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Abstract. This paper presents the method of designing a line following
Fuzzy-PD controller for a differential-driven logistics transport mobile
robot (LTMR). The line following controller is in charge of assisting the
robot in moving along a predetermined path that has been installed or
painted on the ground. The experimental results in this study demon-
strate that the Fuzzy-PD controller can adjust the control parameters
to better adapt to a rapid change in direction of the reference line when
compared to using the PD controller. Furthermore, this paper provides
an innovative approach to designing the control algorithm for differential-
driven LTMR to enable a simple transition from manual to line following
mode or vice versa.
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1 Introduction

In general, regardless of sensor type, the line following control method uses
position sensor information installed on the robot body to drive the robot such
that the sensor’s midpoint is as close to the reference line as possible [1–10]. The
research results in these studies [7–10] have shown the effectiveness and ease of
implementation of conventional Proportional-Integral-Derivative (PID) control
technique for line following robot. Balaji et al. [7] also presented the roles of
proportional, integral and derivative terms of PID controller in line following
control. For example, with a large value of proportional gain - Kp, the robot
is able to response quickly when the reference line changes its direction but
oscillates strongly in the straight lines. With a small value of Kp, in contrast,
the robot runs very stably on the straight lines but its ability to change the
direction is much worse. Next, the derivative term of PID controller is known
for its overshoot reduction function and transient response improvement related
to the sudden change in direction of the path. However, given the large value
of the derivative gain - Kd, the system can become quite sensitive to disturbing
signals related to the quality of the sensor or of the reference line. The system
also becomes unstable if the Kd is too large.
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In basic PID-controlled systems the integral term is used to eliminate steady
error provided that the reference value is fixed or little changed. However, in line
following control system, the characteristic of the predefined line often changes,
thus the reference value for the line following controller is not fixed. With the
presence of the integral term in PID controller the robot’s performance can
become unstable because of the instability of reference value for whole system.
So that, to increase the stability of the control system, the integral term should
be removed. The PD controller should be implemented with the Kp that can be
adjusted, while the Kd should be selected appropriately and unchanged.

As an intelligent controller, fuzzy logic controller (FLC) is known with its
ability to supervise the nonlinear systems and to be used to adjust the PID
parameters to help the system achieve optimal state [11–13] . For the above
reasons, this paper proposes a fuzzy PD controller with the ability to change
Kp parameter by itself for line following robots to accommodate the variation
of characteristics of the entire system.

In this study, the line following control mode can conventionally be called
automatic control mode (ACM). Although the robot is built for the ACM, it
may not always work in this manner. When the sensor system or magnetic line
is damaged, or the robot has to operate in locations where there is no install line,
the operator must control the robot directly. Manual control mode (MCM) refers
to the control mode in which the robot is directly instructed by the operator.
As a result, for research, an easy technique to transition from MCM to ACM
or vice versa is required. There are commonly two techniques in the MCM for
controlling the robot moving forward or backward, turning left or right using
reference linear and angular velocity values. The first technique converts its
reference values into two distinct signals, each of which is utilized to individually
regulate the velocity of each wheel using its own PID controller with proper
settings [14]. In the second technique, the robot velocities are directly controlled
by two PID controllers, linear and angular PID controllers, without any reference
value conversion [15]. Because the first technique makes the transition between
MCM and ACM more difficult. Therefore, the second technique is used in this
study to make programming and control easier. The second technique enables
the system to go from MCM to ACM by simply replacing the angular velocity
PID controller with the following PID controller, resulting in a control structure
that is not significantly different from the original.

The rest of this paper is organized as follows. The MCM is built in Sect. 2.
The method of designing the ACM is explained in Sect. 3. The experimental
results and discussion are given in Sect. 4. Finally, the conclusion is presented in
Sect. 5.

2 Manual Control Mode

2.1 Model of Logistics Transportation Mobile Robot

To prevent the wheels from rolling onto the magnetic line during the line fol-
lowing test as well as the actual run in the case when the magnetic line is not
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Fig. 1. Model of LTMR and magnetic line.

buried deep in the ground, the robot model with differential drive, as shown in
Fig. 1, is used.

Two separate coaxial driving wheels with a 2R diameter are used to move the
W×L-sized robot. Each of these wheels will be propelled by a BLDC motor that
is managed by a motor drive. The velocities at which the left and right wheels
rotate are ϕ̇R and ϕ̇L, respectively. The placement of four castor wheels close
to the rear of the robot body aids in improved robot balance and prevents the
robot from rolling on the magnetic line and destroying it since the two driving
wheels are positioned directly on the robot body’s horizontal axis of symmetry. A
magnetic sensor is attached at the head of the robot body for use while carrying
out the line following function.

2.2 Velocity Control

Typically, the rotating velocities ϕ̇R and ϕ̇L are calculated based on signals
returned from the encoder mounted directly on the motor shaft. The robot’s
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Fig. 2. Velocity control of LTMR.

angular and linear velocities may be calculated as
{

v = vR+vL

2 = R
2 (ϕ̇R + ϕ̇L)

ω = vR−vL

2L = R
2L (ϕ̇R − ϕ̇L)

. (1)

In the field of cargo transportation, it is not necessary to control a mobile
robot at the highest speed but the robot needs to run at an appropriate and
constant velocity even when the load of the freight is changed. The PID controller
of linear velocity, denoted as PIDv, and the PID controller of angular velocity,
denoted as PIDω, can both regulate the robot’s speeds. It is possible to acquire
the output control signals uv of PIDv and uω of PIDω by

[
uv

uω

]
=

[
Kpvev + Kiv

∫ t

0
evdτ + Kdv

d
dtev

Kpωeω + Kiω

∫ t

0
eωdτ + Kdω

d
dteω

]
, (2)

Here, [Kpv,Kiv,Kdv] and [Kpω,Kiω,Kdω] are, respectively, parameters of PIDv

and PIDω.
The left and right motor drivers receive control voltage signals directly, which

can be computed as
[

uL

uR

]
=

[
uv − uω

uv + uω

]
. (3)

Based on Eqs. (1) and (2), the velocity control scheme illustrated in Fig. 2.

3 Automatic Control Mode

In the ACM, the line following PD controller replaces the PID controller of
angular velocity. Thus, Eq. (2) can be written as

[
uv

uε

]
=

[
Kpvev + Kiv

∫ t

0
evdτ + Kdv

d
dtev

Kpεeε + Kdε
d
dteε

]
, (4)
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Fig. 3. Automatic control mode.

Here, Kpε and Kdε are parameters of the line following PD controllers. The line
position and position error are represented by ε and eε = −ε, respectively.

Therefore, Eq. (3) can be written as[
uL

uR

]
=

[
uv − uε

uv + uε

]
, (5)

As mentioned above, to adapt to the changes of the system, the Sugeno fuzzy
controller known with its efficiency in computational processing [16] is used for
adjusting the Kpε parameter, as shown in Fig. (3).

The fuzzy controller has two inputs: position error ε and position error change
deε. The fuzzy controller’s output signal kpε ∈ [0, 1] is used to calculate Kpε ∈
[KpεMin,KpεMax] according to the following conversion formula.

Kpε = (KpεMax − KpεMin)kpε + KpεMin, (6)

Here, KpεMin and KpεMax can be found by experimental testing explained in
Sect. 4.

The fuzzy table rule is composed of nine rules, as stated in Table 1, in which
E = {NE, ZE, PE}, DE = {NDE, ZDE, PDE}, and KP = {Z, M, B} represent
the sets of linguistic variables of fuzzy inputs and output. Each rule is built as
following:

Rulen : if eε is eεi and deε is deεj then kpε is Ci,j ,
Where, n = 9 denotes the number of fuzzy control rules, and Ci,j denotes the
value of the cell corresponding to ith row and jth column in Table 1.

The membership functions of fuzzy inputs can be seen as in Figs. 4 and 5.
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Fig. 4. Membership of position error.

Fig. 5. Membership of change in error.

4 Experimental Results and Discussion

The LTMR created in our laboratory is shown in Fig. 6. The robot body’s W
and length L are 0.56 m and 0.84 m, respectively. Each wheel has a 2R diameter
of 0.3 m. While not carrying things, the robot weighs 125 kg. For the robot’s
ACM, a magnetic position sensor with a measuring range M of 14 cm and a
measurement resolution of 0.01 cm is utilized.

The velocities of the left and right wheel are measured based on digital signals
generated by Hall effect sensors mounted inside two brushless DC motors (BLDC
motor), and satisfy the constraint max (vL, vR) ≤ 0.94 m (the maximum corre-
sponding speed of the wheels is 60 rpm).

The robot’s velocities are controlled by two PID controllers, which was pro-
grammed directly on the main control board of the robot. In our experimental
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Table 1. Fuzzy rule table.

kpε deε

eε NDE ZDE PDE

NE B B M

ZE M Z M

PE M B B

Fig. 6. Logistics transportation mobile robot.

research, the parameters of PIDv and PIDω were set with [0.2, 0.4, 0.15] and
[1.0, 0.4, 0.15], respectively.

The PID controller for angular velocity was replaced in the ACM by the line
following Fuzzy-PD controller. The KpεMin, KpεMax and Kdε can be determined
based on the test method when the robot ran on closed magnetic line as shown
in Fig. 1 as follows.

1. Increase Kpε gradually until a value considered as KpεMin so that the robot
can flow the straight line. However, the robot is still unable to follow the line
when the direction of the line changes at an angle of 45◦ from the original
direction.

2. Increase Kdε until the robot can follow the closed line entirely. Kdε can be
chosen larger but just enough so the robot can change direction faster.
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Fig. 7. Position errors of different PD controllers at 0.157 m/s.

3. Keep Kdε value unchanged, increase Kpε until the value considered as KpεMax

so that the robot oscillates quite strongly on the straight lines but still ensure
the robot can follow the closed line.

With the values of Kpε and Kdε found, we can create a table with three
following PD controllers as shown in Table 2. In fuzzy controller, the values of
variables of fuzzy inputs and output were chosen as E = {NDE, ZDE, PDE} =
{−3, 0, 3}, DE = {NE, ZE, PE}={−60 , 0, 60} and KP = {Z, M, B} = {0,
0.5, 1}.

Table 2. Following PD controllers.

PD controller Kpε Kdε

PD1 (KpεMin, Kdε) 0.2 0.25

PD2 ((KpεMin + KpεMax)/2, Kdε) 0.6 0.25

PD3 (KpεMax, Kdε) 1.0 0.25

The robots with different PD controllers were tested by running two rounds
(8 corners) at a speed of 0.157 m/s (corresponding to wheel speed of 10 rpm).
Figure 7 shows the position errors ε of each PD controller and the change in
Kpε when using fuzzy PD. Figure 8 shows the stability of linear velocity and the
change over time of angular velocity when the robot changes its direction.

From the results presented in Fig. 7, we can draw conclusions as shown in
Table 3. Based on the results of the maximum position errors and root-mean-
square errors (RMSEs) in Table 3, it can be clearly seen that the larger Kpε, the
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Fig. 8. Linear and angular velocities of the LTMR at 0.157 m/s.

better the robot follows the line. However, it has a disadvantage of making the
system oscillate strongly on straight lines (maximal peak-to-peak error ripple is
greatest when Kpε = KpεMax). While with the smallest value of Kpε, the system
will become most stable, but the ability to follow the line becomes worse at the
corners.

By comparing with the three PD controllers given above, the Fuzzy-PD con-
troller has advantages such as not only in reducing ripple error but also in
helping the robot to change direction quickly. With the low RMSE, comparing
the Fuzzy-PD controller with the PD1 and PD2 controllers, it also shows that
the use of Fuzzy-PD controller is a great good solution for line following.

Table 3. Experimental results at 0.157 m/s.

PD controller MPPER in box A MPE AMCPE RMSE CT

PD1 0.1 cm 11.1 cm at 65.76 s 10.7 cm 5.70 cm 99.85 s

PD2 0.8 cm 6.6 cm at 54.08 s 6.08 cm 2.18 cm 98.07 s

PD3 1.8 cm 5.6 cm at 14.62 s 4.72 cm 1.39 cm 97.33 s

Fuzzy-PD 0.5 cm 6.3 cm at 14.66 s 5.39 cm 1.72 cm 97.77 s

MPPER: Maximal peak-to-peak error ripple

MPE: Maximal position error

AMCPE: Average of maximal corner position error

CT: Completion time
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5 Conclusion

In this paper, a velocity and line following controllers were successfully built
for the line following mobile robot. Switching from manual control mode to
following control mode (automatic control mode) is also easy but still helps the
robot keep the appropriate linear velocity even when the load changes. The use
of PD controllers with fixed parameters shows that the following system cannot
fully meet the operating requirements when environmental conditions change.
The Fuzzy-PD following controller has the ability to change its own parameters,
making the robot stable when running on straight lines but still ensuring good
line following when there is a sudden change in the trajectory of predefined
reference line.
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