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Abstract: Fuzzy gain-scheduled PID (FUuGSPID) controllers have attracted significant interest in contemporary
research. This paper provides mathematical description help to reduce the code program for a Fuzzy gain-scheduled
controller FUGSPID that is subsequently used to stabilize the altitude of a home-constructed Quadcopter. The subject
particle swarm optimization approach was employed to optimize the fuzzy output sets of the controller. MATLAB
was used to generate the dynamic model, the FUGSPID, and the optimization. A simulation exercise revealed that the
new parameters employed in the FUGSPID that were generated as a result of the particle swarm optimization produced
fewer trajectory tracking errors. Fuzzy systems are required to process large volumes of tasks and processes. This
subsequently impedes the performance of the microcontroller. In light of this, this paper outlines a mathematical
description that can potentially reduce the algorithm code employed in the FUGSPID controller and, thereby, making
it more intuitive and reducing the processing speed of the microcontroller and reducing the sampling time of the
controller and the whole flight controller. The findings of this study revealed that the mathematical description it be
useful to reduce instruction of fuzzy controller program to implement it in low cost microcontroller and tested

effectively for a quadcopter altitude stabilization.

Keywords: Quadcopter dynamic, Fuzzy control, Particle swarm optimization, Microcontroller.

1. Introduction

In more recent times, scientists have focused on
the development of an effective control algorithm
that can be used with unmanned aerial vehicles
(UAVs) as a means of improving their performance
in civil and industrial applications. UAVs engage in
two types of flying: horizontal and vertical. For the
purposes of the current study, vertical flying was
selected on the basis that it can hold a steady position
at an altitude and offers hovering stabilization.

PID (proportional integral derivative) controllers
play a fundamental role in control applications and
theories. They have attracted the attention of many
researchers  because they have real-world
applications in a range of fields spanning both civil
and industrial applications. The primary issue with
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PIDs is that they are not particularly suitable for
nonlinear systems. Furthermore, their performance
cannot be guaranteed in an evolving environment.
For the purposes of the study outlined in this paper, a
subject was selected and transformed into a hybrid in
combination with a PID controller. This makes it
possible to track a required reference under a variety
of environmental conditions. The fuzzy logic
artificial intelligence form was employed in this
study to assist us to develop a FUGSPID controller.
The configuration for the proposed controller was
developed by applying Particle Swarm Optimization
of FUGSPID with the objective of controlling altitude
stabilization. The self-constructed quadcopter that
was used in previous papers was used in the current
study. The steps outlining the experimental setup are
outlined in [1, 2]. The plan of work was divided into
two modes: simulation mode and experiment mode.
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The simulation mode was tested in the MATLAB
environment, and executed through a dynamic model,
which is described in [1, 2]. The use of FUGSPID to
maintain the altitude of the quadcopter was discussed
in previous work, and the configurations are outlined
in [3-5]. These configurations were programmed in
Simulink after the simulation revealed positive
results. The main part of this paper describes the
Particle Swarm Optimization algorithm that was
added to the simulation project to optimize the
subject and subsequently identify new parameter
values for FUGSPID. The index that will be used for
the purposes of the comparative criteria will be
formed of an integral of the square error between the
achieved altitude and the desired altitude of a
guadcopter. The second stage will involve the real-
time implementation of the parameters that were
obtained during the first phase to validate the
performance of these parameters. This stage of the
research will assist the generation of a mathematical
model that will subsequently be used to implement
the FUGSPID code such that it is efficient. The code
will be implemented on Teensy 3.2 to stabilize the
guadcopter, which was validated in prior studies [1,
2, 6].

Particle Swarm Optimization (PSO), which was
first introduced by Kennedy and Eberhart in 1995[8],
is a population-based approach that is used to identify
an optimal solution for an objective function [7]. The
swarm aspect of the model is formed of “n” particles,
with the position of each particle representing a
feasible solution in space. The conditions of the
particles vary according to three control objectives:
inertia, the position of the particles in terms of the
optimal position, and control of the particle velocity.
The optimal position influences the position of each
particle in the swarm. This optimal position is derived
from the particle’s individual experience and its
global best position in terms of its neighborhood. The
PSO is underpinned by multiple algorithms [9, 10].
In the current study, the integral of the square error
(ISE) represents the fitness function (objective
function). This, in addition to the constriction
coefficient [7, 11] method has been used in prior
papers [12, 1] and has generated positive results.

The study will aim to enhance the performance of
FuUGSPID controllers further to achieve advanced
control within the system of interest. In [13], moving
target-tracking will be performed for a Quadcopter
using two different approaches, the performance of
each of which will subsequently be compared. The
first approach will involve linearly adjusting the
proportional gain of the PID controller, while the
second approach will involve a hybrid of the fuzzy
logic to adapt the gain of the proportional and integral
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controller, referred to as Fuzzy-Pl, control
approaches. These approaches will be implemented
on Arduino Duo (84Mhz clock) and wired to a Pixy
camera, which will transmit the generated trajectory
for each 20ms to the Pixhawk autopilot that positions
the Quadcopter. In [14], researchers performed
trajectory tracking control of a quadcopter using
Genetic Algorithm, Particle Swarm Optimisation,
and Artificial Bee Colony to self-tune the Fuzzy
Logic Controller that was implemented on a drone.
[15] proposed a combination of a nonlinear controller
and a PID controller to enhance the altitude
stabilization of a Quadcopter. Again, the controller
was installed on the Pixhawk autopilot that drove the
Quadcopter. [16] proposed a safe landing system for
a Pixhawk autopilot that was based on fuzzy logic
that was implemented on Arduino Mega(16Mhz).
This was connected to a laser rangefinder sensor to
improve the efficiency of altitude sensing. The
control loop to support safe landing was updated
every 200ms. [17] proposed the use of a Fuzzy-PID
controller for the purpose of tracking the trajectory of
a Quadcopter. The Fuzzy-PID controller was
compared with a traditional PID controller and Fuzzy
controller. The performance of all the controllers was
simulated using MATLAB software. [18] proposed
the development of a controller for attitude
stabilization that offered a hybrid of particle swarm
optimization and fuzzy logic to achieve optimized
PID gains within a brief period. The controller was
subsequently tested in MATLAB. [19] presented a
dynamical model of the quadcopter that was based on
Newton-Euler equations. This study involved a fuzzy
system that automatically adjusted the PD to achieve
controller gains, a classical PID controller, and a
fuzzy controller. The system also incorporated a
fuzzy system that made automatic adjustments to the
controller gains of the PD to stabilize the quadcopter
and control the altitude at which it flew. The Takagi-
Sugeno inference mechanism fuzzy inference type
was employed in this study and was validated in a
MATLAB\Simulink environment. [20] proposed
additional membership functions to distribute the
input and output of the Fuzzy Gain Scheduling of the
PID Controlled Quadrotor for Payload Drop
Missions. This was then compared to the
performance of linear gain scheduling of the PID and
a classical PID controller. The wvarious control
strategies involved were installed in an Arduino
MEGA2560 autopilot that controlled the quadcopter.
[21] proposed a hybrid of different variations of the
PSO and fuzzy logic to achieve gain scheduling of a
PID that controlled a quad-tilt wind. The optimized
algorithm fuzzy gain-scheduled GS-PID controllers
were simulated within a processor-in-the-loop
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framework. The PSO in this work tuned the inputs
and outputs of the fuzzy logic system that is
responsible for adjusting the PID gains. [22]
presented a comparative study that compared the
performance of a fuzzy gains scheduled PID
controller with that of a classic PID controller that is
in common use within the process control industry.
[3] described the development of a PID and Fuzzy-
PID Control Model that was designed to stabilize a
Quadcopter. MATLAB was used to simulate the
performance of the models. [4] proposed a FUGSPID
to stabilize the altitude of a quadrotor in the Presence
of Actuator Faults.

According to the existing literature, FUGSPID
controllers have been specifically designed for
altitude stabilization; however, the methods
developed were not able to achieve the right
optimization. For this reason, Particle Swarm
Optimization was incorporated. Fuzzy logic typically
incorporates a variety of parameters and
conditioning; as such, the coding algorithms involved
are relatively complex. The size of the algorithms
undermines performance and reduces the speed at
which a low-cost microcontroller responds through
the Teensy development board. To overcome this
challenge, we suggested an algorithm that reduces the
C++ coding programs for the FUGSPID controller to
achieve the fastest processing time. The code for the
controller is presented in the Appendix.

The remainder of this paper is organized as
follows. The dynamical model of the quadrotor is
described in Section 2. The mathematical description
of the FUGSPID controller is described in Section 3,
while Section 4 describes the particle swarm
optimization strategy for the controller. Finally, the
results of the simulation together with the conclusion,
will be presented in Sections 5 and 6 respectively.

2. The quadrotor model

In Based on the previous work [1, 2, 6] We used
the simplified altitude dynamical model of a
guadrotor same in [6]. For that just the equation of Z
axis was selected and is given by:

. T
(Z=Ec059c05(p—g
T=fH+L+fh+h 1)
0=
\fi = Craof,i = 1,2,3,4

Where fi (i=1,2,3,4) are the t forces produced
by motors, (g) gravity constant; a quadrotor mass
m. In hovering condition the roll and pitch angles

International Journal of Intelligent Engineering and Systems, Vol.14, No.5, 2021

Revised: December 20, 2020.

285

ccw cw
Figure. 1 A quadrotor configuration

Table 1. Parameters of the quadcopter [1, 2, 23]

Calculated 8.5107
Trust

Coefficient

Trust 8.8107
Coefficient Ct

Mass 4909

| 0.125 meter

(0,p) approximately are zero degree. Some of
parameters taken from [23] Table 1.

The trust coefficient calculated in experiment is
approximate to trust coefficient in [23] see Table 1.
The frequency response of the propeller (GemFan
5030) speed with respect to the duty ratio of the motor
speed controller (see Table 2) showed that dynamic
thrust and duty ratio could be modelled as a first-
order transfer function [25, 26].

The frame is a 250 mm (Q250) fiberglass frame
similar to experiment in this work [27]. The flight
controller based on Teensy development board [28],
FreeIMU library [29] and Mahony library [30, 31].
The real photo of a quadrotor in Fig. 2 and picture
during flying in Fig. 3. The Ultrasonic and Barometer
sensors are attached to the Teensy development board
for altitude calculation and estimation. Since the
software was mostly custom-developed, it could
easily interface with any additional sensors and
modify the control laws strategy [4, 27].

3. Fuzzy gain-scheduled pid

In this Figure 4 presents a general scheme of a

Table 2. Some experiment results for trust calculation

Min Max
Duty (ms) 1410 1900
RPM(Round Per 11225 20730
Minute)
Motor speed (rad/s) 1175.48 2170.84
Weight (kg) 0.125 0.39
Trust (N)= 1.23 3.83
Weight*gravity
Trust coefficient= 8.12 107 8.87 107
Trust/(Motor speed2)
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‘
Figure. 2 The realized
quadrotor

Fi>gure. 3 Altitudé hold

FuGSPID. The PID controller transfer function as
follows:

g(s) =K, + % + Kys 2

Many studies have demonstrated the efficiency of
PID controllers, and they have found widespread
application in industrial fields. However, when the
parameters that underpin a nonlinear system are
violated, they may not perform effectively. It is for
this reason that it is more effective to choose a hybrid
that is developed according to an advanced theory
and, thereby, modify its behavior from linear to
nonlinear. To achieve this, we propose the use of
hybrid fuzzy logic within the PID controller. The
fuzzy logic will adjust the PID gains in response to
error, and this will optimize the performance of the
system. The proposed strategy will be referred to as
Fuzzy Gain-Scheduled PID (FUGSPID).

The online adjustment is based on a simple linear
formulation [4]:

Kp = (Kpmax - Kpmin)ka + Kpmin
K; = (Kimax — Kimin) Fri + Kimin ®)
Kq = (Kamax — Kamin)Fra + Kamin

We defined ranges for the subsequent PID gains,
which were achieved using the Z-N method, as
presented in Table 3.

To calculate the three outputs of the fuzzy system
Fip, Fui, Fra , We consider the following rules:

IF e is X and Ae is Y then output c(j,i) (@)

Habitually programming fuzzy
immensely time-consuming in comparison to
programming alternative controllers. This s
particularly true in the case of the current study,
which was implemented on the Teensy Development
Board 3.2. The clock involved is 98Mhz, which is
relatively slow; as such, we will attempt to identify

logic can be
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Fuzzy Logic

Fup Fui Fie
4 F

Kp= [-Kpmzx K pmin -]F@+Kpn1in
K, =Ko —Kiin 1Fki+Kimin

K =K e = K onin JFr + K i

v Kb Koy

PID

I—

Figure. 4 A general scheme of a Fuzzy Gain-
Scheduled PID (FuGSPID)

T

‘ Altitude dynamic’s

Table 3. PSO searching interval

Z-N Chosen interval for
produced PSO
gains

P 24 [Kpmin, Kpmax]=[13 30]

I 01
D 0.025

[Kimin, Kimax] =[0.01 1.5]
[Kdmin, Kdmax]:[O.Ol 15]

the smallest mathematical description for FUGSPID,
which has never previously been published. For this
purpose, we will employ the Mamdani type inference
engine (and, implication) for multiplication, the
aggregation will be the summation, and the
defuzzification will be performed by the centroid
formulate. The degree of membership for the input is
denoted by triangular shapes, and the outputs are
singleton (as in Fig. 6). The input of the fuzzy logic
is distributed according to five sets of linguistic
variables: negative large (NL), negative medium
(NM), negative small (NS), zero (Ze), positive small
(PS), positive medium (PM), and positive large (PL).
These linguistic variables represent both the degree
of error and any error in the change in altitude while
moving along a vertical trajectory. The details of
these variables can be seen in Fig. 5. Two inputs (e,

—
-

NE NS z ps PE

Degree of membership
)
i

[
T

-1 -0.5 a 0.5 1

Figure. 5 Fuzzy sets fuzzification of error and its
change (e, ce)
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Table. 4 Fuzzy baserules for Fuzzy Gains-Scheduled

PID
Ko | de
NB |NS|Z |Ps |PB
NB | B B B B B
NS |S B B B S
€ z S S S S S
PS |S B B B S
PB | B B B B B
Note: S=0.1; B=0.9
fKi Ae
NB|NS|Z|PS|PB
NB | Z z zZ z Z
NS | M Si Z Si M
¢ |1z B M Si M B
PS | M Si Z Si M
PB | Z z z 7z Z
Note: Z=0;Si=0.3; M=0.7; B=1
de Ae
NB | NS | z| PS | PB
NB | S S s s S
5 NS | B S s s B
Z B B B B B
PS B s s s B
PB_|S S S s S

[Coo Co1 Co2 Co3 004]
[€10 €11 C12 €13 Cia|
outfuzzy = c(j,i) = |Czo €21 C22 (23 Cz4|
C30 €31 C32 (33 C34
lC40 C41 Ca2 (g3 C44J
N: Negative; B: Big; S: Small; Z: Zero; P: Positive; M:
Medium

de) and three outputs (Fip, Fxi, Fid) are normalized in
the same interval [-1, 1]. Table 4 presents an
overview of the linguist rules used in the Fuzzy Logic
Controller “FLC.” Three sets of 25 rules were used to
determine the three outputs (Fip, Fxi, Fxa) employed
to calculate the PID controller gains.

The optimized parameters of the FuGSPID,
which were used in [32], were developed according
to a standard nonlinear system. However, the present
work will optimize these parameters with the
intention of stabilizing the altitude of a quadrotor.
The FuSGPID will be implemented in Teensy 3.2,
which is a microcontroller 32 bit ARM Cortex-M4 72
MHz. This is a low-cost microcontroller. As such, the
incorporated clock is relatively slow. Furthermore,
fuzzy logic incorporates a significant number of
parameters and details that can have a negative
impact on the time it takes for the microcontroller
functions to be executed. Furthermore, in this case,
repetitive tasks that undermine the performance of
the microcontroller will need to be avoided.

The presented mathematical fuzzy system
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kp, Fd X
01 0s 1 03 07 i
Figure. 6 Output fuzzy set and membership functions

for Kp, Kd and Ki.
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error (e)

Figure. 7 Fuzzy sets with some triangle geometry.

\ b \ .
b ,
! \ ) \\ J
Zone 2/ Zone 37
CLNA T o
2 P -
2 04 0.8 1

1 0.

Degree of membership

-1 -0.8 -0.6 0.6

Table 5. Fuzziffication of error and its change cases

Error(e) Error a
in zone
i
-0.8 0 -0.5-(e)=-0.5-(-0.8)
-0.4 1 0-(e)=0-(-0.4)
0.2 2 0.5-e=0.5-0.2
0.6 3 1-e=1-0.6

description will help to reduce the coding program of
the controller’s next section and explains all the steps
required to achieve the lowest algorithm, which will
be implemented on Teensy.

The membership function of the error and its
change in Fig. 7 is divided into four zones: Zone 0, 1,
2, 3). The red line indicates where their tangent is
negative. Here, we can observe that they create a
theta angle, which can be used to facilitate a
calculation of the degree of membership, u, for the
error and its associated change. Since the
membership triangle is symmetrical, all red lines are
equal.

Fig. 7 depicts fuzzy sets with some triangular
geometry. This approach will help to derive the most
basic mathematical description for the fuzzy system
without requiring significant C++ coding for a
Teensy development board or Arduino platform.

By using Fig. 7 we can notice that:

tanf=—=2=p=2a (5)
05 b

Let study all the cases of the variation of the error
between these zones as in the next table.
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a="2_¢ (6)

Where i is zone number and e is value of error.
Implies that degree of the membership will be
as:

{u=b=2a=2(i_71—e) @

=i—1-2e=i—(1+2e)

In same zone there is tow fuzzy sets the grade of
membership for the first calculated as in Eq. (7), the
second one will the compliment of the first as in Eq.
(8) because the shapes of the fuzzy sets are triangle
and symmetric.

complimentofu=u.=1—-u (8)

Let take example if the error and its derivative
where €=0.4 and 4e=-0.2.

e =04 - i=2- active sets (Z,SP) (9)

Calculate their memberships grads using Eqg. (7)
and replace i by 2 and e=0.4:

forsetZzu=i—(1+2e)=02 (10)
forset SPru,=1—-u=0.8 (11)

Same thing for 4e, their membership grads are:
Ae = —0.2 - active sets(Z,NS)

forsetZzu=j—(1+2e)=04 (12
forsetNS:u,=1—u=1-04=0.6 (13)

For example, to calculate output of Fkp, the four
rules actives, here will add link between zone number
(i,j) and (line,column) number of the rule base for Fkp
which is :

For error i=2 the active fuzzy sets are Z and PS
which are correspond to line 3 and 4 in Fkp rule Table
6 which fuzzy sets active, can use zone number by the
next formulate:

Table 6 Fuzzy rulebase for Fkp

Ae

NB | NS | Z | PS | PB

NB | B B B B B
NS S B B B S

e LZ S S B S S
PS S B B B S
PB B B B B B

Note: S=0.1; B=0.9
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For error each zone has two fuzzy sets

For the first fuzzy set: Line number in rule table
of Fkp=zone number+1 =i+1

For the second fuzzy set: Line number in rule
table of Fkp=zone number+2=i+2

For error change (4e) same formulate in error
case.

The zone number in the example are: i=2, j=1

Rule 1:i=2 and j=1 :ifeisZ and deis
NS then output is c(2,1)

Rule 2: i+1=3 and j=1
NS then output is c(3,1)

Rule 3:i=2 and j+1=2:ifeis Z and AeisZ
then output is ¢(2,2)

Rule 4: i+1=3 and j+1=2:ifeis SP and Ae is
Z then output is ¢(3,2)

There many ways to calculate fuzzy inference
[33-35], the output of the fuzzy inference or fuzzy
rules such as:

sifeis SP and Ade is

Rule 1: R1= pii(e) * j(4e)= ua(e) * wa(4e)

Rule 2: Ro= pii(e) * wj+a(4e)= wi(e)*(1-w(4e))

Rule 3: Rs= uiv1(e)* j(4€)= (1-ui(e)) * pi(4e)

Rule 4: R4= pisa(e) * uj+1(4e)= (1-ui(e))*(1-
14i(4€))

The are many defuzzification method [33-35], the
Centroid of area method selected in our case:

4 ..
outputyps = —Zk;tff;i]'L) (14)

Using output of inference in Eq. (14), we find:
Tik=1Ric(,D) =1 (15)

By using the numeric example which calculated
before for fuzzy inference and defuzzification,
replace each variable by their values:

Ri= pi(e)* wi(de)= ua(e)* pu(4e) =0.2*0.4
=0.005

Ro= ui(e) * pir1(de)= ua(e)* ua(4e) = 0.2*0.6
=0.045

R3= piri(e)* pj(de)= uz(e) * pu(4e =0.8*0.4
=0.095

Ra= uivi(e) * pjr1(de)= us(e) * ua(4e)= 0.8*0.6
=0.855

Y1 Rec(, 1) = Ric(1,2) + Ryc(2,2) + R3c(1,3) +
R,c(2,3)

By using Table 6: c¢(2,1)=S=0.1, c¢(2,2)=B=0.9,
¢(3,1)=B=0.9, ¢(3,2)=B=0.9.

DOI: 10.22266/ijies2021.1031.26



Received: October 18, 2020.

4. Fuzzy gain-scheduled PID tuning by
particle swarm optimization

PSO, introduced by Kennedy and Eberhart in
1995 [36]. Itis based on Swarm Intelligence methods,
for optimal values searching.

There are several algorithms used for PSO [36-
38]. In this work, the integral of square error (ISE)
were fitness functions, and the constriction
coefficient [36, 39] method was selected. The
converge of the algorithm is guaranteed and the
convergence in our case is clear in figures 9 [36] and
PSO formulate according the following:

vt +1) = X 030 + by (y5;(6) — x5(8)) +

¢2 (5 - xy(®)) (16)
_ 2k
X= 2-¢—\/p(p—4) (17)
d=¢1+ da 1 =i, P2 = o1y, 0 = 4,k
€ [01]

¢l and c2 are the acceleration coefficients, and r;
and r2 are random values [0 1]

it 1) = x5(0) -t +) (18)

To verify the performance, we used the integral
of square error (ISE) as comparison criteria, defined
as follows:

o0
ISE = (I)ez(t)dt (19)
e= The desired angle —The actulle angle

Therefore, for optimization tuning of controller
we used criteria Eq. (19) as the objective function
for seek a set of parameters (S, B, Si, M) such that
the control system met the minimum performance
criteria.

PSO used to tune four parameters in fuzzy rules
Table 4 (S, B in FKp, Fkd and Si,M in FKi, )[4]. Each
particle represented a solution for controller. A good
set of four parameters yielded a good system response,
and resulted in minimization of the performance
criteria is listed in Eq. (19). The general strategy of
the optimization problems is represented in Fig. 8.

The PSO needed to determine number of particles
and iterative number in order to calculate the PID
gains. In our case the number, of particles was set to
15 and the iterative number was set to 20. Fig. 8
shows the movements of the particles during the
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Figure. 8 The general strategy of optimization

searching for optimized fuzzy output parameters of
Fuzzy Gain-Scheduled PID according to the
objective function. The blue points represent the
swarms, the black points represent the local best
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Figure. 9 Movement of particles during the search for the
optimal parameters (S, B, Si, M)
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Table 10. Summary of PID gains obtained by Z-N
tuning and PSO

Controller ISE
parameters
PID PID (P=5, | 5.5110°
1=0.15, D=0.01)
Before $=0.1, B=0.9, | 4.4310°
optimization | Si=0.3; M=0.7
After $=0.7153, 3.507 10°®
optimization | B=0.9456,
Si=0.5425;
M=0.7554

Table 11. Output fuzzy sets after optimization

FKp fKq fKi

No No .N(.) L

S .o .| optimization:
optimization: optimization: 7-0-Si=0 3:
$=0.1; B=0.9 S$=0.1; B=0.9 M=0.7: B=1

After After After
optimization optimization optimization
S=0.7153; S=0.7111; S=0.5425;
B=0.9456 B=0.9456 M=0.7554

particles, and the red points represent the global best
particles.

5. Results and discussion

The PID gains and output fuzzy sets parameters
of FUGSPID both before and after optimization with
Integral Squire Error (ISE) for each case with 40
second simulation time, are summarized in Table 7.

The new parameters (S, B, Si, M) for Fuzzy
Gain-Scheduled PID controller after optimization in
Table 7, with the new parameters the objective
function which is Integral Square Error is lower
error.

The parameters according to the output fuzzy
gains (Fip, Fui, Fka) are in Table 8:

Table 11 Output fuzzy sets after optimization

Wherever Times is specified, Times Roman of
Times New Roman may be used. If neither is
available on your word processor, please use the font
closest in appearance to Times. Avoid using bit-
mapped fonts if possible. True-Type 1 fonts are
preferred.

The simulation related to trajectory tracking
problem, the three controllers response are plotted in
same plot Fig. 10 to visualize the response difference
between the three controllers (PID, no optimized and
optimazed FUGSPID).

Fig. 11 show the output of controller response
which is the global thrust produced by four motors to
keep the quadcopter in desired reference and to
perform trajectory tracking.
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Figure. 12 experimental response.

Fig. 12 show simple trajectory tracking which is
altitude variation. The quadcopter was kept hold at
(110cm) and at (53secnd) the desired altitude
changed to (120cm) and after retuned again to the old
desired altitude. Can notice in real picture Figure 3
during flying that a quadcopter is attached with
superfine wire because no (x,y) axis controller which
need specific configuration dealing as adding camera
and that is not goals of the paper. The goals of paper
related with just altitude controller.

6. Conclusion

The presented work describes the use of a
FuGSPID to stabilize the altitude of a homebuilt
Quadcopter. Many researchers have highlighted the
effectiveness of FUGSPID controllers. To improve its
performance or verify the optimal configuration of
the controller, Particle Swarm Optimization (PSO)
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was selected. PSO identifies new configurations that
will generate a low trajectory tracking error, as
proven in MATLAB simulations. Both simulations
and experiments were employed to validate the
effectiveness of the controller. A fuzzy logic system
incorporates multiple parameters and conditioning
instructions. The complexity of the system has a
negative impact on the processing speed. As such, a
new approach is required by which it is possible to
identify the lowest algorithm code for FUGSPID. The
mathematical discerption it be useful to reduce
number of instructions and loops and that will help
microcontrollers to operate at optimal speed when
performing tasks that involve a minimal amount of
repetition.

7. Notations
fi (i=1,2,3,4) are the t forces
produced by motors
g gravity constant
m a quadrotor mass
6, ¢ the roll and pitch angles of a
quadcopter attitude
Cr Trust Coefficient
| A quadcopter length
PID Proportional-Integral-
Derivative
PSO Particle Swarm Optimization
FUGSPID  Fuzzy gain-scheduled PID
UAV Unmanned Aerial Vehicle
ISE Integral of the Square Error
FL, FR Front Left, Front Right
BL, BR Back Left, Back Right
IMU Inertial Measurement Unit
Appendix

The implemented code of Fuzzy Gain-Scheduled
PID

float z=0;

float si=0.3;

float m=0.7;

float bi=1;

float b=0.9;

float s=0.1; //0.3

float ukp=0;

float uki=0;

float ukd=0;

float e=0;

float de=0;

float ckp[5][5]={{b,b,b,b,b},
{s,b,b,b,s},

International Journal of Intelligent Engineering and Systems, Vol.14, No.5, 2021

Revised: December 20, 2020.

291

{s,s,b,5,5},
{s,b,b,b,s},
{b,b,b,b,b}};

float cki[5][5]={{bi,bi,bi,bi,bi},
{m,m,bi,m,m},
{z,si,bi,si,z},
{m,m,bi,m,m},
{bi,bi,bi,bi,bi}};

float ckd[5][5]={{s,s,S.5,5},
{b,s,s,s,b},
{b,b,b,b,b},
{b,s,s,s,b},
{s,5,5,5,5}};

void fuzzy ()

{
float ua,ub,d1,d2,d3,d4;
ua=0;ub=0;d1=0;d2=0;d3=0;d4=0;
inti,j;

e =err_hzold/5;

de = err_vzold/5;

i=0;j=0;

if (e<=-1) {e=1;}

if (e >=1) {e=1;}

if (e<=-1/2) {i=0; }

else if (e>-1/2 && e<=0) {i=1;}
else if (e>0 && e<=1/2) {i=2;}
else if (e>1/2) { i=3;}

if (de<=-1) {de=1;}

if (de >=1) {de=1;}

if (de<=-1/2) {j=0; }

else if (de>-1/2 && de<=0) {j=1;}
else if (de>0 && de<=1/2) {j=2;}
else if (de>1/2) {j=3;}

ua= ((-1+(i/2))-e)/2;
ub= ((-1+(j/2))-de)/2;
dl=ua*ub;
d2=ua*(1-ub);
d3=(1-ua)*ub;
d4=(1-ua)*(1-ub);

ukp=ckp[j][i]*d1+ckp[j+L][i]*d2+ckp[j][i+1]*d3+ck
p+1][i+1]*d4;

ukd=ckd[j][i]*d1+ckd[j+1][i]*d2+ckd[j][i+1]*d3+ck
d[j+1][i+1]*d4;

uki=cki[j][i]*d1+cki[j+1][i]*d2+cki[j][i+1]*d3+cki[j
+1][i+1]*d4;
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