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Abstract—Wheeled mobile robot (WMR) is widely used in
everyday life. The problem that arises in its implementation
is navigation. Besides that, integrating navigation components,
especially path planning, in a WMR Kkinematic model is consid-
ered very important to produce natural robot motion. One of the
reliable path planning algorithms that can be used in real-time is
Artificial Potential Field (APF). The weakness of this algorithm
is that it can be stuck at the local minimum. Modification of
APF (MAPF) which several researchers have proposed, serves
to solve the drawbacks of this algorithm. This study aims to
integrate and implement navigation capabilities in the WMR
kinematics model, especially path planning. The test was carried
out in a simulation using the Webots simulator. The robot used
is an E-puck robot. E-puck is a differential drive mobile
(DDMR) that uses two drivers to move. The results show that
the MAPF path planning algorithm can be implemented well
in the R kinematics model. Local minimum problems in
the am of symmetrically aligned robot-obstacle-goal (SAROG)
and goal non-reachable due to obstacle nearby (GNRON) in real
conditions can be solved properly.

Index Terms—mobile robot, path planning, APF, local mini-
mum, kinematics model.

[. INTRODUCTION

Autonomous mobile robot (AMR) is widely implemented
in everyday life to help complete human work. Generally,
AMR is used to do repetitive work and work in hazardous
environments. One type of AMR widely used in daily life
is a robot that moves with wheels or is commonly called a
wheeled mobile robot (WMR). Robots with wheel drive are
widely used because of human habits in using wheeled cars
in everyday life. WMR is widely used in the fields of health
[1]. [2], education [3], [4], industry [5], [6], and agriculture

[7]. [8].
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The main problem in implementing an autonomous WMR
is its navigation capabilities. Navigation comprises several
main components, such as localization, mapping, and path
Elhnning [9]. Localization is the robot’s ability to find out
robot’s position in real-time. One of the methods used
to determine the robot’s locmm is @ motor encoder and
gyroscope [10]. Mapping is the robot’s ability to recognize
the environment around the robot. In general, mapping can be
done by embedding information in the robot’s memory and
building a map through sensors attached to la'obot,

In addition to localization and mapping, path planning is
one of the navigation capabilities considered important for
WMR, which moves autonomously to produce a collision-
free trajectory. A good path planning algorithm can reduce
investment in terms of financial and robot development time
[11], [12]. One of the path planning algorithms that has a
simplemualion but is considered reliable and is still used
today is the Artificial Potential Field (APF) [1&[16], This
algorithm utilizes the attractive potential field generated by
the target to pull the robot closer to the target. In addition,
this algorithm also utilizes the repulsive potential field from
obstacles to push the robot away from obstacles.

A WMR can move naturally by utilizing the WMR kine-
matic model. However, the problem faced in autonomously
moving WMR is how to avoid collisions. Therefore, it is nec-
essary to integrate the WMR kinematics model with the path
design algorithm. In addition, the design of the l:m of a WMR
also requires information support in the form of the position of
the robot and the conditions of the surrounding environment.
The accuracy of the information provided by other navigation
components will make an important contribution to designing
the WMR path so that it can move autonomously.

Research on the implementation of the path design algo-
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rithm, especially APF on WMR, has been carried out. The
test is generally done by modelling the robot as a moving
point of mass in a test cuvimlmll, Testing using a real robot
model needs to be done to see the effect of the implementation
of the APF algorithm on the robot’s motion. However, real
implementation requires a fairly high financial investment.
Therefore, researchers mainly do testing using a simulator that
shows a robot’s real performance.

This study aims to integrate and implement the path plan-
ning algorithm on the WMR kinematics model. The perfor-
mance evaluation of the APF pad WMR algorithm was carried
out by simulation using the Webots simulator. The type of
robot used is a robot with a different drive, or a differential
drive mobile robot.

. II. METHOD
11

A. Artificial Potential Field (APF) Algorithin

The Artificial Potential Field (APF) algorithm was intro-
duced by Khatib [17] to create a trajectory on a robotic
arm. The APF algorithm is considered a simple but reliable
equation in real-time implementation. In the APF ailhm.
the robot 1s considered as a point of mass in a potential
field and Lla] combines the attractive force from the target
point as an attractive potential field and the repulsive potential
field in the robot’s working field to form a safe path. This
algorithm is advantageous because the path traversed is based
on quantitative calculations.

The APF algorithm is the same principle as the spring’s
potential energy (E),) according to equation (1). The value of
k is the spring constant, while the value of x is the spring
strain from a stable condition. The spring’s potential energy is
the energy that causes the spring to return to its initial position
after the force on the spring is removed. The energy released
to pull the spring is stored in the spring, which is then referred
to as the potential energy of the spring. The further the spring
is stretched, the more potential energy is generated.

E, = %k&;rz (1)

The robot’s position in an environment coordinates as g =
(z,y). The APF algorithm generates a potential field that is
utilized by the robot to alcratc a safe path. The artificial
potential field generated is based on the peu'zaelers of the
robot’s distance to the target (D),,), the distance of the obstacle
to the robot ([D,,), and the robot’s safe distance to the obstacle
pointsfsafe distance (r). The equation for the attractive and
repulsive potential fields proposed by Khatib can be seen in
(2) and (3).

1 ;
Uu(Q) = Eku‘gﬁy (2)

2
lp (L1 if D, <
U lq) = ;}' (D ) if Dor <7 3)

if D, =>r

The value of D,.; and D, is an Euclidean distance which has
the equation ||g — q,|| and ||q, — g||, with the target position
gy = (T4.yy) and the obstacle g, = (o, yo). respectively.
The problem in implementing the APF algorithm is that
the robot can be trapped in Lhamiuimum local area. The
known minimum local forms are symmetrically aligned robot-
obstacle-goal (SAROG) and goal non-reachable due to nearby
stacle (GNRON) [14], [18]. The SAROG problem occurs
when the robot, obstacle and target are in a straight line.
This condition, in theory, will cause a deadlock condition
when the robot in the presence of obstacles. The GNRON
problem occurs when the obstacle is very close to the target.
This condition is indicated by the value of Drg, which is
smaller than the safe distance. The minimum global position
that should be in the target coordinates will be shifted due to
obstacles located very close to the target.

Researcher [19] used modificd APF (MAPF) to solve local
minimum problems. The equation used is to replace equation
(3) into (4).

2
Lk, (% - Tl_b_);‘y if Dy <1
0 1 S B 7

where n is the tuning parameter to solve the local minirrm
problem. The total potential field (U;(g)) generated by the
moce:d APF algorithm based on (2) and (4) can be seen in
(5). The comparison of the total potential field of APF and
modification of APF can be seen in Fig. 1.

(5

Uilg) = Ualg) + U,(q)

Taotal Petential Field

OB A @ e gpgee
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(h)
Fig. 1. Comparison of APF and MAPF total potential field (a) Potential field

of APF path planning algorithm (b) Potential field of MAPF path planning
algorithm
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The APF algorithm produces movement towards the target
at the minimum potential field value. Therefore, a negative
gradient of Ut(g) is needed to direct the robot towards the
equilibrium point at the goal point. The negative gradient of
Ui(g) is shown in equations (6) and (7).

ok (ﬁ—%)g 7) D
! D3, (6)

Folq) = ""'n('

—0.5k.n (

Fylg) = —ka(y — yg) — kv

—0.5kn (

where F(q) and F,(q) are negative grddiem of the total
potential field in = and ¥ axes.

)D“ 2

ryg

) (vo = 0)D7,

3
D3, (7

ye; Da 2

B. Kinematics Model of Whee:’em{abi!e Robot (WMR)

This study will implement a potential field-based path
planning algorithm in the WMR kinematics model. The WMR
kinematics model is used because the test in this study will
only use the speed component without involving the force or
torque component that applies to the robot. WMR kinematic
equation can be seen in a}

T=1vcost
y=uvsinf (8)
f=w
where v is linear velocity and w is augar velocity.
Parameters affecting WMR motion can be seen in Fig. 2.

Based on Fig. 2, the robot in the initial position {/} has a
heading angle (#) which moves to the target Z&} at a distance
of p. The angle that the robot makes to the robot’s final
position is defined as f. The difference between the initial
and the destination on each axis of the Cartesian coordinates
is Az and Ay. The robot heading angle to the initial robot
frame is defined as 3. In this study, the value of « is influenced
by the negative gradient of the MAPF algorithm according to
equation (9).

Ax? + Ay?
o = tan™! (‘L;‘*(q]) —9 ©)
Fu(q)
B=—-f—-a
If the value lies between _T" and } then the kinematic

equation based on the coordinates in the polar plane can be

seen in (10).
p=—Vcosa
. 4 U Sin o
G=-w+—
7 (10)
. v sin o
=N
P

If the target is located in front of the robot, the linear control

law can be seen in (11).
v=rkyp
o =kyoo+ kg3

(1n

Therefore, equation (11) is substituted for (10) to produce
equation (12).

p=—kycos
b =k, sin oo — koo — kg3 (12)
B=—k,vsina

The closed loop system at (12) is stable as long as the value

of b, >0, kg < 0. and k, — kg = Q.
C. Environmental Design

This study aims to mduce a safe path for the robot to
reach the target. Robot design and testing can be done through
simulation using various software. One of the robot simulators
used for designing and testing robots is Webots [20], [21].
Webots is a {ree and open source 3D robot simulator from
Cyberbotics Ltd. Webots are used for modelling, programming
and 3D simulation of a mobile robot. Webots are widely used
in academia, industry, and research.

The robot used in this research is E-puck. E-puck is a mobile
robot platform with a differential drive type that 1s widely
used in education. Some of the data needed in this research
are robot position data, robot heading, and obstacle position.
The E-puck hardware specification used for input data is robot
radius (L). The robot radius on the E-puck robot is 37 mm.
This parameter is used to determine the speed of the right and
left wheels accordingly (13).

wl
v =U+ —
! 2R

oL (13)
W=v— —

2R

where I is the instantaneous center of curvature (ICC). Robots
that move in curve have a center of curve, which is called the
ICC.

Fig. 2. Kinematics model of WMR
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The collision-free robot trajectory is obtained from the
WMR kinematics equation integrated with the MAPF path
planning algorithm. The contribution made to this study was
to integrate MAPF into the kinematic model of DDMR.
According to Fig. 3, initial position, obstacle, goal, and several
gain parameters are input for the path planning algorithm to
produce F,(g) and #,(g) values. These two parameters are
used as input in the WMR kinematics model to produce a
collision-free path.

In the simulation, the test area used is 4x4 m, as shown in
Fig. 4. The coverage area is -2 to 2 on each z-axis and y-
axis. This position is based on the dimensions of the E-puck,
which has a radius of 37 mm. In the test environment there
are other robots as obstacles. Tests were carried out in both
static environments. The static environment is generated from
an obstacle in the form of a stationary E-puck robot.

The process of intcgrm; the MAPF algorithm into the
DDMER kinematic model can be seen in Fig. 5. Based on Fig.
5, the simulation starts with the initialization of the parameters
needed for the path planning algorithm and the kinematic
model of DDMR. F.(q) and F,(q) values are obtained from
the MAPF path planning algorithm. After that, this value is
used in the DDMR kinematics model to obtain the value of
the robot’s position and heading angle. This process will run

Setting parameter
(€87
Initial position 1
3 '
Conl position 1282 | Path planning | FoFf | Kinematic Model
2081 positio algorithm of WMR
1 ()
(2,
Ohstacle position Robot maotion

Fig. 3. Block diagram of the system

Fig. 4. Environmental setup

Initialisation of some parameters g,
Qe Ge, Ka, o, 11, K, B, K

!

Calculate the F.ig) and F,{(g) values
of the MAPF algorithm

'

Calculate the position of robot (xy)
based on kinematic model of DDMR

Robot position (x)) and
robot angle (8)

Is robot reach
the goal?

Fig. 5. Flowchart of the system

as long as the robot has not reached the goal.

ITI. RESULT AND DISCUSSION

A. Effect of Parameter k,, kg, k, and ICC

The effect of parameters k., kg, k,, and ICC can be seen in
Fig. 6(a) to (d). According to the test results, k,, and kg values
affect the robot’s heading angle, and k, affects the robot’s
linear speed (11). Based on Fig. 6(a), the ks and k, values
are set to 0.01 and -0.1, respectively. A large k,, value affects
producing manoeuvres with small angles. This is shown in
the blue line with the value of k., = 0.13. A small k, value
causes the robot to move farther away. In addition, the broken
line at the k,, value of 0.05 indicates that the steps taken from
p(aious g¢ and g; are quite large.

Fig. 6(b) shows the effect of the value of k5 on the trajectory
robot. In this test, the value of k£, =0.01 and k,= 0.13. A large
k3 value affects producing a longer path than a small k5 value.
At a small value of kg, the path generated by the robot goes
directly to the goal position. The resulting path length is also
smaller l the large ks value.

Fig. 6(c) shows the effect of the value of &, on the trajectory
robot. In this test, the value of ky =-0.1 and k,= 0.13. The
value of k, affects the linear speed produced by the robot. In
this case, a large value of k, affects producing a large step
size. If the value of k, is too large, a broken trajectory will
occur. This is due to the high speed of the robot in one step.
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k, =011

k=013
» initisl
* gasl

Fig. 6.

TABLE 1
PARAMETER OF THE TEST
Environment Parameter
Fo [ Fr [Fa [ [Fp [ICC [ n
! T [50 5 [ 1 [1]03]1
2 T[S0 5 [T [T [03]5

The ICC parameters determine the right (v,.) and left (v;)
motor speeds. The distance from the robot’s centre to the
curve’s centre must be determined properly so that the robot’s
manoeuvring can also be optimal. Based on Fig. 6(d), a
large ICC value causes a longer distance for the robot. The
manoeuvre produced by the robot is sharper at a small ICC
value. However, the distance to the goal position is getting
shorter.

B. Trajectory of Robot

This study uses two tests environment representing the local
minimum condition in the form of SAROG and GNRON.
In epdionment 1, the SAROG problem is faced by robots.
The obstacle is located symmetrically between the robots and
the goal. The initial position of the robot (g;) is (0,0) with a
heading value (#;) of 0". The obstacle’s position (g,) is located
at the coordinates (0.9,0). The goal position (g,) is located at
the coordinates (1.5,0). The parameters used in environment
1 can be seen in Table T.

Based on Fig. 7, the robot managed to avoid a collision and
headed for the goal position. The robot stops at the condition
S,-,, < 0.01. The distance travelled by the robot is 1.76 m. The

s

(dy

The effect of some parameters (a) Parameter of kq (b) Parameter of kyerq (¢) Parameter of kj (d) Parameter of ICC

e

N-gg

(h)

Fig. 7. Trajectory of the robot in environment | (a) Representation of
environment 1 in Webots (b) Trajectory of robot
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(a)

(b}

Fig. 8. Trajectory of the mwbot in environment 2 {a) Representation of
environment | in Webots (b) Trajectory of robot

2
robot’s travel time Eom the al position to the goal position
is 273 s. Based on Fig. 7, the robot can avoid obstacles by
performing manoeuvres before reaching the safe limit (r = 0.3
m).

Testing on environment 2 represents the GNRON problem.
The obstacle is located very close to the goal position. This
1s indicated by the obstacle which is located at coordinates
go = (1.3,0). The distance between the obstacle and the goal
in the coordinates (1.5,0) is 0.2. This means that the value
of Sr'y < r, with a value of r = 0.3. Therefore, according to
Table I, the GNRON problem is solved by setting the value
of n to 5.

Based on Fig. 8, the robot can avoid obstacles and reach
the goal within 317 s. The trajectory generated by the robot
falls within the specified safe area. This is a consequence of
using Srgn in equation (4). In Fig. 7 and 8, oscillations occur
when the robot avoids obstacles. This is caused by determining
the parameters that are still less than optimal. However, the
robot produced a collision-free trajectory and reached the goal
position.

IV. CONCLUSION

In this study, the MAPF algorithm has been integrated into
the WMR kinematics model. The test results show that the
trajectory produced by WMR is able to reach the goal and
is PR of collisions. The Srgn parameter reduces the value
of the repulsive potential field generated by obstacles located

very close to the goal. However, the gain and ICC parameter
settings need to be investigated to reduce robot oscillation
when avoiding obstacles.
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