 
higher control costs 

 
5.3. Experimental Validation and Hardware Implementation 

To verify the feasibility of the proposed control method, an experimental 
quadcopter UAV platform was developed based on the hardware platform 
illustrated in Figure 8. The system includes a quadcopter frame, four BLDC 
motors, electronic speed controllers (ESCs), the central flight controller, and 
IMU sensors. The flight controller is implemented on an Arduino Nano 
microcontroller. The main task is to stabilize the attitude and follow the 
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trajectory in real-time. IMU data is used to estimate the angular state and 
angular velocity. These signals are fed into feedback control loops. The 
propulsion system generates thrust and torque to control 6-DOF UAV 
quadcopter movement. Figure 9 describes the actual UAV quadcopter used in 
this experiment. 

The experiment was set up to evaluate the performance of the PID 
controller. The experiments were conducted outdoors. The reference 
trajectories were pre-designed. The PID parameters were tuned empirically. 
The goal was to ensure stability and acceptable responsiveness. The 
evaluation criteria included trajectory tracking accuracy, attitude stability, and 
disturbance resistance. 

The experimental results system achieved an acceptable level of 
performance across various operations. In a windless environment, the UAV 
maintained good stability and position hold. However, when wind 
disturbances occurred, the system tended to drift in the direction of the 
environmental influence, indicating limited disturbance resistance. In terms of 
control capability, the UAV could move in basic directions and operate at 
various speed levels, meeting manual control requirements. The flight time 
was approximately the system about 30-90 minutes with a weight of about 0-
800grams, this value depends on battery type conditions and the actual 
operational conditions. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 8. Experimental quadcopter UAV control hardware platform. 
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Figure 9. Actual UAV quadcopter for experiment 
 
Regarding control range, under ideal environmental conditions (low 

interference and no obstacles), the control distance can exceed 200 m. 
Conversely, in environments with interference or many obstacles, this range 
decreases to about 100 m or lower, depending on the level of interference.  

The iterative LQR controller was then implemented independently on 
this quadcopter UAV. The experimental results under low wind disturbance 
and varying payload conditions showed that the UAV's flight attitude was 
maintained more stably and operational errors were significantly reduced. 

 
 

 
 
 
 
 
 
 
 
 
 
 
 

Figure 10. Experimental UAV flight under disturbance and payload variation. 
 

The experimental flight data of the UAV quadcopter show that the flight 
altitude remained stable at the prescribed setpoints of 2 m and 4 m, as shown 
at Figure 11a. The roll angle was maintained near 0 during wind disturbances, 
indicating that the UAV maintained good flight stability, as shown at Figure 
11b. The pitch angle was automatically adjusted to an appropriate value to 
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compensate for wind-induced drift, thereby ensuring stable flight 
performance, as shown at Figure 11c. The yaw angle remained stable 
throughout the experiment, indicating that the UAV successfully maintained 
its heading during flight, as shown at Figure 11d. 

 
 
 
 
 
 
 
 
 
 
 
 

Figure 11a. Experimental flight attitude response under conditions of low wind 
disturbance and payload 

 
 
 
 
 
 
 
 
 
 
 
 

Figure 11b. Experimental roll angle response under conditions of low wind 
disturbance and payload 

 

 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 11c. Experimental pitch angle response under conditions of low wind 
disturbance and payload 
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Figure 11d. Experimental yaw angle response under conditions of low wind 
disturbance and payload 

 

6. CONCLUSION 
This article presents an iterative LQR control method based on the 

application of iterative optimization algorithm to optimally adjust the weight 
matrix Q, R to improve the trajectory tracking control quality for 6-DOF UAV 
quadcopter. The objective function used in this study is based on the weighted 
combination of three quality indicators ITAE, ISE, RMSE. Specifically, the Q 
matrix is updated through the logarithmic transformation of the normalized 
error indices ITAE, ISE, RMSE. The R matrix is updated based on the average 
magnitude of the control signal over time. This performance-based weight 
adjustment method significantly improves the trajectory tracking ability and 
sustainability of the iterative LQR controller under the conditions of noise and 
load changes. Simulation results confirm that the improved adaptive LQR 
controller outperforms the conventional LQR and the classical PID controller 
in terms of accuracy, stability and disturbance rejection. The UAV quadcopter 
trajectory tracking control system under the impact of disturbance and 
variable payload, when using the iterative LQR controller, is more efficient 
than the traditional LQR/PID controller from 6.6% to 41.8%, especially the 
superior efficiency in the x,y,ψ control loops. Preliminary experimental results 
on a quadcopter UAV hardware contribute to clarifying the effectiveness of the 
iterative LQR control algorithm proposed in this paper, demonstrating its 
potential for practical application.   

In the future, the research team will focus on developing advanced 
solutions such as optimizing the Q,R weight matrices using evolutionary 
algorithms or reinforcement learning, converting to a quaternion error model 
to improve the accuracy of attitude control, and integrating a Kalman filter to 
enhance state estimation under measurement noise conditions.  
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