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Abstract- In this paper, we introduce the coordinate system of the drone and analyze the kinetic equations of the quadrotor 
through the position, linear velocity, angle and angular velocity according to the coordinate system. We used these to model 
the controller and intelligent state estimator. Based on the modeling, we design a Proportional Integral Derivative (PID) 
controller and determine which state variables to use as a control input in the drone that has 6 degrees of freedom (DOF) but 
requires 4 DOF as input to the four rotors. In the experimental part, the controller and the autonomous algorithm are 
combined. And the process of estimating the state of the drone according to the external signal coming through the image 
processing and the machine recognition and proceeding the algorithm sequentially will be examined. Finally, we will 
observe the advantages of this controller. 
 
Indexterms- Autonomous Drone, State Estimator, PID Controller, DOF, Modeling 
 
I. INTRODUCTION 
 
Research about drones was first conducted in 1916 
for military usage. However, its price reduction, 
variety of size, no restriction like traffic jam or 
geological difficulty exist at its movement caused 
increment of its demand. Also, its possibility for 
various application enhanced researches about it [1]. 
Actually, it is difficult to see the usage of drones in 
daily life in Korea. In contrast, foreign countries 
applied drones in many parts of life. For example, 
drones are used in order to find emergency patients 
and transport of those patients in medical department. 
In weather department, it is used for observation of 
instant weather change. In geology department, it is 
used for making maps and collecting geological data 
of some places that people cannot enter. Not only 
those departments, also drones are used in art, film 
and broadcasting department for taking videos and 
used as a telegraphic translator in communication 
department [2, 3]. Recent researches are focused on 
grafting drones at new departments, not just 
broadening its application. As an example, drones 
that can configure specific location of person by 
connecting wearable device technology and drone 
technology. Also, drones that can climb walls are 
developed. This wall climbing drone was developed 
in order to be used as an explorer in natural disaster 
situation like earthquake. It shows that importance of 
drone in handling disaster increased considerably. As 
a further development, drones that can move not only 
in air, also in water are developed [6, 7]. 
If drones made for specific purposes that are already 
mentioned go through their missions autonomously, 
future society will be changed in contrast with 
nowadays. Therefore, applying auto navigating 
system at drone is essential. However, the most 
important issue for auto navigating is its stability [4, 
5]. In this paper, controller for a drone which can 
fulfill given missions by determining objects and 

status of certain instance through machine learning 
and image treatment based on auto navigating system 
will be designed. For stable driving, controller that 
reduces inclination of drone in order to recognize 
front of the object and controls drone based on 
velocity was designed. Finally, efficiency and 
performance of controller will be considered to figure 
out further design methods for stable controller and 
further research methods. 
 
II. MAIN SUBJECT, THEORY 
 
2.1 Drone Coordinate System 
The coordinate system of the drones includes the 
inertial coordinate system, the body coordinate 
system. The inertial coordinate system is a coordinate 
system based on a person's point of view, and the 
body coordinate system is based on a drones. To 
facilitate control, the values from the body coordinate 
system must be converted to the inertial coordinate 
system, and then converted back to the body 
coordinate system and sent to the drone. Euler angles 
are typically used for coordinate system 
transformation. The Euler angles are angles of each 
of the two axes of the two coordinate systems, that is, 
angles indicating how much the corresponding axes 
have rotated in the two coordinate systems. 
 The roll, pitch, and yaw angles shown in 
Figure.1 represent the angles between the x, y, and z 
axes in the inertial and tangential coordinates, 
respectively. 

 
Figure 1: The inertial coordinate system and the body 

coordinate system of the drones 
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R (ϕ) =
1 0 0
0 cos(ϕ) − sin(ϕ)
0 sin(ϕ) cos(ϕ)

(1) 

R (θ) =
cos(θ) 0 sin(θ)

0 1 0
− sin(θ) 0 cos(θ)

(2) 

R (ψ) =
cos (ψ) −sin (ψ) 0
sin (ψ) cos(ψ) 0

0 0 1
(3) 

 
Equations (1), (2), and (3) are matrices that 
rotationally transform the body coordinate system 
with respect to the inertial coordinate system when 
the coordinate system rotates in the x, y, and z axes, 
respectively. Cos is c and sin is s. 

 
 
Equation (4) is a matrix that rotates the body 
coordinate system with respect to the inertial 
coordinate system when the coordinate system rotates 
about the x, y, and z axes.  
 
2.2 Drones Flight Control 
Before the design of the drone controller, the control 
input and output were obtained through the kinetic 
equations of the quadrotor, and the modeling of the 
drone and the drone were applied. 
 
 P = [x  y  z] (5) 
 η = [ϕ  θ  ψ] (6) 
 v = v v v (7) 
 w = w w w (8) 
 
 The position of the drone in the inertial 
coordinate system is given by equation (5), the Euler 
angle by equation (6), the linear velocity of the drone 
by equation (7) and the angular velocity by equation 
(8). 
 
 ṗ =
Rv                                                                            (9) 
 w =
Cη̇                                                                         (10) 
 
 ṗ in the velocity equation (9) on the inertial 
coordinate system can be expressed through the 
computation of the linear velocity v and the equation 
(4) in the body coordinate system. In equation (10), η̇ 
represents the angular velocity in the inertial 
coordinate system. The angular velocity of the inertial 
coordinate system and the angular velocity of the 
bodycoordinate system can be expressed by equation 
(11) through the relationship with the C matrix. 

R (ψ)R (θ)R (ϕ)
w
w
w

 

=
0
0
ψ̇

+ R (ψ)
0
θ
0
̇ + R (ψ)R (θ)

ϕ
0
0

̇
               (11) 

w
w
w

=
ϕ
0
0

̇
+ R (ϕ)

0
θ
0
̇ + R (ϕ)R (θ)

0
0
ψ̇

    (12) 

w
w
w

= C
ϕ
θ̇
ψ̇

̇
                                                             (13) 

C =
1 0 −sin(θ)
0 cos(ϕ) sin(ϕ) cos(θ)
0 −sin(ϕ) cos(ϕ) cos(θ)

                    (14) 

 
The matrix C can be derived from equation (11) 
through equation (12-14). 
 
p̈ = R(v̇ + w × v)                                                     (15) 
ẇ = Cη̈+ Ċη̇                                                              (16) 

 
 Equations (15) and (16) can be obtained by 
differentiating equations (9) and (10), respectively. 
 
mv̇ + w × (mv) = F + F                                        (17) 

 Iẇ + w × (Iw) = Q− Q (18) 
 I =
I 0 0
0 I 0
0 0 I

                                                   (19) 

 
 The conservation of forces and moments 
acting on the airframe can be expressed by equations. 
(17) and (18) by using Newton's second law and 
acceleration law. In equations (17) and (18), m is the 
mass of the airframe and I is the mass moment of 
inertia of the airframe. Since the airframe is designed 
with a linear symmetry property, I is expressed as 
(19). In equation (17), w × (mv) is the centripetal 
force acting on the airframe. 
 τ = Ṁ =
I ẇ + (I − I )w w                           (20) 
 τ = Ṁ =
I ẇ + (I − I )w w                           (21) 
 τ = Ṁ =
I ẇ + (I − I )w w                           (22) 
 
M = (M , M , M ) is the angular momentum of the 
body, w = (w , w , w ) is the angular velocity of the 
body, and τ = (τ , τ , τ )is the torque applied to the 
body. Then, the motion of the rigid body in the three-
dimensional space satisfies Euler equations (20-22).  
 
F = [0  0  (F + F + F + F )](23) 
F = [(F − F )l  (F − F )l  (τ + τ − (τ +
τ )](24) 
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In equations. (17) and (18), F and Q are forces and 
moments applied to the airframe for control, 
respectively. These two variables are related to the 
angular velocity of the rotor as shown in equations 
(23) and (24). In equation (24), l denotes the distance 
between the rotors and τ denotes the torque of the 
rotor. F and τ  in Eqs. (23-24) are proportional to the 
square of the angular velocity of rotor i. 
 
F = mR g                                                              (25) 

Q = w × I w( , )                                               (26) 
g = [0  0 − g]                                                    (27) 

 
 F  in equation (17) is the force due to 
gravity acting on the airframe. g  is the gravity vector 
and is defined by equation (27). Where g is the 
gravitational acceleration. g is the vector displayed in 
the inertial coordinate system, while F  is the force 
acting on the airframe, so it is displayed in the body 
coordinate system. 
 Q  in equation (18) means a gyro effect that 
interferes with the tilting motion of the airframe, 
which can be represented by w( , ). It represents the 
angular velocity of each rotor, and I , which is the 
moment of inertia of the rotor. 
mR p̈ = F + mR g                                                    (28) 

p̈ = g +
1
m RF                                                          (29) 

I Cη̈+ Ċη̇ + Cη̇× (ICη̇)
= Q − Cη̇× I w( , )     (30) 

η̈ = (IC) Q− IĊη̇ − Cη̇× ICη̇+ I w( , ) (31) 
 
 Equation (15) and (17) summarize the 
equation (28). (28) is summarized in (29) by 
summarizing with respect to p̈. Equation (29) means 
the acceleration of the airframe in the inertial 
coordinate system. From equations (16), (18), and 
(26), we can derive equation (30). (31) can be 
obtained by summarizing equation (30) with respect 
to η̈. Equation (31) means the angular acceleration of 
the airframe in the inertial coordinate system. 

 
Figure 2:Modeling of AR Drone airframe and controller 

 
Using the above equations, the controller and the 
airframe can be modeled as shown in Figure.2. In the 
drones discussed in this paper, the linear velocity 
v =  v v v  in the body coordinate system, the 
height z of the drone, and the Euler angle η =
 [ϕ  θ  ψ]  are output. When integrating v into the 

position and entering the input of the PID controller, 
the error from the actual position is maintained, and 
the computation time of the integral is added to the 
computation time than when the speed is used. 
Respectively. z and η  are modeled as shown in 
Figure.2 so that the values from the drone sensor are 
used as they are [8, 9, 12, 13]. 
2.3 PID control 
PID control refers to controlling the difference 
between the target value and the control target output 
through proportional control, integral control, and 
derivative control. 

Figure 3: PID Controller block diagram 
In Figure.3, the proportional control is controlled by 
multiplying K  to the difference between the target 
value and the output of the control target. In the case 
of integral control, the error is integrated for a fixed 
time T  and then multiplied by the K . Derivative 
control differentiates the error for a certain time T  
and multiplies it by K . Equation (32) represents the 
signal when the error passes through proportional 
control, integral control and derivative control, and 
this signal enters the input of the control object, plant 
[10, 11]. 

u(t) = K e(t) + K e(t)dt

+ K
de(t)

dt                (32) 
III. EXPERIMENT 
 
Since we have already decided what state to use to 
design the controller, I will focus on designing the 
controller. First, we explain the autonomous drone 
algorithm and look at the overall block diagram of the 
controller. In addition, we examine the various 
controllers that constitute the controller, and analyze 
the results of each controller through a graph. Finally, 
we will look at the graphs of the results obtained 
when the external signals used in the autonomous 
drone algorithm are given through image processing 
and machine recognition. 
 
3.1 Autonomous drone algorithm 
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Figure 4: Autonomous drone algorithm 
Figure.4 shows the behavior of the drone after 
hovering. Flag is a variable that determines whether a 
desired goal is found or not. If the target is found, the 
flag changes to 1. If the target is not found, the value 
is kept as 0. The selection bit determines which action 
to take depending on the flag value. If the selection 
bit is 1, the control input enters the Suddenstop 
Controller. In case of 2, it enters the Center 
Controller which matches the center point with the 
target, and if it is 3, it performs specific action on the 
target. 
 Since the specific behavior in this paper is 
passing through the loop, we made a moving forward 
controller. Flag is 1 and selection bit is 3 while 
performing a specific action. When the action is 
finished, flag becomes 0. Selection bit is returned to 0 
and drone moves forward until finding a new goal. 
 In the first stage, roll and yaw values should 
be set to 0, since it is necessary to move forward. In 
the case of height, it keeps the height when hovering. 
 In the second stage, we gave a target value 
of 0 for roll, pitch, and yaw angles in order to 
abruptly stop the action, and we set the current height 
as the target value for height. 
 In the Third Stage, we set the center of the 
camera to the center of the target, so we set 0 as the 
target value for the roll and yaw angles. 
 
3.2 Controller design and gain tuning results 
The controller designed using Matlab Simulink 
consists of AR Drone wifi Connection block, Drone 
State Estimation block, Velocity Scheduler and 
Velocity Controller. 
 

 
Figure 5:Matlab Simulink block diagram 

 
In Figure.5, the AR Drone wifi connection block is a 
block that communicates between the drones and the 
controller. The output values of the PID controller 
enter the input, and the linear velocity v , v , v  of 
the body coordinate system coming from the sensor 
of the drones, the height z of the drones, the Euler 
angles ϕ, θ and ψare output. 
 In the Drone State Estimation block, the 
output values from the AR Drone wifi connection 
block are converted to the inertial coordinate system 
through the coordinate system transformation. The 
Velocity Scheduler block determines the current state 
of the drones according to the information conveyed 

through image processing or machine learning. And 
outputs the target value required for the drone 
according to the determined state of the drones. 
 The Velocity Controller block determines 
which controller to use depending on the state of the 
drones. The inside of the block consists of 4 
controllers, Moving forward Controller (flag:0), 
Sudden stop Controller, Center Controller and 
Moving forward Controller (flag:1). 
 

 
Figure 6:Target figure on AR Drone camera 

 
Figure.6 shows when the target appears on the drone 
camera. The coordinates of (C , Ch ) are the center 
coordinates of the target appearing on the drone 
camera. (320, 180) are the center coordinates of the 
drone camera. In order for the drone to reach the 
center of the target, the position of the current drone 
should be assumed to be (320, 180) with the (C , Ch) 
coordinate as the target value, and (C − 320, Ch −
180) should be regarded as an error. In the center 
controller, the controller is designed to send this error 
as 0. 
 
3.3 Scenario Result 
 

 
Figure 7: Selection bit output graph 

 
Figure.7 is the change bit graph of the selection bit. It 
matches that in Figure.4, so we can confirm that the 
appropriate controller is selected according to the 
situation. 

 
Figure 8: Center coordinates of the ring, 퐂퐲 
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Figure 9: Center coordinates of the ring, 퐂퐡 

 
Figure.8 and Figure.9 are graphs of the center 
coordinates C  and Ch of the ring through image 
processing, respectively. The movement of the drones 
can be seen through the two graphs. It can be seen 
that the center coordinates of the ring are close to the 
center coordinates (green line, 320) of the camera, as 
shown in center and moving forward section in 
Figure.8. Also it can be seen that the center 
coordinates of the ring are close to the center 
coordinates (green line, 180) of the camera, as shown 
in center and moving forward section in Figure.9. 
 
CONCLUSION 
 
In this paper, we introduce the controllers that are 
based on velocity. Firstly, we could reduce the 
computation time by using the state variablesdirectly 
from the drone the way which does not require any 
additional operations. Secondly, it was easy to 
visually confirm the movement of the drones 
according to the situation.We expect these controllers 
to be widely used. 
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