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Abstract. The paper presents electrical and mechanical methods to enhance the flight endurance of an Unmanned 
Autonomous Vehicle (UAV), quadrotor type. An alternative controller, Linear Quadratic Controller (LQR), was researched 
and developed to replace PID controller. MATLAB simulation will be done to analyze and differentiate the performance 
of both PID and LQR controllers. X-shaped quad-rotor UAV will be designed via SolidWorks to visualize and further 
optimize the UAV design according to its respective functionality. The quad-copter was then designed with suitable 
materials to ensure the UAV possesses lightweight characteristics and good weight-to-thrust ratio. To identify and classify 
the most suitable materials for the UAV, ANSYS simulation was performed on various materials to observe the maximum 
stress applied to the UAV when experiencing 12.5 N of force. Flight endurance tests were conducted once the UAV is 
manufactured and the desired controller is applied to the UAV. The results of flight endurance and flight performance will 
be recorded and observed through the generation of flight logs by PixHawk flight controller respectively. Flight endurance 
was recorded at 30 minutes, double than 15 minutes average flight endurance of a commercial UAV.  

INTRODUCTION 

Unmanned Aerial Vehicles (UAVs) are very widely developed in many different fields such as military, healthcare 
and agriculture, where UAVs are utilized respectively for target tracking, medicine delivering and precise 
aerobiological sampling autonomously under the supervision of an operator [1–3]. Mostly, multi-rotor UAVs in the 
form of quad-copters are developed and designed due to its mechanical simplicity and ease of operation [4]. The 
evolution of UAVs has been rapid throughout the years with the support of technologies such as Internet of Things 
(IoT) [5] and Artificial Intelligence (AI) [6]. It is undeniable that UAVs and its technologies have been integrated 
rapidly within human society.  
 

Typically, a commercial UAV for photography purpose can last for 15 minutes [7] on-air with the average take-
off weight of 2 kg. This enables the UAV to be portable anywhere. However, the battery endurance of the UAV is not 
sufficient as the user has to change or charge the batteries after a short period of time. Besides that, the drawbacks of 
commercial UAVs are, the endurance and the size restrict it from enduring heavy-duty tasks and applications. For 
some industries, the capability to take-off with larger weight and fly at the enhanced flight endurance is needed to 
ensure that tasks are completed accordingly. A longer endurance of UAV will be beneficial in various applications, 
such as long-distance delivery [8]. With rapid advancement in technology, it is possible to further extend the flight 
duration to optimize the abilities of a UAV respectively. Thus, improving and optimizing the flight endurance of a 
UAV would be advantageous to many parties as it creates potentials for UAVs to be further developed and applied in 
various industries. 
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METHODOLOGY 

The research for this project was done theoretically and practically. Software simulations were conducted to imitate 
and predict the performance of the drone under ideal condition.  

1. The behavior of the UAV can be predicted by simulating the respective Linear Quadratic Regulator (LQR) 
and PID controllers via MATLAB software. The resulting step responses was compared and analyzed, with 
assumption of ideal flying state, where disturbances are neglected. Parameters such as settling time, rise time 
and overshoot that exist in the step responses will be studied further to predict the performance of the UAV. 
The simulation will also be analyzed to verify flight stability and longevity. 

2. The UAV fuselage was designed according to the desired dimension and specifications via SolidWorks 
simulations software to further visualize the engineering drawing of the fuselage. The software will also be 
used to simulate and generate important parameters such as fuselage weight, center of gravity and moments 
of Inertia, J.  

3. Material selection of the fuselage was supported with simulations. ANSYS simulation was conducted to verify 
the stress applied to the fuselage when the UAV is on flight mode. Few different materials were tested and 
simulated with 12.5 N force to observe the characteristics of the materials. Material will be chosen for UAV 
manufacturing if the material fulfils the desired characteristics to improve thrust to weight ratio of the UAV.  

4. The UAV was manufactured according to the proposed design. Vibration isolation tool such as Kyosho Zeal 
sheet and rubber will also be installed to the flight controller and the landing skid respectively to isolate 
vibration from the UAV [9].  

 
FIGURE 1. Kyosho Zeal sheet as vibration absorber. [9] 

 

     
FIGURE 2. Vibration frequency of a UAV before and after vibration absorber installed. [9] 
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5. Autonomous flights were conducted to validate the theories and simulations. Flight tests were done at open 
spaces and time will be recorded to validate the endurance of the UAV. 

6. Flight logs were taken from the installed memory card to analyze the difference in performance between PID 
and LQR controller towards the UAV. 

MATHEMATICAL MODEL 

In designing a UAV and the controller, few mathematical modellings and simulations were used to obtain: 
1. The moment of inertia, J, of the UAV. 
2. The k1, k2, k3 gain, that will be applied to PID controller. 
The respective modelling will be segregated into three different parts, which are UAV dynamics model, PID 

controller and linear quadratic regulator (LQR) controller that will be explained as follows. 

UAV Dynamics Model 

The dynamic fuselage of the UAV is to be designed via SolidWorks to withstand 5 kg take-off weight and to fit 
all the avionics on the UAV. On the hardware part, the UAV fuselage will be manufactured using a suitable lightweight 
yet rigid material before integrating it with electronic components.  

For UAV of quad-copter type, necessities such as flight controller and power distribution board will be supported 
by the center hub while the propulsion system is supported by the extended X-shaped arms. The proposed design will 
retain the center of gravity within the center hub of the UAV and guarantee the stability of the UAV structure.  

The kinematics and rigid-body dynamics are designed according to the following mathematical modellings. The 
motions between the body frame and the ground frame (North-East-Down NED frame) are related to Newton 
navigation equations (1) and (2). 

          (1) 
          (2) 

where rotational matrix and lumped transformation matrix are and  given by equations (3) and (4) 
respectively 

     (3) 

        (4) 

with  , and  To describe the translational and rotational dynamics of the UAV, 
we have equation (5) and equation (6) 

         (5) 
         (6) 

Where forces,  and moments,  are acting on the UAV. As the designed UAV is symmetrical, the inertia matrix, 
 as per equation (7) is estimated to be diagonal, i.e., 

         (7) 

Moment of inertial  is to be obtained via SolidWorks simulation [10]. 

Flight Controller Structure 

The flight control will be designed and simulated using MATLAB software to ensure that the specific controller 
could navigate the UAV throughout the flight. The simulated control system of the UAV will be implemented on the 
flight controller. Autonomous test flight will be done to observe and study the performance of the UAV. An overview 
block diagram of the quad-copter UAV model is shown in Figure 1. 
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FIGURE 3. Overview block diagram of the quad-copter UAV model 

 
UAV control problem can be diverted into two parts, which are the position control loop and the altitude 

stabilization loop. The altitude stabilization (known as inner-loop control) ensures the UAV dynamics (roll, pitch and 
yaw) are stable with respect to relatively fast dynamics [10]. The inner-loop controller can be implemented via the 
flight controller board, where altitude stabilizer will be tuned with simple software framework towards fast closed-
loop dynamics [11]. 

According to the previously shown mathematical formulation of the UAV dynamics, the altitude dynamics of the 
UAV can be expressed by equations (8), (9) and (10) 

 , refer equations (11), (12) and (13) are declared as the normalized moment input to the system, 
the angular rate dynamics of the UAV can be determined via a feedback linearization at 

         (11) 
         (12) 
         (13) 

The applied feedback linearization is perfectly fine. The UAV system will produce a low-noise estimation of UAV 
angular rates with the help of extended Kalman filter (EKF). The system will have an approximately ideal double 
integrator on each axis when the technique, as per equations (14), (15) and (16) are applied on the controller. As an 
example, x-axis (rolling angle), 

                     (14) 

               (15) 

           (16) 
where state  is to eliminate the steady-state error, an augmented state, equation (17) can be introduced 

                               (17) 
The augmented system can be defined as per equations (18) and (19) 

      (18) 

         (19) 
 

PID Controller 
The flight controller can then be designed as equation (20) 

        (20) 
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Linear Quadratic Regulator (LQR) Controller 

Where  are the PID controller gains, respectively. By tuning the PID gains, the three poles of the closed 
loop system are able to be selected. Similar design methodology can be applied to the other two channels [12]. 

According to equation (18), a flight controller can be designed with LQR methodology. The purpose of designing 
LQR controller to minimize energy loss on the UAV during flight by minimizing the respective energy function of 
the UAV. The energy function, which is the moment of Inertia, to be minimized can be expressed as per equation (21), 

                                                                              (21) 
 

To optimize the performance of the UAV, the tuning parameters of  and  will be tuned. In this case, since the 
system matrix  has the size of 3, a positive semi-definite matrix is defined as equation (22), 

                                                                               (22) 

While  is just a scalar as there is only one input. 
By including matrix  and input matrix  as per defined at equation (18), a positive semi-definite matrix P that 

satisfies the Riccati equation as per equation (23), can be solved through MATLAB solver. 
                                                             (23) 

The flight controller output can then be defined as equation (24) below. 
                                                                            (24) 

RESULTS AND DISCUSSION 

UAV Fuselage Design 

The size of the drone is 650 mm across the diagonal axis. The fuselage will be manufactured with rigid carbon 
fiber sheets. The fuselage will last long even when forces are applied to it, due to the rigid characteristics of the 
materials. The lightweight characteristic of carbon fibers will contribute to good flight thrust-to-weight ratio.  

The UAV was designed in SolidWorks, according to the specification mentioned. Figure 4 shows the overall 
design of the UAV. 

 

 
FIGURE 4.  Structure of the UAV as designed via SolidWorks Software 
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FIGURE 5. Final appearance of the manufactured UAV  

 
One of the most important parts of a UAV is the fuselage arm. Fuselage arm will have to withstand most force as 

the motor will spin and vibrate throughout the flight. Considering that the quad-copter UAV could bare maximum 
weight of 5 kg, each motor would produce 12.5 N force to lift up the quad-copter. Thus, ANSYS simulation will be 
done with 12.5 N force to analyze the acting maximum stress and the resulting effects on each material. The materials 
of the fuselage arm were then decided by comparing selected materials that are famously used in manufacturing drone.  

 

 
FIGURE 6. ANSYS simulation of 12.5 N force acting on a Carbon Fiber arm 

 

 
FIGURE 7.  ANSYS simulation of 12.5 N force acting on an ABS Plastic arm 
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The stress intensity maps as per Figure 6 and Figure 7 indicate the area affected and the amplitude of stress when 
force of 12.5 N is applied to each respective material. The weights of the materials were obtained through SolidWorks 
simulation while ultimate tensile strength of the materials was obtained via the material respective datasheet. If the 
stress applied on the materials are larger than its tensile strength, the materials will fracture. Table 1 shows the resulting 
characteristics of each material after 12.5 N force were applied to the fuselage arm.   

  
TABLE 1. Comparison of materials characteristics 

 

Materials Weight Ultimate Tensile 
Strength 

Maximum Stress on 
Materials Results 

HDPE Plastics 7.19 g 27.00 MPa 36.17 MPa Fracture 
ABS Plastics 8.08 g 36.40 MPa 36.07 MPa Possible Fracture 
Structural Steel 
Aluminium Rod 
Carbon Fiber 

55.10 g 
21.21 g 
15.10 g 

475.00 MPa 
710.00 MPa 
878.00 MPa 

34.89 MPa 
35.30 MPa 
35.25 MPa 

No Fracture 
No Fracture 
No fracture 

 
It can be concluded that carbon fiber composite is the most suitable material to be used to manufacture a UAV as 

it is lightweight yet strong enough to withstand the force acting on the UAV during flight. 

Controllers Performance Comparison  

According to the method mentioned, a MATLAB simulation was done accordingly and the resulting step responses 
of the PID and LQR controllers were compared as shown in Figure 8. The simulation represents ideal flying state, 
where disturbance such as wind is not considered [13]. The parameters of the step response graph indicate few 
differences between the PID and LQR controllers. As indicated via Figure 8, PID controller has longer settling time 
compared to LQR controller. An overshoot also exists in PID controller while LQR controller is do not produce 
overshoot. Application wise, PID controller will cause the UAV to jerk from the instructed motion. Jerking will drain 
more power as the motion is more than the desired motion. Over time, the UAV will have less endurance as the power 
is wasted on unwanted effects. Besides that, the settling time also indicates that the UAV will act according to the 
motion more accurately with LQR controller. The drawback of applying LQR is that, the rise time is much slower 
compared to the PID controller. This will cause the UAV to move much slower than expected. Nonetheless, the 
application of UAV in agricultural site does not recommend UAV to move at a very high speed as it will create danger 
to the surroundings and the UAV might be exposed to unwanted accidents. In conclusion, LQR will be the better 
controller option to be applied to the UAV as it is robust [14] and consumes less power which would optimize the 
duration and endurance of the UAV.     

 
FIGURE 8. Step responses produced by PID and LQR controllers. 
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Flight Logs 

The designed LQR controller was then implemented to the completely built UAV. Flight endurance tests were 
carried out at an open area. Mathematical modelling of the controller will be verified and analyzed through the flight 
logs.  

The UAV was commanded to pitch and roll for a few meters. A hover test was done to investigate the position 
response of the UAV. The application of LQR controller has stabilized the orientation of the UAV and could be 
visualized through the position responses as per Figure 9 below. The position responses were fairly tracked, as x-
position has maximum error of 0.25 m while y-position has maximum error of 0.20 m throughout the flight, despite 
experiencing environmental disturbance such as wind.  

 
FIGURE 9. Position response and reference of the UAV 

 
After hovering test, a forward flight test was conducted to study the motion of the UAV. The actual response 

reflects to performance of the UAV while the reference reflects the ideal performance of the LQR controller as 
formulated using equation (24). According to Figure 10, due to the application of LQR controller, it is expected that 
the UAV to move slower than the actual reference while Figure 11 shows the responses of the UAV in roll, pitch and 
yaw directions. Despite performing differently than the PID control structure, the derived mathematical model for 
LQR controller still produces matched movements as expected [15]. This proved that the controller is stable and 
reliable despite producing minimal error due to the UAV experiencing environmental disturbance.   

 
FIGURE 10. Velocity response and reference after autonomous flight test. 
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FIGURE 11. Roll, pitch and yaw angle of the system response with the simulated response 

CONCLUSION 

Various theories and simulations were studied to investigate the behavior and flight performance of the UAV. 
Practical validations of the studies were done through numerous autonomous flight tests. It has been proven that the 
drone performance could be optimized by mechanically improve the fuselage characteristics and electrically improve 
the performance of the inner controller by applying a power saving controller such as Linear Quadratic Regulator 
(LQR) controller. The recorded results show the possibility of optimizing the flight endurance of an autonomous UAV 
from a commercially 15 minutes to an outstanding 30 minutes despite carrying payloads of 2.5 kg. In the upcoming 
future of technological enhancement, the theories can be beneficial to further optimize the UAV performance in order 
to run high performance missions and tasks.  
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