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ABSTRACT

T his work is concerned with designing two types of controllers, a PID and a Fuzzy PID, to be used
for flying and stabilizing a quadcopter. The designed controllers have been tuned, tested, and
compared using two performance indices which are the Integral Square Error (ISE) and the Integral
Absolute Error (IAE), and also some response characteristics like the rise time, overshoot, settling
time, and the steady state error. To try and test the controllers, a quadcopter mathematical model has
been developed. The model concentrated on the rotational dynamics of the quadcopter, i.e. the roll,
pitch, and yaw variables. The work has been simulated with “MATLAB”. To make testing the
simulated model and the controllers more realistic, the testing signals have been applied by a user
through a joystick interfaced to the computer. The results obtained indicated a general superiority in
performance for the Fuzzy PID controller over the PID controller used in this work. This conclusion
is based by the following figures: 70%, 70%, and 52% lesser ISA for the roll, pitch, and yaw
consequently, 70.5%,70.5%,56.4% lesser IAE for the roll, pitch, and yaw consequently,
53%, and 80.6% lesser rise time and settling time for the roll and pitch consequently, and 77%
lesser settling time for the yaw. Moreover, the FPID gave zero overshoot versus 18%, 18%,
and 25% in the PID case for the roll, pitch, and yaw consequently. Both controllers gave zero steady
state error with close rise times for the yaw. This superiority of the FPID controller is gained as the
fuzzy part of it continuously and online adapts the parameters of the PID part.

Key words: unmanned aerial vehicle quadcopters, quadcopter modeling, PID controller, fuzzy PID
controller, performance indices.
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1. INTRODUCTION

In control, modeling represents a very important issue as it can serve the process of system testing,
analysis, as well as the design process. It reduces effort, cost, problems, and provides the possibility
of getting fair solutions in considerably shorter times. Mathematical modeling of systems provides
the possibility of numerical simulation with computers with its well-known capability and software
versatility which eases and speeds up the test, analysis, and design of well controlled systems that
obey the targeted performance objectives. That is why a lot of efforts have been done through
simulation work. Some of the researches focused on modeling the quadcopter Benic, et al., 2016.
Some concentrated on developing and evaluating different controllers Anjum, et al., 2016, Ribas
and Engel, 2014. Abbasi, and Mahjoob, 2013. Bouadi, et al., 2007. and Harrag, et al., 2012. And
some dealt with the two issues, i.e. the model and the controllers, Mahdi, 2006. Bouabdallah,
2007. Brito, 2009. and Basta, 2012. In addition, practical implementation issues got part of the
research interest, Hystad, 2015. as well as the trajectory tracking problems, Luis, 2016.

In this work, a mathematical model will be derived specifically for the quadcopter rotational
dynamics. The derivation will be carried out using Newton Euler equations. The quadcopter model
will be then, through simulation and software, used in the process of testing the quadcopter action
and designing and trying different controllers that can help in achieving the goal of flying the
quadcopter accurately and stably. For the control part, two controllers are used, the Proportional+
Integral+Derivative (PID) controller, and the fuzzy PID controller. The controllers are to be
designed to achieve the goal of flying the quadcopter accurately and stably.

For evaluating the controllers’ performance and to compare among them, four response
characteristics will be used which are the rise time, the overshoot, the settling time, and the steady
state error. That is besides two performance indices which are the ISE and the IAE.
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2. THE QUADCOPTER MODEL
Before derivation, some important relevant terms and concepts will be defined or clarified.

2.1 Definitions

i-The coordinates system: There are two coordinate systems; Earth frame and Body frame, Mahdi,
2006. These two frames are shown in Fig.1

ii- Kinematics description model: In this description, any point in the body frame can be defined
with the following relation:

S=R=*v

where; S represents the displacement vector in the Earth frame, R represents the rotation matrix, and
v represents the displacement vector in the body frame. The velocity equation is found through
derivation of the displacement equation.

iii - Dynamics description model: the dynamics of a quadcopter can be derived by Lagrange Euler
equations and Newton Euler equations. The dynamics of the quadcopter take into consideration the
mass and the moments of inertia about the axes.

2.2 Notes about modeling the quadcopter

The motion of the quadrotor can be divided into two subsystems; rotational subsystem (roll, pitch
and yaw) and translational subsystem (z, x, and y positions), and as shown in Fig.2, It is worth it to
mention that the rotational subsystem is fully actuated while the translational subsystem is under-
actuated Nagaty, et al., 2013.

The aim here will be the model derivation of the rotational subsystem of the quadcopter
dynamics, that is, developing the equations of the roll (¢), pitch (8), and yaw (y) for the
quadcopter. In the derivation, the quadcopter body and earth fixed frames considered in the
derivation are shown in Fig.1. In this figure, B represents the body fixed frame, and E represents the
earth fixed frame. The quadcopter orientation in space is given by a rotation from B to E, and as
clarified in Fig.1.

2.3 Modeling with Newton-Euler equation

The mathematical model for the quadcopter dynamics and motion could be developed either using
either Euler Lagrange equations or Newton-Euler equations. The results obtained in both cases will
be the same, but the procedure with the Newton-Euler equations is shorter, and that is why it will be
used in this section.

In order to derive a model for the quadcopter motion, the various moments and forces on the
quadcopter must be taken into consideration. Both forces and moments on the quadcopter can be
derived using Newton-Euler equations and as given in Eq. (1).

- A Bl

13*3 w WXIW
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where; m represents the mass of the quadcopter, v represents the linear acceleration vector, w
represents the angular acceleration vector, F represents the force vector acting on the quadcopter, T
represents the torque vector acting on the quadcopter, all with the respect to the body frame,
and I5,5 represents the moments of inertia matrix and is given as:

I, 0 0
I=(0 Ly 0 )
0 0 I,

The equations for the quadcopter motion can be developed using Eq. (1), with the individual
moments and forces described for all degrees of freedom Schmidt, 2011.
From Eqg. (1), the equivalent moments' equation is given by:

T=1Iw+ (wxIw) (3)
To Ixx 0 0 ¢ o . , . .

To|=[0 Iyy 0=x|g|+[(dr+6j + ¥k)x (Ixx ¢ + Iyydj + Izz¥k ) (4)
Ty 0 0 Izz 1/

where i X i =0, j X j =0and k x k =0, the moments for the roll, pitch, and yaw are obtained:

To| [lx®] [09Uzz = Lyy)
To| = Iyye + q)lp( Ly — 1;7) (5)
TLP Izzlp d)é(lyy - Ixx)

the moments acting round X, y, and z axis are given by:

Tx = bl (—02,% +02,° +05°—0,%) (6)
Ty = bl (—02,° —02,° +03°+02,%) 7)
T = d (—02,°4+02,° —0:°+0,%) )

where; b represents the thrust factor of the quadcopter, d represents the drag factor of the
quadcopter, [ represents the distance from the center of gravity to the center of a motor, and
(02,%0,% 0% and 0,°) represents the squared angular velocities of the propellers. The given
moment equations are for “X” configuration adopted in this work. Some researches, like
Gopalakrishnan, 2016, adopts the “+” configuration.

The configuration used for the quadcopter is the (X) configuration and as depicted in Fig.3.
Considering this configuration, the speed equations are given by the following equations:

2,% = Throttle — Ur- Up — Uy 9)
02,% = Throttle + Ur - Up + Uy (10)
023 = Throttle + Ur + Up - Uy (11)
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02,2 = Throttle - Ur + Up + Uy (12)

where; Ur,Up,and Uy represents the control signals for each of the roll, pitch, and yaw motion.
These equations take the correction command for the roll, pitch, yaw and throttle and combine them
in a way to allow all corrections be sent to the motors. An important point to state here is that the
signals of all parts in all of the equations depend on each axis reference as well as where each motor
is located Ribas, and Engel, 2014.

The gyroscopic effect resulting from the propellers rotation for roll is defined as:

The gyroscopic effect for roll = —Jr x wy(—=02; — 25 + 2, + Q)
and, the gyroscopic effect resulting from the propellers rotation for pitch is defined as:
The gyroscopic effect for pitch = Jr * wx (=2, — 025 + 02, + 2,)

where; wx, wy represents the body axis angular rate, and Jr represents the rotor inertia of the
quadcopter. And considering that:

T¢ Tx
To|=1Ty (13)
T‘P Tz

The following equation can be obtained:

Ixx(T) Tx éliJ(Izz - Iyy)
Iyyé = TY - q)Lp( o ) (14)
IzzqJ Tz d)é(lyy — L)

Then, the dynamics of the subsystem can be written as follows:

(]..'5 _ [él;v(lyy—lzz) ] Tx  Jrewyx (—01— Q3+ 03+04)

Lx + Inex Lyx (15)
i = [ l{U(i)(lzz—lxx)] n Ty n Jre wxx (—021— Q3+ 2,+024) (16)
-y Iyy Iyy
17 0 pUxx—Iyy) Tz
Y =] . ]+ L a7

Although this work is based on the dynamics given by Egs. (15) to (17), it is important to state that
many researchers, like Kotarski, et al. 2016. and Bresciani, 2008. simplify the dynamics by
keeping the terms with the moments and ignoring the others. Such simplifications are based on
justifications which in turn are based on assumed conditions. For example, ignoring coupling terms
is justified by assuming the motion of the quadrotor to be close to the hovering condition, which
means small angular changes occur (especially for roll and pitch). And so, these terms can be
simplified because they are smaller than the main ones. In reality, to work close to the hovering
condition can help a lot in analysis and design. One other simplification example based on the
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“close to hovering” condition, is that the angular accelerations which are referred to the angles of
the quadrotor measured in its fixed frame, can be referred directly to the Euler angle accelerations
that are referenced to the earth frame.

3. THE QUADCOPTER MODEL WITH THE CONTROLLERS

To test the quadcopter rotational dynamics and control its rotational variables ¢, 8,and ¢, the

closed loop control system shown in Fig.4 has been suggested.

Before going into the controllers details, some important points will be clarified about the system:

» The system outputs or controlled variables are ¢, 8, and .

» There are three input signals to the system which are ¢4, 8,; and ¥,. These signals represent the
desired values for the outputs

» The throttle signal is intended to play the role of the control signal responsible for altitude
control. And as the simulation is intended for the quadcopter rotational dynamics, the throttle
value is kept constant throughout the simulation.

» During testing the quadcopter model and the controllers used, the input signals (¢4, 8and ¥, )
will be input to the computer by a user through a joystick connected to the computer. This
arrangement is used to resemble the actual case when a person is controlling a real quadcopter
through a joystick.

» The (X) configuration will be used for the quadcopter and as depicted in Fig.3.

3.1 The PID and the Fuzzy PID Controllers

In this part, two controllers will be suggested for controlling the quadcopter. A justification for this
suggestion will be given, and an analysis for its performance will be covered, and also their
feasibility will be discussed.

The PID control is one of the early used control methods. Its first version was an analog
pneumatic one, and its latest version is the digital PID that is implemented as software. The PID
with the proportional, derivative, and integral manipulation of the error signal, represents a mixture
that aims at fast response with minimum overshoot and minimum if not null steady state error
Ribas, and Engel, 2014.The reason for the wide and surviving use of PID is because it offered an
easy structure that was simple to understand and operate with, and the more important is that it does
well with a lot of systems Basta, 2012. Not for just this reason the PID has been adopted in this
research for quadcopter fly control, but for many other reasons, like:

» Itis still an efficient controller that can meet, when tuned, the design objectives (not for just the
quadcopter, but for a lot of other systems).
It has some sort of robustness.
It can be tuned manually or with many procedural methods.
It is easy to implement by software in real time applications.
Its execution time is small which makes it suitable for real time applications with strict timing
conditions.
The huge number of researches and researchers, it is considered as a reference to compare the
performance of other controllers with it.
To do well, the PID controller must be tuned. Different methods exist for tuning like the manual,
Tyreus-Luyben, close loop Ziegler-Nichols, open loop Ziegler-Nichols, damped oscillation, Cohen-

Y VVVYVY
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Coon, and C-H-R Shahrokhi, and Zomorrodi, 2010. Besides these methods, there are newer ways
that depend non classical optimization methods, and the GA algorithm is just one of many
examples.

The approach of the tuning methods mentioned above is to tune the controller parameters and
then use them in the real time work of the system. A different magnificent way of tuning is
introduced with the fuzzy PID controller. With this controller, the fuzzy logic part continuously
tunes and adjusts the PID parameters while the controlled system is in its actual long run real time
work. In other words, the Fuzzy part adapts the PID parameters moment by moment at each
sampling instant. Although some concentrates when talking about tuning methods on the capability
of minimizing cost and training time, like Dicesare, et al.,2009. who suggests the use of Ziegler-
Nichols method or the manual method, in the opinion of researchers in this paper, it is more
important to get a method with adaptive online tuning that provides the controller with capability of
self-adapting to go on with the nonlinear nature of the quadcopter dynamics and other external
effects, for example. The Fuzzy logic is nonlinear and can adapt tuning to suffice the quadcopter
control needs, as will be seen.

A lot could be found in the literature about the PID controller and the fuzzy logic Seidabad, et
al., 2014. Abbasi, and Mahjoob, 2013. Tanaka, 1996. Ross, 2010. and Harris, 2000. and so, the
focus here will be on issues relating to use them.

3.2 The Quadcopter System with the PID Controller

The overall control system for the quad copter with the PID controllers for the three basic
quadcopter motions, roll, pitch, and yaw is shown in Fig.5 Three controllers’ outputs are used to
control these variables; Ur, Up, and Uy respectively. These three control signals together with the
“throttle” signal will be used to calculate the actual signals needed to control the quadcopter four
motors, and as given by Egs. (9) to (12).

3.2.1 The roll controller
The PID control equation for the roll of the quadcopter is defined by:

de(t)

Ur = K¢y * e(t) + K+ [ e(D) dt + Kpg + = (18)
The error equation is given by:
e(t) = (¢a—9) (19)

where; K¢, ,K¢p;, and K¢, are three roll PID controller parameters, ¢, represent the roll desired
value, and ¢ represent the roll actual value.

3.2.2 The pitch controller
The PID control equation for pitch of the quadcopter is defined by:

de(t)

Up = K6, * e(t) + KO, fote('[) dt + K0, * (20)
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The error equation is given by:

e(t) = (6a—0) (21)

where; K6,, K6;, and K6, are the three pitch PID controller parameters, 6, represents the pitch
desired value, and 6 represents the pitch actual value.

3.2.3 The yaw controller

The PID control equation for yaw of the quadcopter is defined by:

de(t)

Uy = K * e(t) + Ky * [;e(T) dt + Kipg + = (22)
The error equation is given by:
e(t) = (Wa—¥) (23)

where; K\{s,,, K\{s; ,and K\{; are the three yaw PID controller parameters, i, represent the yaw
desired value, and 1 represent the yaw actual value.

3.2.4 PID manual tuning procedure

In this method, which is much like Ziegler-Nichols method, the tuning takes place while the system
is running. Initially, K; and K, values are set to zero, and K, value is changed until the output of the
loop oscillates. The value of K, should be set to half of the value that caused the oscillation. Then
K; value is to be changed to minimize settling time without causing instability. Finally, the K, value
is to be changed until the overshoot is as small as possible without damping the system. The
advantage of this method lies in that the PID parameters can be changed online; and no calculations
are needed. The main disadvantage is that it is not as precise as other methods Dicesare, et al.,
2009.

3.3 The Quadcopter System with the Fuzzy PID Controller

The overall control system for the quad copter with the Fuzzy PID controllers for the three basic
quadcopter motions, roll, pitch, and yaw is shown in Fig.6. The FPID controller contains two parts,
the fuzzy logic tuner, and the PID controller. The fuzzy part is used to tune the PID controllers’
parameters. Each fuzzy tuner system contains two inputs; error and error derivative, and three
outputs; K, K; and K. The triangular membership function has been used for each of the inputs and
the outputs and for all of the controllers. The inputs, the error and the error derivative, are defined
by five membership functions: NB (negative big), NS (negative small), Z (zero), PS (positive
small), and PB (positive big). On the other hand, each of the outputs is defined by three membership
function: S (small), M (medium), and B (big). The range of the fuzzy set for the error input has been
chosen as [-2, 2], and for the error derivative as [-4, 4]. Fig.7 shows the membership functions for
the inputs.
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The range for the outputs fuzzy set has been chosen as follows:

> [1, 75] for K,, and is the same for roll, pitch, and yaw, and as indicated in Fig.8.

> [0, 0.02] for K;, and is the same for roll, pitch, and yaw, and as indicated in Fig.9.
> [2, 18] for K4, and is the same for roll, and pitch, and as indicated in figure Fig.10.
> [36, 72] for K, for yaw case and as is indicated in Fig.11.

After defining the inputs and the output for each fuzzy tuner, the next step is to set the rules base.
In this case, 25 rules are needed. This is because there are two inputs each of which contains five
membership functions. The number of rules equal five multiplied by five. Tables 1 and 2 show the
rules for K,,, K;, and K, for each controller.

The outputs of each fuzzy tuner system provide gains values for the PID controllers used to
control the roll, pitch, and yaw of the quadcopter. After using the fuzzy tuner to calculate the
optimal gains, these gains are used by the PID controllers to find the Ur, Up, Uy control signals via
the three closed control loop as shown in Fig.6 These three control signals, together with the
“throttle” signal, will be used to calculate the actual signals needed to control the quadcopter four
motors, and as given by Egs. (9) to (12).

4. THE SIMULATION RESULTS

The quadcopter model and the controllers developed in sections 2 and 3 will be simulated and
results will obtained using “MATLAB” software. The outputs or the controlled variables will be the
roll, pitch, and yaw. The desired values for these variables will be entered to the “MATLAB”
environment through a joystick interfaced to the computer running the “MATLAB” to resemble of
actual quadcopter control, Fig.12 shows the joystick and the computer used.

The quadcopter parameters used in the simulation are given in Table 3. These parameters are
based on a quadcopter designed and built by the researchers of this work.
To get close to a realistic situation, the quadcopter model parameters used in the simulation are
those of an actual quadcopter being designed and implemented by the researchers of this work.

4.1 The Result Obtained with the PID Controller

In this case, each parameter of the PID controller has been tuned to get a stable system and
improved performance. Tables 4 and 5 show the parameters values for each of the PID controllers,
and Figs. 13 to 15 show the response for each PID controller.

4.2 The Fuzzy PID Controller

In this part, the fuzzy logic system has been used to tune the PID controller’s parameters in such a
way to get a stable response with good characteristics. Figs. 16 to 19 show the parameters for each
PID controller during the tuning/response time. Figs. 20 to 22 show the quadcopter responses for the
roll, pitch, and yaw signals.

5. PERFORMANCE EVALUATION

Two performance indices have been used to judge the performance of the two controllers used. The
two indices are the Integral Square Error (ISE) and the Integral Absolute Error (IAE). The time over
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which each of these two indices has been measured is (20 seconds) for the roll and pitch cases, and
(40 seconds) for the yaw case. Table 6 shows the values for the ISE and the IAE for each controller,
with attention to that the results obtained for the PID controller regards the PID after being manually
tuned.

Moreover, the system performance has been evaluated using four response characteristics which
are the rise time, the overshoot, the steady state error, and the settling time. The results obtained are
summarized in Table 7. It must be pointed out here that the results obtained for the PID controller
regards the PID after being manually tuned. The results given in Tables 6 and 7 indicates a clear
superiority of the FPID.

6. RESULTS DISCUSSION

The results obtained for controlling the rotational dynamics variables, the pitch, the roll, and the
yaw, with the PID controller have been compared to those obtained with the FPID controller to
judge the performance of each controller. Doing the comparison required calculating some
performance indices and response characteristics and as given in Tables 6 and 7. The comparison
indicates that the FPID is more capable than the PID in reducing the ISA and the IAE. And this is
true whether for the roll or the pitch or the yaw. Also, the FPID showed the capability of reducing
rise and settling times and at the same time reducing the overshoot in the response. This was the
case for the pitch and the roll. For the yaw case, the FPID managed to reduce the settling time and
the overshoot, but with no improvement regarding the rise time. Considering the steady state error,
both of the controllers managed to eliminate it.

The percentage of improvement in the responses, with the FPID controller, for the different
evaluation cases considered ranged (approximately) between 50% and 80%.

The main feature of the FPID which gave it this efficiency is its capability in adapting the PID
parameters from sample to sample, and so, giving it the capability to cope with changes in the
system working conditions keeping in mind that it is a nonlinear one. It is important to point out
here that the fuzzy part of the FPID, could itself be tuned to be capable of achieving better tuning of
the PID part.

7. CONCLUSIONS

In this work adopted the software simulation approach and aimed at testing, evaluating, and
comparing two controllers, namely the PID and the FPID, when used to control the pitch, roll, and
yaw of a quadcopter. Two performance indices, the Integral Square Error (ISE) and the Integral
Absolute Error (IAE), and four response characteristics, the rise time, the overshoot, the settling
time, and the steady state error, have been used for evaluation and compare. The obtained results
indicated a superiority in performance for the FPID over the PID, and this is because the FPID
involves continuous adjusting of the PID parameters over the entire response time to cope with the
changing situation in a way to achieve best possible response. This conclusion about performance
superiority is based by the following figures that are calculated using the results obtained:
70%, 70%, and 52% lesser ISA for the roll, pitch, and yaw consequently, 70.5%, 70.5%, 56.4%
lesser IAE for the roll, pitch, and yaw consequently, 53%, and 80.6% lesser rise time and settling
time for the roll and pitch consequently, and 77% lesser settling time for the yaw. In addition, the
FPID gave zero overshoot versus 18%, 18%, and 25% in the PID case for the roll, pitch, and yaw
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consequently. Apart from this, both controllers gave zero steady state error with close rise times for
the yaw.

The FPID fits quite great for simulation cases. For control of quadcopter in real time, the
processing unit must be capable and fast enough to compute the control signals using the FPID
controller. And this is because the computations needed for the FPID controller is much greater than
that for the PID.

One more important thing to point out is that the fuzzy part itself could be tuned with the aim of a
compromise between an improved efficiency and a reduced computation time.
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Table 1. The rules for K,, and K; for each of the three PID controllers.

e

de NB NS Z PS PB
NB M S S S M
NS B M S M B
Z B B M B B
PS B M S M B
PB M S S S M

Table 2.The rules for K,; for each of the three PID controllers.

e
x NB NS z PS PB
NB M B B B M
NS S M B M S
Z S S M S S
PS S M B M S
PB M B B B M
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Table 3. The parameters of the quadcopter.

Parameter Description Value Units
m mass 0.79 kg
I Distance from the center of 0.27

gravity to the center of a motor ' m

Ly Roll inertia moment 7.035 x 1073 kg x m?
L,y Pitch inertia moment 7.035 % 1073 kg * m?
I,, Yaw inertia moment 1.4 %1072 kg * m?
I, Rotor inertia 6.5* 107° kg * m?
b Thrust factor 3.13 %1075 -
d Drag factor 7.5%1077 -

Table 4. The tuned simulation parameters of the PID controllers for roll and pitch cases.

Parameter Value
kp 3
kg, 2.5

Table 5. The tuned simulation parameters of the PID controller for the yaw case.

Parameter Value
kp 10
k; 0.01
k, 18

Table 6. The ISE and IAE values for the responses with the PID and the FPID controllers.

Controller ISE IAE
Roll PID 0.5702 0.9852
Pitch PID 0.5702 0.9852
Yaw PID 1.834 3.554

Roll fuzzy PID 0.1747 0.2998
Pitch fuzzy PID 0.1747 0.2998
Yaw fuzzy PID 0.8836 1.55
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Table 7. The response characteristics values with the PID and the FPID controllers.

Roll and PID FPID PID FPID
_ Yaw case
Pitch cases | controller | controller controller controller
Rise time Rise time
1.7 0.8 4.5 4.7
(sec) (sec)
Overshoot Overshoot
0.18 0 0.25 0
(%) (%)
Steady state Steady state
0 0 0 0
error error
Settling time Settling time
49 0.95 25 5.73
(sec) (sec)
YB XB
ZE -
t
j'/’ Body Frame

Earth Frame

T
e

<& H‘x\‘

XE

Figure 1. Body and earth fixed frame.
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Quadcopter dynamics

U1(Altitude control signal)

Translational subsystem _)

U2,U3(Attitude control signal)y
1
U4 (Heading control signal) |

Rotational subsystem

Figure 2. The quadcopter dynamics subsystems being given within a general block diagram for a
quadcopter control system.

W

coww

- Roll

+ Roll

- Pitch cow

Figure 3. Quadcopter (X) configuration.
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Figure 4. A picture giving an overall depiction of the closed loop quadcopter control system.
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Figure 7. The membership functions for the inputs.
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Figure 8. The membershlps for the parameter K, for roll, pitch, and yaw cases.
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Figure 9. The memberships for the parameter K; for roll, pitch, and yaw cases.
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Figure 10. The memberships for the parameter Kd for roII, and pitch.
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Figure 11. The memberships for the parameter K, for yaw case.

Figure 12. The joystick interfaced to the computer for inputting the desired roll, pitch, and yaw
values.

90



Number 7 Volume 23 July 2017 Journal of Engineering

15

—Roll setpoint

/ \ —Roll actual

o
wn

Roll (rad.)
_—
)

{

\

N
—1‘50 5 10 15 20 i 25 30 35 40 45 50
time (Sec)
Figure 13. The roll signal Response.
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Figure 14. The pitch signal Response.
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Figure 15. The yaw signal Response.
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Figure 16. The k, and k,values for the roll and the pitch signals for the fuzzy PID controller case.
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Figure 17. The k; value for the roll and the pitch signals for the fuzzy PID controller case.
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Figure 18. The k,, and k, values for the yaw signal for the fuzzy PID controller case.
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Figure 19. The k; value for the yaw signal for the fuzzy PID controller case.
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Figure 20. The roll response for the Fuzzy PID controller case.
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Figure 21. The pitch response for the Fuzzy PID controller case.
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Figure 22. The yaw response for the Fuzzy PID controller case.
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