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This paper presents the flight control design of a quadcopter-based 
unmanned aerial vehicle (UAV) using an improved PID tuning method 
based on pole placement (PP) to achieve the desired time response 
specification. The flight of a quadcopter UAV presents a difficult control 
problem because it is a fast-responsive and unstable nonlinear system. 
This study employed the X-Plane flight simulator to assess the control 
gain values of the autopilot system. The autopilot system was 
developed using the PID controller in the LabVIEW environment, 
utilizing the Software in the Loop (SIL) approach. A series of simulated 
flight experiments were carried out to verify the performance of the 
proposed controllers and assess the effectiveness of the control 
systems. The findings suggest that PID controllers, when tuned using 
the pole placement (PP) technique, can achieve satisfactory position 
tracking performance during hovering movements, with 𝑥𝑥  and 𝑦𝑦 
positions staying within ±0.5 m limits. The controller demonstrated 
sufficient resilience in handling wind turbulence of 4.5 m/s during a 
circular path tracking simulation. It achieved position errors of 0.1306 
m, 0.0832 m, and 0.2881 m in the 𝑥𝑥 , 𝑦𝑦, and 𝑧𝑧 positions, respectively, 
while maintaining a heading error accuracy of less than 3º as per the 
intended specification. 
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1. Introduction 
Quadcopter-based aircraft are widely used in unmanned aerial vehicle (UAV) configurations in the aeronautical 
community. The aircraft are well-suited for tasks such as surveillance, aerial mapping, videography, examining 
high-rise buildings, and monitoring applications. To achieve automated flight in these applications, it is necessary 
to create an automatic flight control system (AFCS) specifically designed for quadcopter UAVs. The automatic 
control function is in charge of adjusting the UAV system's control inputs to produce the intended result on its 
outputs without requiring human involvement in the control loop. This is achieved by using control laws to 
compute input commands for the actuators of the UAV. These commands generate torques and forces that act on 
the vehicle, allowing it to regulate its motion in six degrees of freedom (DOF). The complex, under-actuated, 
inherently unstable, and nonlinear characteristics of quadcopter-based UAVs pose a significant difficulty for 
devising and executing a control strategy [1], [2]. The stability of the quadcopter-based UAV relies on low-level 
control mechanisms, specifically velocity feedback and attitude feedback. In the event that the UAV does not 
receive stabilizing control commands, even for a short duration, it is highly probable that it will lose stability and 
have a crash. 
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One of the most successful strategies for controlling a multi-rotor UAV is to use a model-free control design 
method, such as proportional-integral-derivative (PID) control. In most quadcopter UAV projects, a cascaded 
control architecture is used for the control of the vehicle [2], [3], [4]. The cascaded control architecture comprises 
two subsystems for control loops [2]. The inner loop control governs the orientation of the UAS by utilizing a 
multiple single-input, single-output (SISO) PID controller for each axis. On the other hand, the outer loop manages 
the UAV's translational movement. The PID controller provides an appealing design method that does not require 
identification of the UAS's dynamic model. 

PID tuning is the process of determining the value of a PID controller's proportional, integral, and derivative 
gains to achieve the desired performance and correspond to design specifications. In a quadcopter-based UAS, the 
PID controller gain is usually adjusted by empirical tuning methods such as trial-and-error, model-based 
techniques, or rule-based procedures. The trial-and-error method can be applied without considering the UAV 
dynamic model, allowing for the empirical tuning of all controller parameters during flight. Nevertheless, the 
iterative adjustment of PID gains can be a lengthy process and may provide challenges, particularly for novices 
[5], [6], [7]. Improper selection of controller gains during flight could result in a potential danger of failure or 
crash. 

In model based PID tuning methods, mathematical optimization algorithms are used to determine the 
optimal PID parameter values [8]. These methods require the development of a mathematical model of the 
process, which can be achieved using any system identification techniques such as those suggested in [9], [10], 
[11], [12]. The model is then applied to the development of a cost function that reflects the intended performance 
specifications. The PID parameters that minimize the cost function are searched for by the optimization method. 
Babu et al. [13] propose a gradient descent-based methodology to tune the PID controller parameters for an AR 
Drone quadrotor. In this approach, the gradient of the cost function is used to update and improve the PID gain 
parameters iteratively. The technique is demonstrated through two test cases of way-point navigation and leader-
follower formation control. In [14], the authors present the design of a PID controller for position and attitude 
stabilization of a quadrotor UAV using the differential-evolution (DE) optimization algorithm. A performance 
index is defined to evaluate the performance of the system, which focuses on stabilizing the attitude, reaching the 
desired altitude quickly, and minimizing power consumption. Findings show that the performance of the DE-
based PID controller is shown to be superior, indicating that the DE optimization algorithm is an effective tool for 
tuning PID controller gains. The optimized system, with the DE-based PID controller, stabilized its attitude 
considerably quicker than its counterparts. The altitude response of the optimized system achieved a faster rise 
time with a marginally better settling time. Overall, the performance of the DE-based PID controller was superior, 
highlighting the effectiveness of the DE optimization algorithm for tuning PID controller gains. In Noordin et al. 
[15], proposed a nonlinear dynamics model of a quadrotor using the Newton-Euler modeling technique and used 
a PID controller with fine-tuned parameters using the particle swarm optimization (PSO) algorithm to stabilize 
the quadrotor's attitude and achieve hovering. The simulation results show that the quadrotor achieves zero 
steady state error for hovering, with an overshoot of 18.9% and a settling time of 4.42 s. Additionally, the roll 
angle, pitch angle, and yaw angle converge to the set point of zero with settling times of 2.76 s, 0.1 s, and 3.2 s, 
respectively. Nevertheless, model-based PID tuning offers several advantages to the user, such as optimized 
performance and automatic tuning compared to manual tuning approaches [16], [17], however, at the expense of 
increased computational requirements and the need for accurate mathematical models of the system, which may 
not always be available or practical to obtain. 

Rule-based methods use empirical formulas based on dynamic responses or characteristics. Simple 
experiments can be done to derive the process response or characteristics, which are then utilized to calculate the 
PID parameters. Classical tuning rules such as Ziegler-Nichols tuning typically suffer from several drawbacks, 
including a lack of ability to define control objectives or closed-loop performance requirements, and a potential 
degradation in controller performance in terms of oscillatory response [18], [19], [20], [21]. Pole placement (PP) 
based PID controller design is introduced in [21] to improve the disadvantages of classical tuning rules for PID 
controllers, where the PID controller parameters can be directly computed based on the dynamic model 
characteristics and the desired closed loop response. In the PP-based PID controller, the poles of the feedback 
control system are placed in specific locations in the complex plane to achieve the desired closed-loop 
performance [19], [25]. The desired pole locations are determined based on the desired performance of the 
closed-loop system. For example, if fast response and no overshoot are desired, the poles can be placed in the left 
half of the complex plane with a large negative real part. The PID controller gains are then tuned based on the pole 
locations. The proportional, integral, and derivative gains are adjusted to ensure that the closed-loop system is 
stable and achieves the desired performance. The method is conceptually and computationally simple, and the 
design methodology can be extended to various controller structures and models.  

The work presented in this paper will focus on the development of a flight control system for a quadcopter 
UAV based on Pole Placement (PP) based PID design approaches. The PID controller design used a linear dynamic 
system model derived from system identification work in [28] to obtain the controller’s parameters. Finally, a set 
of simulated flight tests with simulated wind disturbances is conducted to validate the performance and 
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effectiveness of the proposed controller using the X-Plane flight simulator. The proposed controller tuning 
methods are able to produce PID controllers that regulate and stabilize the quadcopter UAV to the desired 
performance level and show adequate robustness to external disturbances. 

The presented work in this paper is organized as follows: In Section 2, the mathematical modeling of 
unmanned rotorcraft system dynamics is presented. The approach for conducting flight test simulations to 
evaluate the proposed control algorithms is discussed in Section 3. The proposed controller design based on PP 
tuning methods, is presented in Section 4. The flight simulation results are presented in Section 3, where the 
findings and validation analyses are discussed. Finally, Section 4 gives the concluding remarks. 

2. Kinematics and Dynamics of a Quadrotor 
The quadcopter-based UAV dynamics are known to be a non-linear model of a high order multiple-input multiple-
output (MIMO) system. The kinematics and dynamics of the quadcopter UAV can be described using Newton-Euler 
equations of motion and expressed by twelve dimensional states. These state are consists of quadcopter UAV 
position vectors in inertial reference frame, 𝑥𝑥, 𝑦𝑦, and 𝑧𝑧; the Euler angles (roll angle 𝜙𝜙, pitch angle 𝜙𝜙, and yaw angles 
𝜓𝜓) in the body reference frame; the quadcopter linear velocity in the body reference frame (𝑢𝑢, 𝑣𝑣, and 𝑤𝑤), and 
quadcopter angular velocities in the body reference frame, (𝑝𝑝, 𝑞𝑞, and 𝑟𝑟). The motion of the quadcopter expressed 
in the Body Reference Frame is defined in Fig. 1. The forces 𝐹𝐹∗  and torques 𝜏𝜏∗  produced by each rotor are 
proportional to the pulsewidth modulation signals send to the motor. Therefore, the force and torque produced 
by each motor can be express as follows: 
 

𝐹𝐹∗ = 𝑘𝑘1𝛿𝛿∗ 
 

𝜏𝜏∗ = 𝑘𝑘2𝛿𝛿∗ 
(1) 

  
where 𝑘𝑘1  and 𝑘𝑘2  are the force and torque constants that need to be determined experimentally, and 𝛿𝛿∗  is the 
motor command signal with subscript * represent individual motor marking (𝑓𝑓, 𝑏𝑏, 𝑟𝑟, and 𝑙𝑙). Finally, the total forces 
acting on the quadcopter 𝐹𝐹, the rolling torque produced by the forces of the right and motors 𝜏𝜏𝜙𝜙 , the pitching 
torque produced by the front and back motors 𝜏𝜏𝜃𝜃 and yawing torque acting on the body 𝜏𝜏𝜓𝜓 can be expressed in 
matrix form as follows: 
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The overall dynamic of the quadcopter UAV can be divided into translational and rotational kinematics (Equations 
(3)-(4)), and translational and rotational dynamics (Equations (5)-(6)) as follows: 
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where 𝐼𝐼𝑥𝑥𝑥𝑥, 𝐼𝐼𝑦𝑦𝑦𝑦 , and 𝐼𝐼𝑧𝑧𝑧𝑧 are the moment of inertia about body axes. For the simulation of quadcopter flight, variables 
𝐹𝐹, 𝜏𝜏𝜙𝜙 , 𝜏𝜏𝜃𝜃 , and 𝜏𝜏𝜓𝜓 will be used as input to the dynamic system model. 
 

 
Fig. 1 The free body diagram of a quadcopter UAV system [3]. (a) Inertial frame (b) The forces and moments acting 

on the quadcopter body 

2.1 Linearization 
To design a linear controller for the quadcopter, it is important that the nonlinear differential equation presented 
in Equation (3)-(6) to be simplified into linear dynamic model. If the roll angle 𝜙𝜙, pitch angle 𝜃𝜃 and yaw angle 𝜓𝜓 
are assumed to be small, the translational and rotational kinematic equations in Equation (3) and (4) can be 
simplified as: 
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Similarly, the translational and rotational dynamics in Equation (5) and (6) can be further simplified if the roll 
angle, pitch angle and the Coriolis terms 𝑞𝑞𝑞𝑞, 𝑝𝑝𝑝𝑝, and 𝑝𝑝𝑝𝑝 are assumed to be small to yield: 
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3. Software in The Loop (SITL) Simulation 
The proposed control algorithm will be evaluated in the SITL simulation, where the flight performance of the 
quadcopter-based UAV is analyzed. By directly connecting the flight control software to a digital plant model, 
engineers can utilize SITL simulation to test and modify their source code instantly and repeatedly without the 
use of more expensive equipment, prototypes, or test benches [22]. The test platform consists of two primary 
elements: the LabVIEW program, responsible for executing the control system algorithm to direct the flight 
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control surfaces of the quadcopter, and the X-Plane flight simulator, which accurately replicates the behavior of 
the quadcopter-based UAV, as depicted in Fig. 2. The selection of the X-Plane flight simulator was based on its high 
level of accuracy in predicting the response of the UAV aircraft, as indicated by reference [23].  
 

 
Fig. 2 X-Plane simulation with DJI F450 quadcopter model and LabVIEW front panel 

 
X-Plane can be interfaced easily by transmitting the data from numerous flight data packets to the host over 

the Universal Data Packet (UDP) communication protocol [24]. The main advantage of the UDP communication 
protocol is its real-time communication ability with minimal delays. Users can create a LabVIEW program to read 
the received UDP data and send input commands to the X-Plane software [25]. Details about the UDP packet 
format can be found in [26], [27]. The IP address "127.0.0.1", which is the network card's internal address, was 
used in this study to create communication between X-Plane and LabVIEW on a single computer. The estimated 
parameters of the autopilot control system are sent to X-Plane for control of the rotorcraft’s flight control surfaces. 
X-Plane calculates the new aircraft attitude based on the inputs from LabVIEW and provides the modified 
rotorcraft attitude parameters to LabVIEW, bringing the loop to a close. LabVIEW restarts the operation and 
continues the process flow by delivering fresh commands to the X-Plane. 

Fig. 3 shows the selected input and flight sensor data that will be displayed in the cockpit and produced for 
the UDP data exchange. For the flight control simulation, flight data such as angular velocities, attitude angles, 
position, and linear velocities are used as feedback data for controller design. The calculated controller commands, 
𝜹𝜹 = [𝑇𝑇 𝜏𝜏𝜃𝜃 𝜏𝜏𝜙𝜙 𝜏𝜏𝜓𝜓]𝑇𝑇  from PID controllers, will be sent back to X-Plane via four motor/throttle command 
signals. Note that the motor/throttle command signals are required to be in the range of 0 to +1. The present 
study considers the UDP rate at 50 Hz, with the data recording sampling time set at 10 Hz. 
 

 
Fig. 3 Input and output data selection in the X-Plane Data I/O window. The selected flight sensor data is used as 

feedback to the controller. Controller commands from LabVIEW are also sent back to X-Plane through UDP 
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3.1  UAV Model Description 
The dynamic simulation and controller design approach discussed in this research is based on a DJI F450 Almost 
Ready to Fly Quadcopter. The 3D model of the DJI F450 quadcopter is constructed using Plane Maker software, 
which provides a graphical user interface (GUI) to construct any aircraft according to the physical specifications. 
Based on the aircraft geometry and propulsion parameters defined in Plane Maker, the X-Plane simulator is able 
to predict the aircraft's dynamic response using forces and moments calculated several times per second using 
Blade Element Theory. Given that the software uses the blade element approach, the effects of the environment, 
airspeed, and attitude of the aircraft can be set to a certain condition and calculated on a three-dimensional 
geometry. The X-Plane 3D model of the DJI F450 quadcopter is shown in Fig. 4, and some key physical parameters 
of the DJI F450 model are given in Table 1. 
 

Table 1 Physical characteristics of the DJI F450 model 
Parameters Symbols Value Unit 

Total weight 𝑚𝑚𝑡𝑡 1.15 kg 
Total motor mass 𝑚𝑚 0.245 kg 
Body radius 𝑅𝑅 0.0549 m 
Arm length to x-axis 𝑙𝑙𝑥𝑥  0.213 m 
Arm length to y-axis 𝑙𝑙𝑦𝑦 0.213 m 
Arm length to z-axis 𝑙𝑙𝑧𝑧 0.302 m 
Moment of inertia 
about x-axis 𝐼𝐼𝑥𝑥𝑥𝑥 0.046 kg.m2 

Moment of inertia 
about y-axis 𝐼𝐼𝑦𝑦𝑦𝑦 0.046 kg.m2 

Moment of inertia 
about z-axis 𝐼𝐼𝑧𝑧𝑧𝑧 0.091 kg.m2 

Maximum speed 𝑉𝑉𝑎𝑎  27 m/s 
Battery  3S-4S LiPo  
Propeller diameter  24 x 12.7 cm 
Motor stator size  23 x 12 mm 
Motor KV  960 rpm/V 
ESC maximum 
allowable peak 
current 

 30 A 

 

 
Fig. 4 The 3D model of DJI F450 quadcopter in X-Plane’s Plane Maker software 

4. Flight Controller Structure and Controller Design 
The flight controller structure for quadcopter is typically constructed as multiple cascade proportional-integral-
derivative (PID) control. The attitude dynamics are controlled by the inner loop controller, while the translational 
and yaw dynamics are controlled by the outer loop controller. In addition, the quadrotor’s altitude and yaw 
dynamics are regulated using a single-stack PID controller. The attitude dynamics of helicopters are substantially 
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faster than the translational dynamics. Before designing the outer loop controllers, the controllers in the inner 
loop should be properly tuned to make sure that the quadcopter follows attitude commands and generates the 
required torque controls (i.e., 𝜏𝜏𝜙𝜙  and 𝜏𝜏𝜃𝜃). The outer loop controllers receive the position and yaw angle reference 
signals (i.e., 𝑥𝑥𝑟𝑟𝑟𝑟𝑟𝑟 , 𝑦𝑦𝑟𝑟𝑟𝑟𝑟𝑟, 𝑧𝑧𝑟𝑟𝑟𝑟𝑟𝑟 and 𝜓𝜓𝑟𝑟𝑟𝑟𝑟𝑟) before passing the control signals to the inner loop controllers. The outer 
loop controllers produce the desired reference for attitude commands (i.e., 𝜃𝜃𝑟𝑟𝑟𝑟𝑟𝑟  and 𝜙𝜙𝑟𝑟𝑟𝑟𝑟𝑟 ) for the inner loop 
controllers and generate the thrust 𝑇𝑇 and yaw torque control 𝜏𝜏𝜓𝜓 directly based on normal velocity and yaw rate 
error. Fig. 5 below shows the overall flight control system where 𝑃𝑃𝑃𝑃𝑃𝑃𝜃𝜃 and 𝑃𝑃𝑃𝑃𝑃𝑃𝜙𝜙 are categorized as the inner loop 
controllers while 𝑃𝑃𝑃𝑃𝑃𝑃𝑥𝑥 , 𝑃𝑃𝑃𝑃𝑃𝑃𝑦𝑦 , 𝑃𝑃𝑃𝑃𝑃𝑃𝑧𝑧  and 𝑃𝑃𝑃𝑃𝑃𝑃𝜓𝜓  are categorized as the outer loop controllers. By using the same 
principle, the outer loop controllers can also be designed to track velocity and yaw rate reference instead of 
position and yaw angle reference, as suggested in [28]. A switching mechanism is introduced in our controller 
implementation to either track velocity-yaw rate or position-heading reference. Note that the position error is 
usually compared in an inertial frame, and a correction to the position error needs to be introduced to transfer 
the position errors into the body frame according to the respective yaw angle [29]. 
 

 
Fig. 5 The overall flight control structure with position control in the outer loop 

 
Below is the linear state space equation and the equivalent transfer function model used to control the 

quadrotor UAV in terms of its altitude, attitude, position, and velocity. 

4.1 Altitude Controller 
The linear differential equations describing the altitude dynamic are as follows: 
 

𝑧̇𝑧 = 𝑤𝑤 (11) 
  

𝑤̇𝑤 = 𝑔𝑔 −
𝐹𝐹
𝑚𝑚 (12) 

  
Equation (12) can be simplified into: 
 

𝑤̇𝑤 = 𝑇𝑇 (13) 
 
where 𝑇𝑇 = 𝑔𝑔 − 𝐹𝐹 𝑚𝑚⁄ . Equations (11) and (13) can be written in state space form as the followings: 
 

� 𝑧̇𝑧𝑤̇𝑤� = �0 1
0 0� �

𝑧𝑧
𝑤𝑤� + �01� 𝑇𝑇 (14) 

  
 
 
 
 

𝜙𝜙 

𝜓𝜓 

𝜃𝜃𝑟𝑟𝑟𝑟𝑟𝑟 𝑥𝑥𝑟𝑟𝑟𝑟𝑟𝑟 𝑥𝑥 
𝑃𝑃𝑃𝑃𝑃𝑃𝑥𝑥 

𝑦𝑦𝑟𝑟𝑟𝑟𝑟𝑟 

𝑧𝑧𝑟𝑟𝑟𝑟𝑟𝑟 

− 

− 

− 

𝜏𝜏𝜃𝜃 

𝜏𝜏𝜙𝜙  

𝑇𝑇 Q
ua

dc
op

te
r 

D
yn

am
ic

s 

𝑦𝑦 
𝑧𝑧 

𝑃𝑃𝑃𝑃𝑃𝑃𝑦𝑦 

𝑃𝑃𝑃𝑃𝑃𝑃𝑧𝑧 
𝜏𝜏𝜓𝜓 

𝜙𝜙𝑟𝑟𝑟𝑟𝑟𝑟 

𝑃𝑃𝑃𝑃𝑃𝑃𝜓𝜓 
− 

𝜓𝜓𝑟𝑟𝑟𝑟𝑟𝑟 

𝜃𝜃 

𝑃𝑃𝑃𝑃𝑃𝑃𝜃𝜃 

𝑃𝑃𝑃𝑃𝑃𝑃𝜙𝜙 

Outer loop controller Inner loop controller 

− 

− 
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By applying the Laplace transform, Equation (14) can be represented in transfer function forms as follows: 
 

𝑧𝑧(𝑠𝑠)
𝑇𝑇(𝑠𝑠) =

1
𝑠𝑠2  

𝑤𝑤(𝑠𝑠)
𝑇𝑇(𝑠𝑠)

=
1
𝑠𝑠

 
(15) 

  

4.2 Position Controller 
The linear differential equations responsible for position and velocity control in 𝑥𝑥 direction are given as follows: 
 

𝑥̇𝑥 = 𝑢𝑢 
 

𝑢̇𝑢 = −𝑔𝑔𝑔𝑔 
(16) 

  
 
For position and velocity in y direction, the linear differential equations that regulate position and velocity in y 
direction are: 
 

𝑦̇𝑦 = 𝑣𝑣 
 

𝑣̇𝑣 = 𝑔𝑔𝑔𝑔 
(17) 

  
 
The above equation from position and velocity in x and y direction can be written in the state space form: 
 

�

𝑥̇𝑥
𝑢̇𝑢
𝑦̇𝑦
𝑣̇𝑣

� = �
0 1 0 0
0 0 0 0
0 0 0 1
0 0 0 0

� �

𝑥𝑥
𝑢𝑢
𝑦𝑦
𝑣𝑣

� + �

0 0
−𝑔𝑔 0
0 0
0 𝑔𝑔

��𝜃𝜃𝜙𝜙� (18) 

  
By applying the Laplace transform, Equation (18) can be represented in transfer function forms as follows: 
 

𝑥𝑥(𝑠𝑠)
𝜃𝜃(𝑠𝑠) = −

𝑔𝑔
𝑠𝑠2 

𝑢𝑢(𝑠𝑠)
𝜃𝜃(𝑠𝑠)

= −
𝑔𝑔
𝑠𝑠  

𝑦𝑦(𝑠𝑠)
𝜙𝜙(𝑠𝑠) =

𝑔𝑔
𝑠𝑠2 

𝑣𝑣(𝑠𝑠)
𝜙𝜙(𝑠𝑠)

=
𝑔𝑔
𝑠𝑠  

(19) 

 

4.3 Attitude Controller 
In attitude control, we are interested in controlling the roll angle, pitch angle, roll rate, and pitch rate using rolling, 
pitching, and yawing torque inputs. The equations responsible for controlling the attitude dynamics motion are 
given as follows: 
 

𝜙̇𝜙 = 𝑝𝑝 

𝑝̇𝑝 =
1
𝐼𝐼𝑥𝑥𝑥𝑥

𝜏𝜏𝜙𝜙  

𝜃̇𝜃 = 𝑞𝑞 

𝑞̇𝑞 =
1
𝐼𝐼𝑦𝑦𝑦𝑦

𝜏𝜏𝜃𝜃 

𝜓̇𝜓 = 𝑟𝑟 

𝑟̇𝑟 =
1
𝐼𝐼𝑧𝑧𝑧𝑧

𝜏𝜏𝜓𝜓  

(20) 
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Equation (20) can be combined and presented in the state-space form: 
 

⎣
⎢
⎢
⎢
⎢
⎢
⎡𝜙̇𝜙
𝑝̇𝑝
𝜃̇𝜃
𝑞̇𝑞
𝜓̇𝜓
𝑟̇𝑟 ⎦
⎥
⎥
⎥
⎥
⎥
⎤

=

⎣
⎢
⎢
⎢
⎢
⎡
0 1 0 0 0 0
0 0 0 0 0 0
0 0 0 0 0 0
0 0 0 0 0 0
0 0 0 0 0 1
0 0 0 0 0 0⎦

⎥
⎥
⎥
⎥
⎤

⎣
⎢
⎢
⎢
⎢
⎡
𝜙𝜙
𝑝𝑝
𝜃𝜃
𝑞𝑞
𝜓𝜓
𝑟𝑟 ⎦
⎥
⎥
⎥
⎥
⎤

+

⎣
⎢
⎢
⎢
⎢
⎡

0 0 0
𝐼𝐼𝑥𝑥𝑥𝑥−1 0 0
0 0 0
0 𝐼𝐼𝑦𝑦𝑦𝑦−1 0
0 0 0
0 0 𝐼𝐼𝑧𝑧𝑧𝑧−1⎦

⎥
⎥
⎥
⎥
⎤

�
𝜏𝜏𝜙𝜙
𝜏𝜏𝜃𝜃
𝜏𝜏𝜓𝜓
� (21) 

  
The equivalent transfer function form of Equation (21) is as the follows: 
 

𝜙𝜙(𝑠𝑠)
𝜏𝜏𝜙𝜙(𝑠𝑠) =

𝐼𝐼𝑥𝑥𝑥𝑥−1

𝑠𝑠2  

𝑝𝑝(𝑠𝑠)
𝜏𝜏𝜙𝜙(𝑠𝑠) =

𝐼𝐼𝑥𝑥𝑥𝑥−1

𝑠𝑠  

𝜃𝜃(𝑠𝑠)
𝜏𝜏𝜃𝜃(𝑠𝑠) =

𝐼𝐼𝑦𝑦𝑦𝑦−1

𝑠𝑠2  

𝑞𝑞(𝑠𝑠)
𝜏𝜏𝜃𝜃(𝑠𝑠) =

𝐼𝐼𝑦𝑦𝑦𝑦−1

𝑠𝑠  

𝜓𝜓(𝑠𝑠)
𝜏𝜏𝜓𝜓(𝑠𝑠) =

𝐼𝐼𝑧𝑧𝑧𝑧−1

𝑠𝑠2  

𝑟𝑟(𝑠𝑠)
𝜏𝜏𝜓𝜓(𝑠𝑠) =

𝐼𝐼𝑧𝑧𝑧𝑧−1

𝑠𝑠  
(22) 

4.4 Successive Loop Closure Procedure 
The successive loop closure approach is applied to design the PID controller for the attitude, altitude, and 
velocity/position of the RUAS. The main concept behind consecutive loop closure is to close some basic feedback 
loops around open-loop plant dynamics rather than building a single, complex control system. Consider the multi-
loop control system with three transfer functions (i.e., 𝑃𝑃1(𝑠𝑠) , 𝑃𝑃2(𝑠𝑠) and 𝑃𝑃3(𝑠𝑠)) as shown in Fig. 6. In the successive 
loop closure procedure, the closed loop feedback loop will be formed around 𝑦𝑦1 , 𝑦𝑦2  and 𝑦𝑦3  in sequence. The 
compensators (i.e., 𝐶𝐶1(𝑠𝑠) , 𝐶𝐶2(𝑠𝑠) and 𝐶𝐶3(𝑠𝑠)) will be designed in succession. The inner loop must have the greatest 
frequency bandwidth as a precondition for designing successive loops, with subsequent loop bandwidths 
decreasing by a factor of 5-10 times in frequency [29]. 
 

 
Fig. 6 Multi loop closure design [29] 

 
Referring to the inner loop shown in Fig. 7, a closed loop feedback system can be formed from 𝑟𝑟1  to 𝑦𝑦1 with a 

frequency bandwidth, 𝜔𝜔𝐵𝐵𝐵𝐵1. The main presumption made is that the closed-loop transfer function 𝑦𝑦1(𝑠𝑠) 𝑟𝑟1(𝑠𝑠)⁄  
can be approximated as a unity gain for frequencies much below 𝜔𝜔𝐵𝐵𝐵𝐵1. Figure 5 provides a graphic representation 
of this assumption. Then, the design of the second control loop is simplified by using only the plant transfer 
function 𝑃𝑃2(𝑠𝑠) and the compensator C2(s) when the inner loop transfer function is approximated as unity gain. 
The design for the third control loop can be done using the same procedure. The key to closing the loops 
sequentially is to design the following loop's bandwidth to be less than the previous loop, 𝜔𝜔𝐵𝐵𝐵𝐵2 < 𝜔𝜔𝐵𝐵𝐵𝐵1 to ensure 
that the inner loop's frequency range is not violated. Due to the simplification, the conventional PID controller or 
lead-lag compensator design can be used effectively with tuning methods such as root locus or Ziegler-Nichols’s 
method, which are commonly used. In this work, each PID controller in the RUAS will be tuned using either the PP 
approach or the LQR method. 
 

 
Fig. 7 Design of successive loop closure with inner loop assumed as unity gain [29] 

𝐶𝐶1(𝑐𝑐) 𝑃𝑃1(𝑐𝑐) 𝑃𝑃2(𝑐𝑐) 𝑃𝑃3(𝑐𝑐)𝐶𝐶3(𝑐𝑐) 𝐶𝐶2(𝑐𝑐)
𝑟𝑟1 𝑦𝑦3𝑦𝑦2 = 𝑢𝑢3𝑦𝑦1 = 𝑢𝑢2𝑢𝑢1

− − −

𝑟𝑟3 𝑟𝑟2

 

≈ 1 𝑃𝑃 2 ( 𝑐𝑐 ) 𝑃𝑃 3 ( 𝑐𝑐 ) 𝐶𝐶 3 ( 𝑐𝑐 ) 𝐶𝐶 2 ( 𝑐𝑐 ) 
𝑦𝑦 3 𝑦𝑦 2 = 𝑢𝑢 3 𝑢𝑢 2 

− − 

𝑟𝑟 3 𝑟𝑟 2 
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4.5 PID Control Design Based on Pole Placement 
The tuning method used to design the PID controller for the quadcopter is based on the PP method. The desired 
characteristic equation and dynamic parameters from the transfer function are used to determine the controller 
gains. This method must be used with the assumption that the system is controllable. There are only two types of 
models that are employed in the design of PID controllers: the first-order model and the second-order model. An 
approximation will be used if the plant dynamics give a higher order model to generate a first-order or second-
order model, allowing a model-based method to be used to develop a PID controller [21]. For the first-order model, 
a PI controller will be used. However, the second-order model, PD controller, or PID controller can be used. 
Consider the block diagram shown in Fig. 8 as an example, where 𝑅𝑅(𝑠𝑠), 𝐸𝐸(𝑠𝑠), 𝑈𝑈(𝑠𝑠), and 𝑌𝑌(𝑠𝑠) stand in for the 
Laplace transform variables of the reference input, error signal, control signal, and output signal, respectively. 
 

 
Fig. 8 General control system block diagram 

 
The plant transfer function G(s) and the controller transfer function C(s) are assumed to be: 
 

𝐺𝐺(𝑠𝑠) =
𝑏𝑏

𝑠𝑠 + 𝑎𝑎 (23) 

  

𝐶𝐶(𝑠𝑠) = 𝐾𝐾𝑝𝑝 +
𝐾𝐾𝑖𝑖
𝑠𝑠 +

𝐾𝐾𝑑𝑑𝑠𝑠
𝜏𝜏𝑓𝑓𝑠𝑠 + 1 (24) 

 
where 𝐾𝐾𝑖𝑖  is the integral gain and 𝐾𝐾𝑝𝑝 is the proportional gain. The controller transfer function in Equation (24) 
represents a general PID controller form with a derivative filter. Considering the derivative gain 𝐾𝐾𝑑𝑑 = 0, for PI 
controller form, yields: 
 

𝐶𝐶(𝑠𝑠) =
𝐾𝐾𝑝𝑝𝑠𝑠 +𝐾𝐾𝑖𝑖

𝑠𝑠  (25) 

 
The closed-loop transfer function from the reference signal to the output signal is expressed as: 
 

𝑌𝑌(𝑠𝑠)
𝑅𝑅(𝑠𝑠) =

𝐺𝐺(𝑠𝑠)𝐶𝐶(𝑠𝑠)
1 + 𝐺𝐺(𝑠𝑠)𝐶𝐶(𝑠𝑠) =

𝑏𝑏�𝐾𝐾𝑝𝑝𝑠𝑠 +𝐾𝐾𝑖𝑖�
𝑠𝑠2 + �𝑎𝑎 + 𝑏𝑏𝐾𝐾𝑝𝑝�𝑠𝑠 + 𝑏𝑏𝐾𝐾𝑖𝑖

 (26) 

 
The characteristics equation of the closed-loop system can be matched with the desired characteristics equation 
using the following relationship: 
 

𝑠𝑠2 + �𝑎𝑎 + 𝑏𝑏𝐾𝐾𝑝𝑝�𝑠𝑠 + 𝑏𝑏𝐾𝐾𝑖𝑖 = 𝐴𝐴𝑠𝑠2 + 𝐵𝐵𝐵𝐵 + 𝐶𝐶 (27) 
 
Hence, a simple formulation between PID controller gain and the plant parameters (𝑎𝑎,𝑏𝑏)  and the desired 
characteristics equation parameters can be established as follows: 
 

𝑎𝑎 + 𝑏𝑏𝐾𝐾𝑝𝑝 = 𝐵𝐵  
  

𝐾𝐾𝑝𝑝 =
𝐵𝐵 − 𝑎𝑎
𝑏𝑏  (28) 

  
𝑏𝑏𝐾𝐾𝑖𝑖 = 𝐶𝐶  

  

𝐾𝐾𝑖𝑖 =
𝐶𝐶
𝑏𝑏 (29) 

 
The same calculation procedures can be easily repeated for PD and PID controllers with derivative filters for 

second-order systems, as listed in Table 2. A derivative filter included in the PID controller design is essential 
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because it avoids the amplification of measurement noise, hence improving the PID control system's robustness 
[21]. 
 

Table 2 PID tuning equation parameters for first and second order transfer function model 
First Order Transfer Function 
Model 

𝐺𝐺(𝑠𝑠) =
𝑏𝑏

𝑠𝑠 + 𝑎𝑎 
Controller: PI 

Desired Characteristic 
Equation:  

𝐴𝐴𝑠𝑠2 + 𝐵𝐵𝐵𝐵 + 𝐶𝐶 

Proportional Gain 𝐾𝐾𝑝𝑝 =
𝐵𝐵 − 𝑎𝑎
𝑏𝑏  

Integral Gain 𝐾𝐾𝑖𝑖 =
𝐶𝐶
𝑏𝑏 

Second Order Transfer 
Function Model 

𝐺𝐺(𝑠𝑠) =
𝑏𝑏

𝑠𝑠2 + 𝑎𝑎1𝑠𝑠 + 𝑎𝑎2
 

Controller: PD 
Desired Characteristic 
Equation:  

𝐴𝐴𝑠𝑠2 + 𝐵𝐵𝐵𝐵 + 𝐶𝐶 

Proportional Gain 𝐾𝐾𝑝𝑝 =
𝐶𝐶 − 𝑎𝑎2
𝑏𝑏  

Derivative Gain 𝐾𝐾𝑑𝑑 =
𝐵𝐵 − 𝑎𝑎1 − 𝑏𝑏𝐾𝐾𝑝𝑝𝜏𝜏𝑓𝑓

𝑏𝑏  

Second Order Transfer 
Function Model 

𝐺𝐺(𝑠𝑠) =
𝑏𝑏

𝑠𝑠2 + 𝑎𝑎1𝑠𝑠 + 𝑎𝑎2
 

Controller: PID 
Desired Characteristic 
Equation:  
𝐴𝐴𝑠𝑠4 + 𝐵𝐵𝑠𝑠3 + 𝐶𝐶𝑠𝑠2 +𝐷𝐷𝐷𝐷 + 𝐸𝐸 

Proportional Gain 𝐾𝐾𝑝𝑝 =
(𝐷𝐷 − 𝑏𝑏𝐾𝐾𝑖𝑖)𝜏𝜏𝑓𝑓 − 𝑎𝑎2

𝑏𝑏  

Integral Gain 𝐾𝐾𝑖𝑖 =
𝐸𝐸𝜏𝜏𝑓𝑓
𝑏𝑏  

Derivative Gain 𝐾𝐾𝑑𝑑 =
�𝐶𝐶 − 𝑎𝑎2 − 𝑏𝑏𝐾𝐾𝑝𝑝�𝜏𝜏𝑓𝑓 − 𝑎𝑎1

𝑏𝑏  

Filter Time 
Constant 𝜏𝜏𝑓𝑓 =

1
𝐵𝐵 − 𝑎𝑎1

 

5. Results and Discussion 
This section presents the simulation results of the AFCS design using the PID gain values tuned using the pole 
placement technique. After completion of the PID gain calculation, two trajectory tracking simulations for the DJI 
F450 quadcopter were carried out in the SITL simulation environment for hover and circular trajectories. In the 
hover trajectory simulation, the proposed flight controller is simulated under ideal weather conditions without 
wind gusts, and the circular trajectory is simulated with a light wind speed of 10 knots (4.5 m/s) at 0º (left 
crosswind) with Level 2 turbulence. The trajectory tracking results were obtained using X-Plane data output over 
network commands. The flight data obtained was processed using Microsoft Excel or LabVIEW software and 
validated in a series of flight tests to analyze its flight performance characteristics and determine the efficiency of 
the control systems. 

5.1 PID Gains Results 
Table 3 displays the results of the PID gain tuning using the PP method, along with the desired pole locations, the 
proportional gain, 𝐾𝐾𝑝𝑝, integral gain, 𝐾𝐾𝑖𝑖 , derivative gain, 𝐾𝐾𝑑𝑑, and the filter time constant, 𝜏𝜏𝑓𝑓 values. The derivative 
filter is utilized mainly in the design of pitch and roll angle controllers to filter out rapid PID output changes. 
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Table 3 The PID gains obtained using Pole Placement (PP) method 

Transfer function 
[28] 

Pole Placement (PP) method 
Controller 

output range PI controller PID controller Desired pole 
location 

𝜙𝜙(𝑠𝑠)
𝜏𝜏𝜙𝜙(𝑠𝑠) =

21.74
𝑠𝑠2  - 

𝐾𝐾𝑝𝑝𝜙𝜙 = 0.69 
𝐾𝐾𝑖𝑖𝜙𝜙 = 0.736 
𝐾𝐾𝑑𝑑𝜙𝜙 = 0.233 
𝜏𝜏𝑓𝑓 = 0.063 

−4,−4,−4,−4 ±1 

𝜃𝜃(𝑠𝑠)
𝜏𝜏𝜃𝜃(𝑠𝑠) =

21.74
𝑠𝑠2  - 

𝐾𝐾𝑝𝑝𝜃𝜃 = 0.69 
𝐾𝐾𝑖𝑖𝜃𝜃 = 0.736 
𝐾𝐾𝑑𝑑𝜃𝜃 = 0.233 
𝜏𝜏𝑓𝑓 = 0.063 

−4,−4,−4,−4 ±1 

𝜓𝜓(𝑠𝑠)
𝜏𝜏𝜓𝜓(𝑠𝑠) =

10.99
𝑠𝑠2  - 

𝐾𝐾𝑝𝑝𝜓𝜓 = 0.273 
𝐾𝐾𝑖𝑖𝜓𝜓 = 0.091 
𝐾𝐾𝑑𝑑𝜓𝜓 = 0.273 

−1,−1,−1 ±1 

𝑟𝑟(𝑠𝑠)
𝜏𝜏𝜓𝜓(𝑠𝑠) =

10.99
𝑠𝑠  

𝐾𝐾𝑝𝑝𝑟𝑟 = 0.364 
𝐾𝐾𝑖𝑖𝑟𝑟 = 0.364 

- −2,−2 ±1 

𝑤𝑤(𝑠𝑠)
𝑇𝑇(𝑠𝑠) =

3.478
𝑠𝑠  

𝐾𝐾𝑝𝑝𝑤𝑤 = 0.575 
𝐾𝐾𝑖𝑖𝑤𝑤 = 0.2875 

- −1,−1 𝑇𝑇𝑚𝑚𝑚𝑚𝑚𝑚 = 3 
𝑇𝑇𝑚𝑚𝑚𝑚𝑚𝑚 = −1 

𝑢𝑢(𝑠𝑠)
𝜃𝜃(𝑠𝑠) = −

9.81
𝑠𝑠  

𝐾𝐾𝑝𝑝𝑢𝑢 = −0.2039 
𝐾𝐾𝑖𝑖𝑢𝑢 = −0.1019 

- −1,−1 ±0.5 rad 

𝑣𝑣(𝑠𝑠)
𝜙𝜙(𝑠𝑠) =

9.81
𝑠𝑠  

𝐾𝐾𝑝𝑝𝑣𝑣 = 0.2039 
𝐾𝐾𝑖𝑖𝑣𝑣 = 0.1019 

- −1,−1 ±0.5 rad 

𝑥𝑥(𝑠𝑠)
𝜃𝜃(𝑠𝑠) = −

9.81
𝑠𝑠2  - 

𝐾𝐾𝑝𝑝 = −0.076 
𝐾𝐾𝑖𝑖 = −0.013 
𝐾𝐾𝑑𝑑 = −0.153 

−0.5,−0.5, -0.5 ±0.5 rad 

𝑦𝑦(𝑠𝑠)
𝜙𝜙(𝑠𝑠) =

9.81
𝑠𝑠2  - 

𝐾𝐾𝑝𝑝 = 0.076 
𝐾𝐾𝑖𝑖 = 0.013 
𝐾𝐾𝑑𝑑 = 0.153 

−0.5,−0.5,−0.5 ±0.5 rad 

𝑧𝑧(𝑠𝑠)
𝑇𝑇(𝑠𝑠) =

1
𝑠𝑠2 - 

𝐾𝐾𝑝𝑝𝑧𝑧 = 0.750 
𝐾𝐾𝑖𝑖𝑧𝑧 = 0.125 
𝐾𝐾𝑑𝑑𝑧𝑧 = 1.5 

−0.5,−0.5,−0.5 𝑇𝑇𝑚𝑚𝑚𝑚𝑚𝑚 = 3 
𝑇𝑇𝑚𝑚𝑚𝑚𝑚𝑚 = −1 

5.2 Trajectory Tracking Simulation 
To evaluate the PID controller's ability to maintain its position, hover flight tests were performed with the 
following position references (𝑥𝑥𝑑𝑑, 𝑦𝑦𝑑𝑑 and 𝑧𝑧𝑑𝑑): 
 

𝑥𝑥𝑑𝑑 = 0, ∀𝑡𝑡 (30) 
 

𝑦𝑦𝑑𝑑 = 0, ∀𝑡𝑡 (31) 
 

𝑧𝑧𝑑𝑑 = 15 𝑚𝑚, 0 ≤ 𝑡𝑡 ≤ 15𝑠𝑠 (32) 
  

𝜓𝜓𝑑𝑑 = 80°, ∀𝑡𝑡 (33) 
 
The circular trajectory references are given by Equations (34)-(37) to evaluate the controller's performance in a 
low-speed forward flight condition.  
 

𝑥𝑥𝑑𝑑 = 5 𝑠𝑠𝑠𝑠𝑠𝑠 𝜔𝜔𝜔𝜔,                0 ≤ 𝑡𝑡 ≤ 45𝑠𝑠 (34) 
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𝑦𝑦𝑑𝑑 = 5 𝑐𝑐𝑐𝑐𝑐𝑐 𝜔𝜔𝜔𝜔 ,               0 ≤ 𝑡𝑡 ≤ 45𝑠𝑠 (35) 
 

𝑧𝑧𝑑𝑑 = 10 m, ∀𝑡𝑡 (36) 
 

𝜓𝜓𝑑𝑑 = 80°, ∀𝑡𝑡 (37) 
  

where 𝜔𝜔 represents the angular velocity = 0.5 rad/s. 

5.2.1 Results for Hover Control 
Fig. 9 shows the 3D position trajectory for hovering maneuver simulation with the PID controller tuned using the 
PP method and the time histories of position trajectories and attitude angle responses for each axis. Based on 
responses recorded in Fig. 9, PID controllers tuned by the PP method can track the desired hovering trajectories 
with good accuracy. The PID controllers maintain the desired position states within ±0.05 m for 𝑥𝑥 and 𝑦𝑦-positions 
with a small tracking error, as shown in Table 4. The proposed PID controllers are found to be capable of 
stabilizing the roll, pitch, and yaw angles of the quadcopter within the specified state constraints (±0.5 rad or 
±28°) in less than 10 seconds. Fig. 10 shows the controller input response produced by the PID controller tuned 
by the PP tuning method, which includes the quadcopter’s rotor thrust, yawing moment input, rolling moment 
input, and pitching moment input. The pitching moment control input is used to move the quadcopter forward 
and backward during hover flight, rolling moment control input is used to move the quadcopter sideways, while 
the rotor thrust and yawing moment input control the altitude and heading changes during hover flight. Results 
show that the proposed PID controllers produce control input responses within the specified actuator limit range. 
Therefore, in terms of trajectory tracking accuracy, it can be concluded that for hovering maneuvers, the proposed 
PID controller tuned by the PP method can produce satisfactory tracking accuracy with minimal control effort. 
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(e) (f) 

Fig. 9 Hovering tracking performance for PP based PID tuning. (a) 3D-position (b) xy-position (c) z-position (d) roll 
angle (e) pitch angle (f) yaw angle 

 
Table 4 Hover performance evaluation 

Specification Desired Level Pole Placement (PP) based PID 

Time taken to 
stabilized hover ≤ 20 s 18 𝑠𝑠 

Longitudinal position 
error ≤ 0.5 m 0.0105 𝑚𝑚 

Lateral position error ≤ 0.5 m 0.0090 𝑚𝑚 
Heading error ≤ 3° 0.4927° 
Altitude error ≤ 3 m 0.3014 𝑚𝑚 
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(c) (d) 

Fig. 10 Controller input responses produced by PID controllers tuned using PP method during hovering maneuver. 
(a) Thrust (b) Yawing torque input (c) Rolling torque input (d) Pitching torque input 

5.2.2 Results for Circular Path Tracking 
Fig. 11 shows the circular path tracking simulation using the proposed PP tuning method. The simulation results 
indicate that the PID controller tuned by the PP method can track the desired circular trajectories with wind 
disturbances with good accuracy. Table 5 shows the error evaluation of the controller response. The controller 
can achieve position tracking accuracy with 0.1306 𝑚𝑚 and 0.0832 𝑚𝑚 in longitudinal and lateral position errors, 
respectively. The proposed controllers can also stabilize the roll and pitch angles of the quadcopter within the 
specified state constraints (±0.5 rad or ±28°). Fig. 12 shows the controller input responses produced by the 
proposed PID tuning for the circular path maneuver. It is evident that the controller utilizing the PP tuning method, 
effectively generates a control input response that remains within the specified actuator limit and is consistently 
maintained within a reasonable limit.  
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(c) (d) 

  
(e) (f) 

Fig. 11 Circular path tracking performance for PP based PID tuning. (a) 3D-position; (b) xy-position; (c) z-position; 
(d) roll angle; (e) pitch angle; (f) yaw angle 

 
Table 5 Circular trajectory tracking performance evaluation 

Specification Desired Level Pole Placement (PP) based PID 

Maneuver 
completion time ≤ 60 s 50 𝑠𝑠 

Longitudinal 
position error ≤ 0.5 m 0.1306 𝑚𝑚 

Lateral position 
error ≤ 0.5 m 0.0832 𝑚𝑚 

Heading error ≤ 3° 0.4218° 
Altitude error ≤ 3 m 0.2881 𝑚𝑚 
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(a) (b) 

  
(c) (d) 

Fig. 12 Controller input response produced by PID controllers tuned using PP method during circular path 
maneuver. (a) Thrust; (b) Yawing moment input; (c) Roll moment input; (d) Pitching moment input 

6. Conclusion 
The research study focuses on the development of a flight control design simulation for an unmanned quadcopter 
system and the evaluation of the flight controller's performance in hovering and circular trajectory tracking. This 
paper presents a simple and practical controller design approach for quadcopter controller design based on PID 
gain tuning using the Pole Placement (PP) method. The controller design was implemented using LabVIEW 
software, while the X-Plane flight simulator was used to simulate the response of the RUAS. The obtained results 
show that the PID controller tuned using the PP method is capable of producing good tracking accuracy for 
hovering and circular path trajectories and showed adequate robustness in dealing with wind turbulence in a 
circular path tracking simulation. It is recommended that future work utilize the hardware-in-the loop (HIL) 
simulation approach for the validation of the proposed controller before actual flight tests. By adopting the HIL 
simulation approach, the reliability of the autopilot hardware and closed-loop system performance can be safely 
tested in a virtual environment. 
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