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Abstract: This paper aims to present data analysis of quadcopter dynamic attitude
on a circular trajectory, specifically by comparing the modeling results of conventional
Proportional Integral Derivative (PID) and Fuzzy-PID controllers. Simulations of
attitude stability with both control systems were done using Simulink toolbox from
Matlab so the identification of each control system is clearly seen. Each control system
algorithm related to roll and pitch angles which affects the horizontal movement on a
circular trajectory is explained in detail. The outcome of each tuning variable of both
control systems on the output movement is observable while the error magnitude can
be compared with the reference angles. To obtain a deeper analysis, wind disturbance
on each axis was added to the model, thus differences between each control system
are more recognizable. According to simulation results, the Fuzzy-PID controller has
relatively smaller errors than the PID controller and has a better capability to reject
disturbances. The scaling factors of gain values of the two controllers also play a vital
role in their design.
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1 Introduction

A quadcopter, as its name suggests, has four symmetrical rotor-propellers which are mounted
at the same height on each edge, forming a cross with identical radius from its center [9]. Each
rotor propeller creates an upward thrust which is highly maneuverable by controlling the speed
variation, thus allowing the quadcopter for vertical take-off, landing and even hovering. However,
to achieve good stability as well as to minimize interference in every movement, the quadcopter
attitude must be converted into a suitable control algorithm. This is considered to be a chal-
lenging problem because quadcopters have a complex dynamic system with high nonlinearities,
strong couplings, and under actuation [13]. According to the control strategy of quadcopters,
the flight control systems can be divided into 3 types, i.e., linear flight control system, nonlin-
ear flight control system, and learning based flight control system [5]. The linear flight control
system, or feedback linearization, is a very useful method to decouple and linearize quadcopter
attitude models. This paper will review in detail the algorithm of linear control system for
quadcopters using conventional PID (Proportional Integral Derivative) and Fuzzy-PID control.
Considering the advantages of the Ziegler-Nichols rules for tuning the PID controller [22] and
the feedback linearization method, we adopted this algorithm for the quadcopter attitude con-
trol and we analyzed the obtained results. The way of tuning PID controller parameters with
mathematical modeling into feedback linearization for stability attitude is crucial. The way of
tuning PID controller parameters with mathematical modeling using feedback linearization is
crucial for attitude stability. On the other hand, Fuzzy-PID algorithms have limitless ranges to
flawlessly perform when rapid changes are encountered in high dynamic environments, moreover
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it does not require complex mathematical models [7]. A comparison of the PID and Fuzzy-PID
tuning is presented in which both controllers have been studied based on a dynamic model of a
quadcopter.

Modeling of the quadcopter control and movement has been done using Simulink Matlab.
Through this modeling and control algorithm, differences between angular velocity with and
without PID and FUzzy-PID control can be studied, as well as the impact of disturbances on
the control system. To understand the control system of quadcopters, firstly one must com-
prehend the concept of quadcopter attitude based on the Newton-Euler equation. Details of
the quadcopter dynamic movement using this equation have been already covered in previous
researches [12], [15]. This time, Newton-Euler equation is adapted to develop a quadcopter atti-
tude model in which the quadcopter moves in a full circle while using PID and Fuzzy-PID control
systems for dynamic movement control. Another aim of this study is to investigate the behavior
of the quadcopter control system when faced with wind disturbances from multiple directions.

2 Quadcopter attitude modelling

Vertical thrust is the result of combined angular velocity of four rotors which are directly
connected to the propellers, thus driving the quadcopter attitude as a whole. Naturally, rotor
propellers placed in opposed position will rotate in the same direction and side-by-side ones will
rotate oppositely. Controlling the angular velocity of the four rotors will consequently result in
a dynamic movement with force and moment transmission which can lead to lift, pitch, roll or
yaw rotations moment inertia. Fig. 1. illustrates these rotations, and are explained as follows:
rotation around X-axis as roll movement, rotation around Y-axis as pitch movement, and rotation
around Z-axis as yaw movement.

Thrust 1 Thrust 3

Rear

Xb Yy . .
Y Thrpst 4 Thrust 2>X"
: " Yaw ()

Figure 1: Quadcopter schematic: (a) The structure of a quadcopter (b) Description of Pitch,
Roll, and Yaw angles

Quadcopter attitude has a total of six Degrees of Freedom (DOF), half are allotted to trans-
lational position in an Earth inertial frame and the rest to angular positions of the quadcopter’s
rigid body. All DOFs are covered by the linear and angular orientation vectors of the quadcopter,
thus it can be seen that the quadcopter has four inputs from the rotor propellers and six state
outputs of the dynamic and complex system. In order to control these, the process of quadcopter
modeling can be approached by interpreting any attitude movement with two reference frames
in the form of the Earth inertial frame (coordinate system) axes (Xpg, Yg, Zg) and the body
frame axes (Xp, Y, Zp). From this point, we can formulate the equations and parameters needed
to establish the transformation matrix based on the Newton-Euler equation model [3|. Each
parameter needed for attitude modeling can be seen in Table. 1.
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Table 1: Parameter for attitude modelling algorithm

Movement  Translation  Angular  Translation  Angular  Inertial

Positions Positions  Velocity Velocity  Matrix
Roll X ¢ Vx p T
Pitch \ 0 Vy q Ly
Yaw z \j v, r j

2.1 Newton-Euler kinematics model

The Newton-Euler modeling was adapted in designing linear(Ly) and angular motion (Ry)
expressions of the quadcopter which can deliver lift up forces where change of attitude occur on
the orientation of the body frame axes with respect to the Earth inertial frame axes. Orientation
change of body frame axes results in angle alteration on roll - R;(¢) , pitch - Ry(#) , and
yaw - R.(V), respectively. Based on the kinematic moving frame theory, the equations using
transformation matrices for angular motion on each axis or for every movement can be written.
Matrix transformation between two rectangular coordinate systems is orthogonal and can be
converted to 3x3 matrices for every axis. Eq.(1). shows the rotation matrix around X-, Y-, and
Z-axis and the transformation of the overall rotation movement (R7) of the body frame can be
calculated using Eq.(2).

1 0 0 cosd 0 —sinf cosyp  siny 0

R.(¢)= |0 cos¢p sing|;R,(0)=| 0 1 0 s R.(¢Y) = | —siny cosyp 0 (1)
0 —sing coso sind 0  cosf 0 0 1

Ry = Ry (¢) Ry (0)R-(¢) (2)

The rate of change in linear motion from one position to another is related to the angular
velocity and the difference in angle which will result in alteration of system output x, y, z position.
This alteration can be computed using the angular rates measured by sensor of the quadcopter
(p, q, r). The rotation angle in Eq.(1). is used to compute the angular velocity of the quadcopter.
The angular velocity with respect to the body frame can be computed by transforming the matrix
from angular position [p/ ¢/ r/]T to Euler angle rates [¢7 67 ¢/]7 given in Eq.(4). In fact, the
values of p, q and r are obtained through orientation sensor readings on the quadcopter, thus
the alteration of the angles of the body frame can be computed using the inverse of Eq.(4)., as
it is seen in Eq.(5).

D 0 0 !
V= |q| =Ra(®)Ry(0)R=(¥) | 0| + Ra(d)Ry(0) |67 + Ra(e) | O (3)
r Y 0 0
D 1 0 —sinf o]
ql = |0 cosep singcostd| |01 (4)
r 0 —sing cosficosp| [1]
! 1 singtanf cosptand | [p
or| = |0 cosp —sing q (5)
P! 0 sing/cosd cosp/cosf| |r

The dynamic movement of the quadcopter, both on angular and translational basis are ex-
pressed with the Newton-Euler equation of motion as shown in Eq.(6). The angular acceleration
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of the inertia (Iw/), the centripetal forces (w x (Iw)) and the gyroscopic forces () are equal to
the external torque applied to the bodyframe (7). From this equation, angular velocity vector
(w?) can be determined as shown in Eq.(8).

7 =Iw + (w x (Iw)) + v (6)
wH =T H=w x (Iw) + 1 — 7] (7)
p/ (Lyy — Lz)qr T q
gt = I (| (Ls — Lig)pr | + |70 | — Imwi | —p|) (8)
r! Loz — Lyy)pq Tip 0

Where I, is the Inertia matrix, w is the angular velocity, w’ is the angular position, and w;
is the scalar angular speed of rotor. The inertia matrix for the quadcopter is diagonaldue to
the symmetry of the quadcopter. Quadcopter’s mass and its geometric distribution (especially
inertia) are affecting the entire dynamics of the system. The symbols I,., Iy, I.. are the
moments of inertia matrices which are the torque of the rotors.

2.2 Circular trajectory model

Analysis of attitude control was done by modeling the dynamic of the quadcopter moving on
a circular trajectory. This implies that the X-Y position on the circular trajectory needs to be
computed using stability control on roll and pitch motions while yaw angle is zero. The path of
motion along X- and Y-axes can be seen in Fig. 2. [18].

[\

Altitude (m)

—0

Y (m) 4 03 X (m)

Figure 2: Quadcopter attitude trajectory model

As it is known, two rotor propellers will cause movement on each axis around the center of
gravity. In this modeling, rotors placed on the same axis will generate opposite thrust values, or
in other words, the increasing thrust on one side is linear with the decreasing thrust on the other
side in the same axis. The rotation torques on the body frame which derives from the rotor on
each axis are dependent upon two parameters, i.e., the distance between rotor and quadcopter’s
centroid (L) and the magnitude of thrust generated by the rotors on the same axis (X-axis or
Y-axis). The torque equation on the body frame on each axis is given in Eq.(9).

7o = L(Trotorsa — Trotor2); Ty = L(Trotors — Trotor1) (9)

From the quadcopter theory and attitude parameter, basic modeling was done with only a
proportional control system. Close loop feedback was designed to ensure a good functionality of
the algorithm for quadcopter attitude, as well as to evaluate the output of the angular velocity
on every axis. There are three subsystems of the designed model, i.e., input parameters in form
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of inertia matrices I, Iyy, I.. and distance between rotor and centroid (L), the algorithm
for quadcopter attitude and circular trajectory, and lastly the output in form of quadcopter
movement on X- and Y-axis. The simulation block diagram for this model can be seen in Fig. 3.
The quadcopter parameters used in this model are as follows: L = 0.25 m and I, = I, = 0.005
kg.m?. Because the modeling focused only on X- and Y-axis, I,, was temporarily unneeded.
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Figure 3: Simulation block diagram

3 Controller architecture

Analysis of the matrices function for every attitude reveals the fact that the quadcopter
model requires a close feedback linearization control system for balancing and localization. This
control architecture is necessary to enhance the dynamic control response of the quadcopter with
respect to the quadcopter body frame. In this study, the movement on a circular trajectory was
investigated and to achieve stability, PID and Fuzzy-PID control systems have been used [2].
Generally, the control system for the quadcopter moving on a circular trajectory, in fly /hover
mode, or in other attitude movement can be done with the same control algorithm to attain
stability. Fig. 4 shows the quadcopter control system with close loop feedback and linearized
PID or Fuzzy-PID control. In this paper, the controller for X and Y position will compute
the desired roll and pitch angles depending on the desired values for quadcopter movement on
each axis. These angles are fed into the ” Attitude” block and with a closed-loop feedback the
controller can continuously do a linearization process against any possible error factor.
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Figure 4: Quadcopter control system diagram

3.1 PID control parameter

Implementation of PID controller tuned by Ziegler-Nichols rules to the linear model of quad-
copter can be done by adopting the parameter feedback linearization items which are acting on
the quadcopter position. The advantages of the PID controller is its simple control structure
and the ease of implementation [4]. A PID controller regards an ”error” value as the difference
between a measured variable and a desired set-point. The equation of a PID controller is:

U) = Kpe(t) + Ki /0 e(r)dr + Kd%e(t) (10)

e(t) = Xa(t) — X(t) (11)

In which U(t) is the control output, e(t) is the difference between the desired stated X(t)
and the actual state X(t), and K, K;, Kq are the proportional, integral, and derivative gains,
respectively. Alteration in pitch and roll angles may occur based on the torque generated torque
by the rotors on X-axis or Y-axis on the body frame. In this modeling, it was sufficient just
to manage the K, and K, control parameters (P and D control), as K; was used to reduce
the final error of the system and thus it is not needed [10]. The nominal coefficients of PD
used to obtain the robust stability equation are based on the angular velocity equation of the
quadcopter [14]. Hence, the PD controller for the quadcopter in horizontal position can be
calculated using Eq.(12). based on two relations, i.e., the torque generated by each horizontal
axis (shown in Eq.(9).) and also the equation of angle alteration (shown in Eq.(4).). The total
mass of the quadcopter will have impact on the generated thrust, whereas the torque will be
influenced by the moments of inertia (I).

. _ L(Trot0r4 - Trotor?):| _ |:(K¢,p(¢p/ - QZ)/) + K¢,D(¢d/ - ¢/))Ixx (12)
Y L(Trotm’S - Trotorl] (Ke,p(ap/ - 0’) + KG,D<9d/ - 6/)>Iyy

The performance of PD controller was tested using stability simulation of quadcopter during
the movement on the circular trajectory. The PD controller parameters can be seen in Fig. 5.
where the values of parameters K, and K; were obtained based on manual tuning which was
done to get magnitude stability of the attitude value. Parameter setting principles are based on
the Ziegler-Nichols PD. The amount of error that occurs on the roll angle is not significant, so
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it only takes the proportional gain value to adjust the generated output variable. The purpose
of the stabilization is to obtain the same output of angular velocity in any desired position.

P{phi
1
‘Output
Desired Angle Attitude
P_theta theta
dufdt
Rotation angle - roll;pitch

D_theta Gain

Figure 5: Quadcopter PID control system Simulink block diagram

3.2 Fuzzy-PID control parameter

As for the combination between PID control theory and Fuzzy control theory, the Fuzzy-
PID control aims to establish a two variable continuous function between the PID parameters,
absolute error value and absolute error value changes [11]. It has a self-tuning characteristic to
automatically tune the control parameter to obtain optimal output [21]. Optimal output can be
obtained by adjusting the gain values of K}, py:.y, Ki— Fuzzy, Kq—Fuzzy based on the comparison
of the input in form of error and error rate values. The input will be analyzed using a Fuzzy
system in which if-then rules are applied as tuning parameter set of the received input [1], [19].
In accordance with the typical PID controller, the gain values of the Fuzzy-PID controller can
be adjusted with the parameters as seen on Eq.(13). [8].

t
d
UFuzzy—PID = Kp—Fuzzye(t) + Ki—Fuzzy/ €(T)d7' + deFuzzyae(t) (13)
0

A Fuzzy-PID controller is proposed in this work to control the quadcopter stability in terms of
attitude position on circular trajectory, considering that the quadcopter movements are heavily
influenced by non-linear factors and dynamic coupling. The Fuzzy-PID control attitude on pitch
and roll positions are designed separately in order to accurately control the PID gain values. As
it is known through PID control parameter, in this design, the PD gain values are enough to
control the quadcopter movement on a horizontal path.

The position of the quadcopter on a circular trajectory depends on the acceleration of the
quadcopter and is based on the change in pitch and roll angles. Each angle changes will be
monitored and controlled using a Fuzzy-PID controller. Each controller has 2 membership func-
tions where the first one, represented by Inl, receives the current angle which is obtained from
the orientation sensor reading of the quadcopter attitude; The other one (In2) reseives the er-
ror rate which is obtained from comparing current angle value with the reference angle value.
Through these 2 membership functions, the Fuzzy PID system with If-Then logic or Fuzzy rule
parameters can be applied to reduce the position error value on output in the form of quadcopter
movement. Mamdani-type inference is used for the inference engine with centroid defuzzification
method [16] and it lays out the foundation rules for the Fuzzy system [20]. Each input and out-
put are divided into 7 groups of linguistic variables, i.e., negative large (NL), negative medium
(NM), negative small (NS), zero (Z), positive small (PS), positive medium (PM), and positive
large (PL). These linguistic variables express the degree of error and also the error rate in roll
and pitch angle while moving on the circular trajectory. The details of these variables can be
seen in Fig. 6. Two inputs and one output are normalized in the same interval [-1, 1| with a
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Figure 6: The membership function of the Fuzzy logic controller: (a) Input (b) Output

scaling factor variable of 0.2 for every linguistic group. The interval value must be equivalent
with the circular trajectory movement values in the designed roll and pitch angle so that each
scale will cover detailed changes. Table 2 shows 49 fuzzy inference rules of this control action
with the possible combinations of the two input values.

Table 2: Fuzzy inference rules for quadcopter

Inl/In2 | NLy | NMy | NSy | Zy | PSy | PMy | PLy
NLx NL | NL | NL | NL | NM | NS Z
NMx NL | NL | NL [ NM | NS Z PS
NSx NL | NL [NM | NS | Z PS | PM

7x NL | NM | NS | Z | PS | PM | PL
PSx NM | NS Y4 PS |PM | PL | PM
PMx NS Z PS |PM | PL | PL | PL
PLx z PS | PM | PL | PL | PL | PL

Inl = derivative value/error position; In2 = error rate

After establishing the fuzzy parameter values and its rules, the Fuzzy-PID system as seen in
Fig. 7 can be designed. Two identical Fuzzy logic controllers are designed to control the move-
ment in roll and pitch angles on the circular trajectory. Inputs received by the Fuzzy system are
measured through the error normalization factor (GE) and the change in measurement normal-
ization factor (GCE). This factor can be calculated based on the values of K, _pu..y(Kpf),
Ki Fuzzy(Kif), Ki—puzzy(Kdf), and the allowed maximum error as seen on Eq.(14). and
Eq.(15).

1
GE=——— (14)
max.error
2 Kiy
GOE = GE + (Kypy — /K2, — 4Kt Ky L) (15)

Output responses of the Fuzzy are measured through response de-normalization factor (GU)
and change in the response de-normalization factor (GCU) as seen in Eq.(16) and Eq.(17). This
scaling factor is depending on gain information of conventional PID.

K, df

U= GCE

(16)
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= 1
GCU O (17)

In this design, output normalization was done by directly triggering the changes of propor-
tional and derivative action in which only the GU variable is used. The amount of designed
error normalization factor is 0.5 with a change in measurement normalization factor of 0.3. The
output of the PID controller will be used in Euler integration for the quadcopter attitude on a
circular trajectory.

(Pttch) Theta. Error Normalization PD(s)
Factor theta
Fuzzy Logic
Controller

Change in measurement Fuzzy-PID Controller2
Normalization Factor J ‘ _—

K- Attitude
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Feed Forward
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=

e PD(s)

Fuzzy Logic
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Rotation angle - roll; pitch1
Change in measurement
Normalization Factor.

Figure 7: Quadcopter Fuzzy-PID control system Simulink block diagram

4 Simulation results

The circular movement of the quadcopter was simulated using Simulink modeling which
demonstrated the applicability of designed control in terms of control system stability on roll
and pitch axes with steady high performance. The results are represented as angular velocity and
position control responses of the control algorithm. Circular trajectory modeling was performed
by adjusting pitch and roll angle in horizontal position as shown in Fig. 8(a). which was also used
as reference angle. In quadcopter movement, the angular velocity algorithm can be developed
using Eq.(9). and the modeling was done with a closed loop system. Practically, output angles
for roll and pitch were obtained from attitude reading or orientation sensor data and the outcome
was compared with the reference angles to observe how much error occurred. Fig. 8(b). shows
the output roll and pitch angles, and the differences between the desired angles and the outputs.

Due to the symmetry of the quadcopter, the same attitude error occurred on pitch and roll
angles where noticeable error was seen in the settling time of 3-4 seconds and also in the settling
time 7-8 seconds with an overshoot greater than 20 %. The differences between the generated
attitude and the reference angles proved that the control algorithm is crucial to lessen the error.
PID and Fuzzy-PID control systems are essential to cope with this problem and the differences
between their usages are seen clearly from the output. The tuning of the PID control parameters
for both roll angle and pitch angle loops can be accomplished by adjusting the proportional
and derivative coefficient. The proportional gain coefficient is used to manage acceleration and
stability, while the integral coefficient is used to reduce permanent fault, and lastly the derivative
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Figure 8: Quadcopter roll and pitch angle

coefficient is used to reduce oscillation range and increase stability [17]. No steady state error was
observed on roll and pitch angles, thus the PID controller could be simplified into a PD controller
with integral gain K; = 0. The complete position and attitude controller was developed to follow
a circular trajectory with values K, of 0.8 and K of 0.7, for which the Simulink block diagram
is presented in Fig. 5. These gains of the PD controller were used as a set of operation points for
the roll and pitch control. Fig. 9. shows the comparison between the performance of the system
with PD controller and the reference angle. The variable position output is explained on each
axis in which x-axis position is called roll position and y-axis position is called pitch position.

1
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Figure 9: Quadcopter Attitude with PD control system. (a) Pitch and roll angle (b)Trajectory
position

The influence of using PD control is very clear where overall output is almost identical to the
reference, establishing an proper movement on circular trajectory. This data attest that the final
values of proportional and derivative gain control can maintain proper operation on pitch and
roll angles with maximum overshoot value no more than 7 % which occurs on the third quadrant,
between 4 to 6 seconds of settling time. This circumstance is producing a shift in position on
the trajectory as large as 0.12 m.

The system using the PD control on roll and pitch axis has achieved a satisfying response in
circular movement, and then PD control system was replaced with the Fuzzy-PID control system
to study the difference. A Fuzzy-PID controller structure with feed forward loop was designed
to obtain stabilization at steady state. The Fuzzy rules for pitch and roll angles are alike and
the values of Fuzzy-PID sets used for the controllers are also identical. These values can be
determined by an adaptive trial and error method. The values of Fuzzy sets for K,y and Ky are
0.288 and 0.33 respectively.Fig. 10. shows the modeling result of horizontal balancing control
system on the pitch and roll axis. In the settling time between 0 to 8 seconds, the horizontal
balancing control system on the roll axis can maintain the position/angle as well as on the yaw
axis. This result shows that the Fuzzy-PID control system is better than the PID control system
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Figure 10: Quadcopter attitude with Fuzzy-PID control system. (a) Pitch and roll angle (b)
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with a position shift less than 0.05 m and good flight stability on circular movement. This means
that the fuzzy logic system can be used to change the output position to the different moments
of control coefficients which can be done in the presence of fuzzy control along with the PID
control [6]. It can be concluded that both systems are usable in this system and the difference
between PID and Fuzzy-PID controller only causing a small error in a no-disturbance condition,
allowing the quadcopter to move on the desired circular trajectory.
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Figure 11: Attitude control system with disturbance parameter. (a) PID (b) Fuzzy-PID

To find out more about the difference between the two control systems on the quadcopter, a
disturbance parameter of wind with 2 m/s velocity was added with various combination of wind
direction. Discrete gust wind models were used with gain values of 3.5, 3.5, 3.5 m/s and gust
wind lengths of 120, 120, 80 m on each axis. Gust wind length is the rise time needed to build up
gust wind which expressed with length in each axis. The result of changes in pitch and roll angles
with wind directions on each axis can be seen in Fig. 11. Disturbances affect the angle alteration
in pitch and roll movement, thus resulting in greater tilt angle of the quadcopter. For a deeper
analysis, Fig. 12. shows the detail of changes in quadcopter flight position with various wind
directions. During the circular movement with wind effect in x- and y- directions, each control
system has different behavior. In case of the PID control system, the shift in pitch and roll angles
of movement happens almost at every settling time, but significant error in position occurs after
5 seconds of settling time. Overall the fourth quadrant witnesses the maximum angle alteration
of 0.14 radians from the reference angle and a maximum position shift of 0.1 m. In the case of the
Fuzzy-PID control, it can be clearly seen that the angle alteration happens in each position. This
results in a wider flight position than the determined reference. The larger the settling time, the
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Figure 12: Results obtained with attitude control system with disturbance on each axis. (a) PID
(b) Fuzzy-PID

greater the error of position shift will be. This principle applies for every combination of wind
directions. Under wind effects in x- and y- direction, the position shift occurs accordingly and
this result shows that the quadcopter can still maintain the position of the movement on circular
trajectory. Details of position shift are as follows: maximum angle alteration of 0.17 radians and
a position shift of 0.08 m, occurred in the third and fourth quadrant. Due to the symmetrical
shape of quadcopter between X- and Y-axis, the angle alteration between roll and pitch must
be linear so as to keep the position on a circular trajectory. When the control sistem exposed
with disturbance parameter, which is the common occurence in real environments, the Fuzzy-
PID is more reliable because it has the response system design through if-then logic parameters
combined with adaptive PD control for error adjustment.

5 Conclusions

Quadcopter attitude movement modeling on a circular trajectory can be performed based on
the Newton Euler kinematic model. A control system for continuous movement of the quadcopter
is necessary to guarantee the quadcopter stability when maneuvering, where there are continuous
change in pitch and roll angles. Without a control system, large amounts of overshoot were
distinctly observable in the attitude movement in horizontal plane. To reduce the error, PID
or Fuzzy-PID control can be added into the quadcopter movement modeling algorithm. In the
case of the PID control system, only components proportional and derivative were needed to
maintain quadcopter flying position stability. PD controller has maximum position shift of 0.12
m on the circular trajectory, whereas in the case of Fuzzy-PID control system the shift is only
0.05 m. This means that the quadcopter still moves on circular trajectory without significant
error. Wind disturbances affect both control systems and significant error occurs in the third and
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fourth quadrant. Under wind disturbance of 2 m/s, the Fuzzy-PID control system can maintain
the position on the circular trajectory better than the PID control system, with just 0.03 m
of maximum position shift when compared to no disturbance. The Fuzzy-PID control system
works as an adaptive PID controller, the tracking response is automatically adjusted based on
the Fuzzy inference rules which allow comparing two inputs received by the Fuzzy control system
so it can adapt to possible errors and avoid overshoot. Conclusively, the Fuzzy-PID controller is
superior to the PID controller in which manual gain adjustment has a crucial role in quadcopter
flight stability.
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