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Realization of Fuzzy-PI Controller-Based Path Planning of Differential Drive Mobile Robot
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Abstract: This paper uses a cascade-connected fuzzy-PI controller to control the position and speed of a differential drive and
four-wheel drive of an autonomous mobile robot for optimal path planning. The angular speed information obtained from the
encoder of each motor and the instantaneous position and angle information of the robot were calculated. The angle and position
error between the reference points and these values is applied to the fuzzy logic controller as an input signal. The robot angular
and linear speed data obtained from the fuzzy logic output were converted into reference speed values with kinematic equations
to be applied to the motors. The speed controls of the motors were carried out with a PI controller based on these reference
values. The study was performed both as a simulation in the MATLAB program and experimentally in the laboratory
environment for one and more reference coordinates. In the experimental study, reference values were sent to the robot via
Bluetooth with the Android application designed. At the same time, the instant data of the robot was also collected on the
Android device through the same application. These data collected in Excel format were transferred to the computer via e-mail
and the graphics were drawn in the MATLAB program. When the results were examined, it was seen that both speed and
position control were successfully implemented with the fuzzy-PI controller for optimum path planning of the robot.
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Diferansiyel Siiriisliit Mobil Robotun Bulanik PI Denetleyici Tabanh Yol Planlamasinin
Gerceklestirilmesi

Oz: Bu calismada, diferansiyel siiriislii ve dort tekerden tahrikli otonom mobil robotun, optimum yol planlamasi i¢in, konum
ve hiz kontrolii kaskad baglantili fuzzy-PI kontrolor ile ger¢eklestirilmistir. Her bir motorun enkoderinden alinan agisal hiz
bilgileri ile robotun anlik konum ve ag1 bilgilerini hesaplanmistir. Referans noktalar ile bu degerler arasindaki ag1 ve konum
hatas1 bulanik mantik denetleyiciye giris sinyali olarak uygulanmistir. Bulanik mantik ¢ikisindan alinan robot acisal ve lineer
hiz verileri ise kinematik denklemler ile motorlara uygulanacak olan referans hiz degerlerine doniistiiriilmiistiir. Motorlarin hiz
kontrolleri bu referans degerler baz alinarak PI kontrolor ile gergeklestirilmistir. Bir ve birden fazla referans koordinatlar igin
gerceklestirilen ¢alisma hem MATLAB programinda simulasyonda hem de laboratuvar ortaminda deneysel olarak
gerceklestirilmistir. Deneysel olarak yapilan ¢aligmada, tasarimi gergeklestirilen Android uygulama ile referans degerler robota
bluetooth aracilifiyla gonderilmistir. Ayni zamanda robotun anlik verileri de yine ayni uygulama iizerinden android cihazda
toplanmistir. Excel formatinda toplanan bu veriler mail yolu ile bilgisayara aktarilarak MATLAB programinda grafikleri
¢izdirilmistir. Alinan sonuglar incelendiginde robotun fuzzy-PI kontroldr ile basarili bir sekilde hem hiz hem de konum
kontroliiniin gergeklestirildigi goriilmiistiir.

Anahtar kelimeler: Bulanik mantik, PI, mobil robot, Android uygulama, yol planlama.
1. Introduction

Robotics is a sector that is expanding quickly along with technological advancements, and robots are
increasingly playing a significant role in daily life for humans. In addition to classical areas such as industrial,
medical, and rehabilitation, human-robot interaction increases its impact in areas such as exploration, urban search,
and rescue, due to reasons such as saving manpower and time, being more economical, and working with fewer
errors. These robots can be controlled manually by humans, depending on their area of use and purpose, or they
can perform the tasks assigned to them autonomously [1]. An autonomous mobile robot (AMR) is a system that
operates in an unpredictable and partially unknown environment. There is little or no human intervention in
autonomous mobile robot movement [2].

Mobile robot (MR) systems are separated into three main modules: information sensing, path planning, and
control of motion. Path planning is the connection between information perception and motion control, and it is a
crucial aspect of a mobile robotic system. The continuous development of path-planning technology brings
innovations to every part of life. For example, the sweeping robot can replace people doing housework and make
people's work easier; As long as the destination location is entered in driverless vehicles, it can provide an optimum
route and provide safe and accurate transportation; In emergency rescue and disaster assistance, AMRs can locate
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targets quickly, accurately, and safely in hazardous conditions. In scientific research, it can replace humans by
entering harsh environments to help humans recognize unknown planets and complete the task of acquiring
knowledge [3].

To assist an MR in choosing the best path, numerous algorithms have been presented by researchers since the
1950s. These algorithms can be examined in general under three headings: classical, bionic, and artificial
intelligence algorithms. Cell decomposition method (CD), sampling-based method (SBM), and graph search
algorithm (GSA) can be given as examples of classical algorithms that have the advantage of easily observing the
calculation results. Each algorithm can also be classified among themselves, and studies related to each are
available in the literature. The CD was analyzed in three parts: regular (RCD) [4-6], approximate (ACD) [7,8],
and exact decomposition (ECD) [9,10]. RRT (rapidly exploring random tree) [11] and PRM (probabilistic roadmap
method) [12,13] algorithms were studied under the heading of SBM. Dijkstra algorithm [14,15] and A* algorithm
[16] are in the GSA group. The bionic algorithm is a random algorithm inspired by the biological herd intelligence
phenomenon in nature. It can be grouped according to different path-searching mechanisms. Genetic algorithm
(GA) [17,18], ant colony optimization (ACO) [19,20], and particle swarm optimization (PSO) [21,22] are some of
the studied bionic algorithms related to path planning. Artificial intelligence (AI), which has basic needs such as
algorithms, data, and computing capability, simulates human behaviors such as learning, reasoning, thinking, and
planning. The most used Al algorithms for path planning in MRs; are bioinspired neural network algorithms
[23,24] and fuzzy logic control algorithms.

Fuzzy logic (FL), presented by Zadeh in 1965 [25], is an artificial intelligence algorithm that processes real-
time information from the sensors as input data and generates the output values required for the path planning of
the MR as a result of its analysis. Because it is less influenced by outside forces, it is appropriate for path planning
in unknown environments [26]. However, it has the disadvantage that the optimum path to be followed depends
on the rule base created by experts. Many researchers have used different algorithms together with the FL
algorithm to improve the performance and accuracy of FL [27]. For example, Zagradjanin et al. used the D*lite
algorithm with FL [28], while Ntakolia and Lyridis obtained high-quality solutions by integrating the swarm
intelligence graph-based pathfinding algorithm and the FL algorithm [29]. Gharajeh & Jond presented the adaptive
neuro-fuzzy inference system (ANFIS) method and shortened the planned path by 30 percent compared to other
algorithms [30]. Besides, the most common integrated use is FL and PID (proportional-integral-derivative)
algorithms [31-35].

When the MR path planning studies with Fuzzy-PID in the literature are examined, it is seen that the fuzzy
logic controller is generally used to regulate and adjust the proportional, integral, and derivative coefficients of the
PID algorithm. In this study, unlike the studies in the literature, the reference value, not the parameters of the PI
algorithm, was determined with the fuzzy logic controller. The reference target points were sent to the robot with
the designed Android application and these values were compared with the instant data of the robot and the position
and angle error values were calculated. These values are applied as input signals to the fuzzy logic controller.
Linear and angular velocities of the robot are obtained as output signals. By using these speed values in the
kinematic equations, the angular speeds that each motor must reach instantaneously are calculated. The
instantaneous speed of the motors was controlled by applying the error between the instantaneous speed values
obtained from the encoders and the reference motor angular speed values to the PI controller. The robot, which
reached the target within the approach distance given for the reference positions, performed its next movement
with the reference speed values obtained from the fuzzy logic. The instant speed, angle, and position values of the
robot were transferred via Bluetooth with the same Android application and collected on the Android device in
Excel format. This file was then sent to the computer by e-mail and the robot's graphics were drawn with the
MATLAB program. When the graphics are examined, it is seen that the robot reaches the desired positions within
the given approach distance and by taking the optimum path.

2. Materials and Methods

2.1 Mobile robot

For this study, the design and prototype of a four-wheel drive, Symmetric Modular Robot (SMaRt), which
can be used in many fields such as education, research, military, health, etc. have been realized. The design of the
robot, which consists of the components in Figure 2 and whose final assembly is given from different angles in
Figure 1; consists of 3 main parts: mechanical, electronic, and software tools. It has the advantages of weighing
less than 10 kg, adding attachments such as a robot arm, and the ability to remove and replace the desired parts
thanks to its modular structure.
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1:Camera module
2:Sensor module
3:subframe
4:Electronic circuit board
5:Camera
6:Sensors
7:Wheel

8:Motor

9:Rear panel
10:Side panel
11:Upper frame

12:Battery

13:Motor holder

Figure 1. Symmetric modular robot-SMaRt Figure 2. Components of the MR

The DC motor (No Load Speed: 76 rpm, Stall torque: 45 kg-cm, Max. Impact torque: 6 kg-cm) was selected
based on the motor torque value calculated for each wheel, taking into account the robot's weight, the wheel's
dimensions, and any potential tilt and acceleration. The encoder has a resolution of 64 CPR and is attached to the
motor shaft from behind. The microprocessor was able to determine the motor speed using the square wave data
it received from the encoder, and the motor speed control was made possible. The XOR-HWT (exclusive OR-
half-wave time) method was used to detect velocity with these signals [36].

The MR's four DC motors are driven by the Sparkfun Monster motor driver modules with dual outputs shown.
With this driver module, it is possible to control motors with a maximum of 16 V, a continuous current of 14A,
and a maximum PWM frequency of 20kHz. [38]. There are wired and wireless connections to enable the circuits
and processors in the robot to communicate with each other or with the outside world. The HM-10 Bluetooth
module was used to provide the connection between Arduino and Android devices. This module is a Bluetooth 4.0
module with low power consumption (when active, the current is 9mA) [39]. It is connected to Arduino with
UART communication protocol. Arduino Due is an Atmel SAM3XS8E 32-bit ARM Cortex-M3 CPU-based
microcontroller board. It has a total of 54 digital input/output pins, 12 of which can be used for PWM, 12 analog
inputs, 4 UARTSs, 84 MHz oscillator frequency, and 2 digital to analog converter pins [40]. Arduino software is
made with Arduino IDE (Integrated Development Environment), an open-source development platform.

2.2 Android application

A computer or a special electronic control circuit is usually used to send target coordinates to the robot.
Likewise, robot information is collected on an additional memory card or sent to the computer. In this study, an
Android-based application, whose screenshots are given in Figure 3, has been developed for smart devices (mobile
phones, tablets) that are widely used today, which can do both operations [41]. The MIT App Inventor, which was
initially made available by the Google firm and is currently maintained by the Massachusetts Institute of
Technology (MIT), was used to create and implement the app. MIT App Inventor has been transformed over the
past ten years into automation systems [43], quizzes and games [44], smart home control [45—48], education [49],
and more. It has been utilized for Android applications in many different projects, including. In robotic
applications, there are designs only for the manual use of the robot, but in this study, robot data was collected by
using it for autonomous control.

Thanks to the buttons on the main screen in Figure 3 (a), it is possible to switch to manual and autonomous
control screens, as well a Bluetooth connection is provided from here. With the manual control screen in Figure 3
(b), the movement direction of the robot, its speed, and the status of the LEDs and headlights on it can be changed
and the robot can be brought to the desired starting point for autonomous control. When the screen in Figure 3 (c)
is reached by pressing the automatic control button on the main screen, three different coordinate points where the
robot desires to go and the approach distances to these points are entered and sent to the robot. After the reference
points are sent and the robot starts to move, the coordinate plane in Figure 3 (d) comes to the Android device
screen, the reference points are automatically marked and the instant position of the robot is drawn on this plane.
In addition, the instantaneous speed and angle information of the robot, along with the location information, can
be collected on the Android device in Excel file format and shared on a desired platform. The Excel file obtained
in this study was transferred to the computer by e-mail and the graphs of the data of the robot were drawn in the
MATLAB program.
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Figure 3. Android application; (a) Main screen, (b) Manual control screen, (c) Automatic control screen,
(d) Instant motion graph of the robot

2.3 PID controller

PID controllers, also known as proportional, integral, and derivative (PID) controllers, are frequently used to
regulate the speed of DC motors. The PID controller is regarded as the method most frequently employed in
nonlinear control systems [50]. In essence, a PID controller uses a straightforward trinomial controller to increase
stability and decrease steady-state error [51]. It offers the most efficient and simplest solution for many control
problems, covering both transient and steady-state responses. The transfer function is usually written with the
"gain notation" given by equation 1 or the "time constant notation" given by equation 2.

T(s) =K, + Ki§+ Kg4s ey
1
T(s) = Kp(1+ Ts + Tys) (2)

where Kp is the proportional gain, Ki is the integral gain, Kd is the derivative gain, Ti is the integral time
constant and Td is the derivative time constant. It's crucial to regulate these motors properly because the robot's
position is dictated by the speed information the DC motor encoder provides. Due to this, each motor has been
separately PI controlled to closely and quickly follow the reference speed values. In Figure 5, the general block
diagram of the motor controls is given. In this study, the PI controller was used by setting Kd = 0.
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Figure 4. (a) Motor voltage-PWM graph, (b) Motor speed and voltage graph
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Figure 5. Motor control general block diagram with PI

According to this diagram, the output of the fuzzy logic controller used for position control of the robot is the
reference linear and angular velocity of the robot. The reference angular velocities that each wheel must reach are
rad./s by using these velocity values as inputs to the kinematics equations. These reference values were obtained
from the output of the fuzzy controller and the instantaneous motor speeds taken from the XOR logic gate and the
instantaneous and reference voltage values of the motors were obtained and the error was found by taking the
difference of these values. This error has been converted to PWM values since the output value obtained when
passed through the PI controller cannot be sent directly to the drivers. Experimental results revealed the association
between motor speed and motor voltage as well as the relationship between the motor voltage and applied PWM.
The graph of these values was drawn as in Figure 4 and the equational expression between them was created. The
signals received from the encoder connected to the motor shaft are applied to the XOR logic gate input and each
XOR output is connected to a different pin of the Arduino [36]. The motor and encoder disc shown in the block
diagram are visually shown for only one motor. The same steps must be followed for other motors.

2.4 Fuzzy logic (FL)

The FL controller is a control algorithm that processes the input data taken from the physical environment
and whose value is certain and produces outputs that can be used in the physical environment as output. In this
study, Mamdani-type FL was used to perform position control and path planning in line with the target coordinates
given to the robot. The controller consists of two input and two output variables. The distance error and angle error
to the coordinate point where the robot should go are given as input variables. The linear and angular velocities
that the robot needs to reach instant are taken as the output variable. Position error value is meter, angle error value
is radian, linear velocity value is m/s and angular velocity value is radian/s evaluated in units. As seen in Figure 6,
ten triangular membership functions (MFs) are used for the input membership functions created for the position
error. Ten were used to gradually decrease its velocity every ten centimeters, one meter from the reference position.

T \% N L M L M F VF TF W
0 02 03 04 05 06 07 0.8 0.9 1 -3.14 -02 002 3.14
Figure 6. Position error MFs Figure 7. Angle error MFs

where, TN: Too near, VN: Very near, N: Near, LN: Little near, MN: Middle near, LF: Little far, MF: Middle
far, F: Far, VF: Very far, TF: Too far. If the difference between the target and the position of the robot is more
269




Realization of Fuzzy-PI Controller-Based Path Planning of Differential Drive Mobile Robot

than one meter, it is considered too far. When this error value falls below one meter, membership degrees change
at each level until it reaches zero. The MFs created for the angle error are given in Figure 7. The limits of the angle
error memberships consisting of two trapezoidal and one triangle membership functions are in the range of +3.14
radians. In angle error membership, N: Negative, Z: Zero, P: Positive. The breaking points of the positive and
negative angle MFs were determined as +1.57 radians. There are two outputs in the system, angular velocity and
linear velocity. Ten triangular MFs make up linear velocity, while three do the same for angular velocity. When
the functions given in Figure 8 are examined, values are given such that the highest linear speed is 0.275 m/s and
the lowest linear speed is 0.11 m/s. The reason for giving these values can be listed as the difficulties in the rotation
movement of the motors at low speeds, while excessive energy consumption, microcontroller processing speed,
and slips in sudden starts at high speeds.

TS VS { L MS TF

0.1 0.12 0.14 016 0.18 02 022 024 026 0.28 029 -1.65 -0825 0 082 1.6

Figure 8. Linear speed MFs Figure 9. Angular speed MFs

where, TS: Too slow, VS: Very slow, S: Slow, LS: Little slow, MS: Middle slow, LF: Little fast, MF: Middle
fast, F: Fast, VF: Very fast, TF: Too fast. The three membership functions used for the angular velocity of the
robot are named NB: Negative big, Z: Zero, and PB: Positive big. The median values of the functions whose graphs
are given in Figure 9 are given as -0.825, 0, and +0.825 radians, respectively. Since the mean of weights method
is used in defuzzification, the value at the midpoint of each of the membership functions is used in the calculations.

Table 1. Rule base for linear speed Table 2. Rule base for angular speed

Position | rN | yN| N | LN |MN | LF | MF | F [ vF|TF| |Position | on )y | N | LN |[MN|LF [MF| F | VF | TF
error error

N | S|VF|VF| F |MF |LF| TS |LF|VS|TS
S S | S|LS|MS|LF|MF| F | VF|TF
P S |VF|VF| F | MF |LF| TS |[LF| VS | TS

N |NB|NB|NB|NB|NB |[NB|NB|NB|NB|NB
Z\|Z|Z|Z Z Z\|\Z\|Z\|Z)|Z
P|PB|PB|PB|PB|PB|PB|PB|PB|PB|PB

|Angle error
Angle error

After the membership degrees and the degrees of precision found by using the algebraic product method are
passed through the rule bases in Tables 1 and 2, the addition process does not take place. It is subjected to a direct
defuzzification process. As a result, the robot linear and angular velocity values obtained from the fuzzy controller
output are applied as input to the inverse kinematics equation in the control system whose flow chart is given in
Figure 10, and reference angular velocity values for the motors on both sides are calculated.
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Figure 10. Position control flow chart with fuzzy logic controller

3. Simulation

Before examining the robot’s performance with the experimental study, a simulation was prepared in the
MATLAB/Simulink program to examine both the accuracy of the equations and the accuracy of the written
algorithms and coefficient values. With different reference values for robot movements, firstly the results were
obtained in the simulation, and then experimental studies were carried out in the laboratory environment.
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Figure 11. Robot position control simulink model

There are two input variables in the MATLAB/Simulink model in Figure 11. These are reference values and
approach distance. For the robot to go to three different position points, X1,y1,X2,y2, and Xs,ys positions are given to
the reference block in matrix format. If the robot is desired to go to only one reference, zero values are entered
into the points other than the xs and ys values. Similarly, if it is desired to go to two references, zero values are
entered in x: and y1. The approach distance is the variable that determines how much error the robot can approach
the given target coordinate. For example, if this value is entered as 0.1 m as in Figure 11, it means that the robot
can stop after 0.1 meters approach to the reference point. The robot's approach can be in front of, right, left, or
behind the target. Reference value, instantaneous feedback position values, and approach distance are given as
input to the error detection block in Figure 12. In this block, the first reference point and instantaneous position
and angle values from feedback are applied to the error function block. Here, the difference of the reference
position and the instantaneous measured positions is taken and the position and angle error are calculated from
these values. These values form the output of the error detection block. If the first reference is within the approach
distance, the same operations are repeated by switching to the second reference with the multi-position switch
block. If the second reference is reached, calculations for the third reference point begin. If the first two references
are zero, since they will both be within the approach distance, the movement starts directly toward the third
reference.

Position and angle error obtained from the error detection block is applied as input to the fuzzy logic block,
and the reference linear and angular velocity of the robot is calculated from the block output. The reference angular
velocity values of the left motor and right motors calculated by applying inverse kinematics according to Equations
3 and 4 are passed through the PI and applied to the motor models in the motors block in Figure 13.

8 | " > ’.D >@

Figure 12. The internal structure of error detection block Figure 13. The internal structure of the motor block

wp = 2. (V-W3) 3)

wg =2.(V+W3) (4)
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where; wy, is the angular velocity of the left motors, wy is the angular velocity of the right motors, V is the
robot linear velocity, W is the robot angular velocity, R is the radius of the wheels and L is the axis distance of the
robot. The motor block contains four equal motors. The top two of them represent the motors on the left of the
robot and the others on the right of the robot. The instantaneous speeds of the motors to which the reference speed
is applied constitute the output of the block. These values, taken as left and right motor speeds, are applied as
inputs to the forward kinematics block and the speed in the x direction (Vy), speed in the y direction (Vy), and
angular velocity of the robot are calculated according to Equation 5-9.

V=2l (wr+w,) (5)
W=§.(WR—WL) (6)
Robot=[V 0 W] (7
Rz=[cos(tt) —sin(tt) 0; sin(tt) cos(tt) 0; 0 0 1] ®)
[Vy, Vy, Ve '=Rz*Robot )

where; tt instantaneous angle of the robot. By integrating these obtained values concerning time, X position,
y position, and angle information are calculated.

4. Simulation and Experimental Results
During the period from the start of the simulation to the end, all the desired data were collected with the help

of the 'out.simout’ block and graphed in MATLAB/m-file. The performance of the robot with different reference
values (RVs) and different approach distances (ADs), both in the simulation and experimentally, is given below.

Robot position @ Angle and angle error of the robot (b) Angular speed-Time © Linear speed-Time (@

- v e s

¥ (m)

Angle (rad.)

2 5
x (m) Time (s) Time (s) Time (s)

Figure 14. Simulation results for x::0, y1:0, x2:0, y2:0, x3:1.8, y3:3 m reference and 0.05 m AD. Robot: (a)
position, (b) Angle and angle error, (c) Angular speed and error, (d) Linear speed and error

In the MATLAB/Simulink program, when the xi:0, y1:0, X2:0, y2:0, x3:1.8, y3:3 m coordinates and 0.05 m
approach distance are sent to the robot as a reference, the robot performances in figure 14 and figure 15 motor
speed and errors were obtained. Since the reference value is x3:1.8 m and ys:3 m, it is seen in Figure 14 (b) that
the angle to be rotated is calculated as 1.03 radians. When the angular velocity and linear velocity values in Figure
14 (c) and (d) are examined, it is observed that it first takes a turn with speeds of 0.825 radians/s and 0.11 m/s to
go to the reference, and then increases to a linear velocity of 0.275 m/s over time, and its angular velocity decreases
to zero.

Experimental work was carried out for the same reference values and the results in figure 16 and figure 17
were obtained. Looking at the robot position graph in Figure 16 (a), since the approach distance is given as 0.05
m, it is seen that the robot completes its movement at x:1.78, y:2.96 m. In cases where there is more than one
reference change during the movement, a temporary state and a permanent state occur at each reference change.
Therefore, the error amounts between the reference value and the instantaneous measured values in all graphs are
completely taken into account without including the first transient in the evaluation. While Equation 10 gives the
average absolute velocity errors of the graphs for this case, the instantaneous highest velocity error that occurs in
other transients except for the initial transient case is given as the maximum velocity error.

Performance criteria L; lej=1 le(®)] (10)
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where; e() is the error value and N is the number of samples. In this case, when looking at the graphs obtained
for the reference value (1.8,3) m, the maximum linear velocity error between the two signals is 0.038 m/s and the
average linear velocity error is 0.0021 m/s, while the angular velocity reference is 0.179 rad./s maximum. and an
average of 0.0057 rad./s. followed by an error. When the motor speed graphs in Figure 17 (a) and (b) are examined,
the maximum and average absolute error values of the motors for the same situation are given in Table 3.

Motor speed and errors (a) Motor speed and errors (b)
T T I
30 }» 30+ 4
7 T T ]
) ZOF\ \ E 20 <
& 26| — 5 -3 -
B 10k 24 s 10r L 4
2 22 Q
©n % 0r sl 4
0r 20 —Right ref. Motor2|] = B ——Left ref. Motor4
‘ 18 —Motorl 10 »\j ——Motor3 H
10 T i T {
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EEN[ [Motorl —Mow2] 5 520 | F—Motors —Motord|
RN E sy 4
1k ] ‘ ‘ ‘ iE
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Figure 15. Simulation results for x::0, y1:0, x2:0, y2:0, x3:1.8, y3:3 m RFs and 0.05 m AD. Robot: (a) Right
motor speeds and errors, (b) Left motor speeds and errors

Table 3. Speed errors of motors for x::0, y1:0, X2:0, y2:0, x3:1.8, y3:3 m RVs and 0.05 m AD

Motorl Motor2 Motor3 Motor4
Average absolute speed error (rpm) 0.194 0.134 0.229 0.249
|Maximum speed error (rpm)| 1.113 0.637 5.921 7.495
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Figure 16. Experimental results for x::0, y1:0, x2:0, y2:0, x3:1.8, y3:3 m reference and 0.05 m AD. Robot: (a)
position, (b) Angle and angle error, (¢) Angular speed and error, (d) Linear speed and error
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Figure 17. Experimental results for x::0, y1:0, X2:0, y2:0 x3:1.8, y3:3 m RVs and 0.05 m AD. Robot: (a) Right
motor speeds and errors, (b) Left motor speeds and errors

Performance graphics for xi:1, yi:2, x2:3, y2:-1, x3:-2, y3:-3 m reference values and 0.1 m approach distance
given in different coordinate regions are given in figure 18 and figure 20. When the graphs of Figure 18 (a), and
Figure 20 (a) are examined, the first target is in the first region of the coordinate plane, the second target is in the
fourth region, and the last target is in the third region of the coordinate axis for both simulation and experimental
work.

The angles calculated according to the point where the robot arrives and the point where it is desired to go
and the angles realized as seen in figures 18(b)-20 (b) are given in Table 4.
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Figure 18. Simulation results for xi:1, yi:2, x2:3, y2:-1, X3:-2, y3:-3 m RVs and 0.1 m AD. Robot: (a)
position, (b) Angle and angle error, (c). Angular speed and error, (d) Linear speed and error
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Figure 19. Simulation results for xi:1, yi1:2, X2:3, y2:-1, X3:-2, y3:-3 m RVs and 0.1 m approach distance.
Robot: (a) Right motor speeds and errors, (b) Left motor speeds and errors

Table 4. Calculated and actual angle values for xi:1, y1:2, X2:3, y2:-1

x3:-2, y3:-3 m RVs and 0.1 m AD

Theory Experimental Simulation
Cut:rfent Taljget Calculated Current Target point Realized Current Taljget Realized
position point angle) sition (m) (m) angle sition (m) point angle
(m) (m) (radian) | POSI© (radian) | POS™ (m) (radian)
(0,0 (1,2) 1.107 (0,0) (1,2) 1.107 (0,0) (1,2) 1.107
1.2) 3-1) -0.98 (0.96, 1.91) (3-1) -2.1 (0.95,1.9) (3,-1) -2.096
@3,-1) (-2,-3) -2.76 (2.97,-0.95) (-2,-3) -1.72 (2.94,-0.9) (-2,-3) -1.71

According to Table 4, when the theoretical and experimental results are compared, the rotation angle reference
is 1,107 radians, since the beginning point and the first target point are the same for both. -0.98 and -2.76 radians
are calculated for the second and third turns, respectively. However, in the results obtained from the experimental

and simulation studies, an angle reference of -2.1 radians for the second rotation and -1.72 radians for the third

rotation was determined. This is because when the robot comes to the first reference point, its instantaneous angle
is relative to the x-axis |1.117| is radians. Since the robot will turn 0.98 radians in the negative direction when the
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instantaneous angle is added to this value, |1.117|+/0.98|=|2.1| radian angle reference. Likewise, since its angle at
the second point is -1,036 radians and the angle calculated for the third position is -2.76 radians, the angle at which

the robot must turn is -1.72 radians. When the motor speeds given in Figure 19 and Figure 21 are examined, the
speed error information in Table 5 was obtained.

Table 5. Speed errors of motors for xi:1, yi:2, X2:3, y2:-1, X3:-2, y3:-3 m RVs and 0.1 m AD

Motorl Motor2 Motor3 Motor4
Average absolute speed error (rpm) 0.283 0.237 0.231 0.238
|Maximum speed error (rpm)| 8.6660 9.1600 12.4590 12.4000
4 Robot position (a) 5 Angle and angle error of the robot (b)
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Figure 20. Experimental results for xi:1, y1:2, x2:3, y2:-1, x3:-2, y3:-3 m RVs and 0.1 m AD. Robot: (a)
position, (b) Angle and angle error, (c) Angular speed and error, (d) Linear speed and error
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Figure 21. Experimental results for xi:1, y1:2, X2:3, y2:-1, x3:-2, y3:-3 m RVs and 0.1 m AD. Robot: (a)
Right motor speeds and errors, (b) Left motor speeds and errors
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5. Conclusion

In this study, a four-wheeled AMR's position control and path planning for single or multiple target coordinate
points were carried out using a cascade connection of fuzzy logic and PI controllers. While the reference values
of the robot were carried out remotely via Bluetooth connection with the Android application, the instant data of
the robot was transferred to the Android device thanks to the same application. These data, which were collected
in Excel file format, were then transferred to the computer via e-mail, and graphs were drawn in MATLAB. The
position and angle information of the robot is obtained by passing the motor angular velocity information instantly
from the encoders connected to the shaft of all four motors of the MR through the kinematic equations. Angle and
position errors obtained by comparing reference values with instantaneous values are applied to the fuzzy logic
controller as input signal. By applying the robot angular and linear velocity values obtained as the output value
thanks to the created rule base to the inverse kinematic equations, the instantaneous reference angular velocity
values that the motors should reach are calculated. The speed error was calculated by taking the difference between
these values and the angular speed information received from the encoders and applied to the PI controller input.
The motor speeds required for the position that the robot needs to reach are controlled by PI. When the graphics
are examined, it was seen in both simulation and experimental studies that the MR reaches the position most
shortly and without any errors in line with the given approach distance. In addition, the fact that the average
absolute speed error in the motors is a maximum of 0.283 rpm shows the effectiveness of both PI and fuzzy logic
controllers.

Funding: This study is supported by Firat University Scientific Research Projects Unit with the project
number TEKF.19.07.
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