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Abstract[] This paper compares the performance of three trajectory tracking controllers for robot differential traction using image
processing. The controllers of trajectory used are: fuzzy, backstepping and kinematic controller for trajectory tracking of fixed
gains. To measure the location of the robot with the was used a camera located on the roof of the test environment. The test
environment features a rubberized canvas with specific measures which were used for camera calibration, in addition, it avoids the
possible landslides of the robot wheels caused by physical forces involved. For the preparation of the experiments were tested in
various tunings controllers using trial and error. With this, the tests were performed in the simulation, and then the same data
therein for practical experiments were used. Then we noticed was a result of recurrent trend obtained in the simulation for practical
experiments. Finally, experimental results are presented and the three controllers are compared using the IAE performance index
of absolute error is realizing that the best performance was the backstepping controller.
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1 Introduction

As TOMMASI et al (2015) this paper compares
the performance of three trajectory controllers for a
robot with differential traction, but image processing
instead of odometry was used for estimation of the ro-
bot's position, . The controllers that were analyzed to
perform the comparison are: the kinematic Controller
for Trajectory Tracking of Fixed Gains (MARTINS et
al., 2008) (RESENDE et al. 2012), the backstepping
controller (FIERRO and LEWIS, 1998) and (JUN YE
2008), and a Mandani’s fuzzy controller proposed on
(TOMMASI et al. 2015).

In TOMMASI et al (2015) it was also made the
same comparison survey with these controllers. How-
ever, the odometry was used to estimate the location
of the robot, which is a technique that uses the inte-
gration of the incremental measurements displace-
ment of the robot's wheels, but this technique is sub-
ject to errors that that accumulate with the time as is
referred by VALGAS-FILHO (2010) , this fact com-
promises the results obtained, this factor could result
critical in a trajectory as the lemniscate (flat-shaped
curve eight) that contains curves that lead with wheels
slips due to physical forces involved (YU et al, 2010).
Thus, this survey will use image processing to esti-
mate the robot position. The error position is mini-
mized obtaining more accurate results. The develop-
ment platform used was the same used by TOMMASI
et al (2015), the Start Kit 2.0™ (DANI) and a simula-
tion environment of the same robot provided by the
module itself to robotics contained in the software
Labview™,
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This paper is organized as follows: In section 2 is de-
scribed the kinematic model of the differential mobile
robot. In section 3, the studied controllers are shown.
In section 4, the estimation of the mobile robot loca-
tion will be explained using image processing. Section
5 describes results of simulation and practical experi-
ments. Finally, in section 6 concludes this paper.

2 Kinematic model of mobile robots

The configuration of the mobile robot used in this
paper is shown in figure 1. It has two parallel motor-
wheel with independent drives each other, and a free-
wheel (silly wheel or caster). The two driving wheels
are identical with the radius r, being the distance be-
tween the wheels equal the 2L. The posture of the ro-
bot is defined by the coordinates q=[x, y, 8]T whose
parameters define the configuration and its location on
the cartesian axis, where 0 determines the angle of ori-
entation of the robot. The position of the robot, de-
fined in the cartesian axis system, is defined by the
variables x and y. The center of mass of the mobile
robot is located at the point C, located on the center of
the axle of the wheels of robot with a distance L to
each of the robot's wheels. It will be used as a refer-
ence point, or point of interest for the control of the
robot in the case of controllers Fuzzy and Backstep-
ping. On the other hand, in the specific case of the
fixed gain controller the point of interest will be the
point Di, that is to centimeters to the front of the vir-
tual axis orthogonal to the axis that connects the
wheels of robot. If the speeds of the two wheels are
identical (v1=v2) the displacement of the robot will be
straight; If the right wheel speed (v2) is smaller than
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the left wheel (v1) the robot move in circular shape to
left; If the left wheel speed (v1) is greater, the robot
move also in circular shape to the right. However, the
robot described cannot perform cross movements and
must perform a sequence of maneuvers to perform
more complex movements. This type of robot with re-
strictions of movement is called nonholonomic.

The equation 1 represents the kinematic model of the
mobile robot. This model will be used in the develop-
ment of the controllers Fuzzy and Backstepping.

[ |-[s o

where v and w are the linear and angular velocities of
the robot, respectively. In such a model is considered
C as the position of the robot’s point of interest. The
equation 2 presents the nonholonomic kinematic
model improved accessibility not used in the develop-
ment of kinematic controller with fixed gains. In this
model the position of the robot is defined by the point
of interest Di(see Figure 1).

V(t)

(t)] M

XO] [cosd -a.sind
y() —[sine a.cos e“ ((tt))] )
0(t) 0
y
>
0 X

Figure 1 - Configuration of mobile robot nonholonomic with trac-
tion differential.

3 Controllers

3.1 Kinematic Controller for Trajectory Tracking of
Fixed Gains (KCTTFG)

From the equations shown in (TOMMASI et al,
2015) It is possible to propose the following control-
ling law:

. ky ~
Ve Xqtly tanh(ax(t))
or

. L (3)
¥4+l tanh( Ey(t))
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where Vr and wr are the outputs of the kinematic con-
troller, X4 and y, are the speeds of the desired posi-
tions in x and y, X=x4-x and §=y -y are the position
errors on track x and y, ky > 0 andk, > 0 are the
gains of the controller, I, > 0 and l, > 0 are satura-
tion constants, (X,y) and (Xq,yq4) are the current co-
ordinates and desired point of interest of the robot. For
the closed loop system, considering the perfect track-
ing of speed, i.e., v=v, and ®=0,, you can determine
the velocity values of the point of interest of the robot
in the directions x and y, substituting the equation 3 in
the equation 2, it has

|%4+1, tanh (k— )’i(t))]

[ Gt tanh( y(t))J

To high position errors, the equation 4 can be approx-
imated by

[X(t)] _

y(®)

- ky
once for [X|>0, 1, tanh (1_

- @

y(®©

xq(t) + 1, sign(i)] )

¥4(® +1y sign(y)]”

i) ~l, sign(X), and for

|§1>>0, 1, tanh (ll(—y 9) =1, sign(§), where sign(.) rep-
Yy

resents the sign of the argument. Thus, the values of
the constants of saturation [, and l,, from equation 4
can be determined from the following considerations
of maximum speed:

Speed limits for the planned trajectory: |%q4],
. m .
|yd| STV max[:]a

Speed limits for the point of interest of the
robot in the directions x and y: [x], |y]|

SRV max[?];

Anyway, whereas the planned trajectory has the max-
imum allowed value, namely, |Xg4l, |}'/ d| <Ty max[?],

for speed limits to the point of interest of the robot are
met: | Ty maxHlsign(X)| < Ry max and

I Ty maxT Lsign(¥)| < Ry max- Concluding that the ade-
quacy of the values for the constants of saturation is
given by: L=L,=Ry 1sx-Tv max-

Where the higher the values of 1, and 1, the faster the
robot will reach the reference trajectory.

The appropriate values of the gains k, and k,, are de-
termined experimentally, which consists of running
real-time control algorithm in robot and adjust the
gains so that the robot follows the trajectory more ap-
propriately.



3.2 Backstepping Controller

The second is the Backstepping controller. The
idea of this controller is to use state variables as "vir-
tual controls". The development was based on the
study of (FIERRO and LEWIS, 1996) and (JU YE,
2008). The equation 6 shows the Backstepping con-
troller law presented in KANAYAMA (1990) and
widely used and recommended in the studies of (FI-
ERRO and LEWIS, 1996), (JIANG and NIJMEIJER,
1997) and (KUKAO, NAKAGAWA and ADACH],
2000).

Figure 2 presents the errors considered in developing
this controller.
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Figure 2- Provision of trajectory errors.
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where k;, k, and k3 are parameters of controller tun-
ing, v, and w, are the outputs of the controller. The
gains k4, k, and k; must be such that the robot posi-
tion error is minimized.

3.3 Fuzzy Controller

The Fuzzy trajectory controller was designed with the

following steps: definition of input and output varia-
bles, creation of the relevance, creating the rules of the
controller, the method definition “defuzzification”
and adjustment of output variables gains.
Fuzzy controller's rules were set from two entries: the
angle y (orientation error) and the distance D (position
error), both illustrated in figure 3. The y orientation
error is calculated from the equation 7

y=0-6, (M
where a is the angle of the vector D and 0 is the angle

of orientation of robot. Already the position error D is
obtained using equation 8
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Figure 3 - Fuzzy controller errors.

The two Fuzzy controller outputs were defined as the
linear and angular velocities of reference to the robot
controlled. Linear velocity of reference is used to
minimize the error D, as well as the angular velocity
shall be used to reduce the error .

The model, the rules and methods for the Fuzzy con-
troller is the same used by TOMMASI et al (2015).

4 Location estimation by image processing

In TOMMASI et al (2015) the odometry was used
to estimate the position and orientation of the robot.
However, with the goal of obtaining smaller errors in
the robot position estimation, image processing was
used on this article. For this, it was installed a camera
on the laboratory roof, as shown in figure 4, and con-
nected directly to the computer to facilitate the estima-
tion of position, it was used a plate containing two dif-
ferent sized circles where the centroid of the smaller
circle is represented by Pp, the centroid of the larger
circle is represented by Pg and the centroid of the ro-
bot is represented by point Pr the robot pose is repre-
sented by a green arrow, as shown in figure 5.

Figure 4 — Test environment.

A plate with two circles for reference effect of robot
pose was employed. It was positioned above the robot



so that the smaller circle was located at the front and
was located at the rear. The reference of x and y points
in the two circles is taken from the centroid point.
With this, the variables xp and yp refer to the cen-
troid point of the circlet and xg and yg refer to the
great circle centroid point. The centroid point of the
robot is represented by the variables xr and yr, they
are calculated as the midpoint of the line segment of
the points defined by (xp, yp) and (xg, yg) as the equa-
tions 9 and 10

xr=(xg+xp)/2 )

yr=(ygt+yp)/2 (10)

For the calculation of the 8 (theta) was used a function
of the arctangent function, inverse tangent function,
which gets the value of the tangent and returns the an-
gle, in radians, used as far as taking as input the dif-
ference of variables x and y, i.e., Ay and Ax .

Figure 5 — Plate with circles used as reference for the pose and lo-
cation of robot.

In order to perform the image processing for estimat-
ing the pose and location of robot, images are acquired
and processed. Figure 4 shows the laboratory arranged
for the execution of the experiments, it consists of a
rubberized canvas, a camera connected directly to the
computer and positioned on the ceiling. The rubber-
ized canvas serves to prevent the sliding wheels of ro-
bot. The acquired images are obtained by the camera,
and was configured to capture the color of the circles
located on the data plate positioned above the robot.
After the image acquisition is performed, the area and
points for the center of mass of the particles are ob-
tained. Through the acquired data is possible to esti-
mate the error of the robot's position regarding the po-
sition of the reference trajectory, the controller can be
applied to linear and angular velocities of the robot to
ensure that this goal is reached.

To be able to estimate the robot positions through im-
age processing is necessary to bind the dimensions of
images acquired with the dimensions of the real world,
to accomplish such a feat is needed a step called cali-
bration. She has as the objective to extract and identify
specific features in the image (DO NASCIMENTO,
2014). With that we're allowed to coordinate connec-
tion located on the image in real world coordinates,
that is, map the pixels of the image in meters in the
real world.

For the recognition of circles is used the color thresh-
old method, which is used to remove the parts of the
image that are located within a range of specified
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color. This method can be used to detect objects of
color values that are consistent with this, one can high-
light the circles of interest to the image processing. To
perform the deployment of color of the circles was
used a color called HSL pattern that uses the concepts
of hue, purity of color and lightness. This system pro-
vides a very accurate description of colors, supporting
the dissemination of them (PORTELA, 2015). In or-
der to find a desired color setting of the elements of
this color system.

To improve particle shape (currently circles are
treated as particles) are held on the morphology trans-
formation that modifies the shape of the objects in bi-
nary images. Procedures are performed that are ex-
panding, filling holes and with a particle filter is made
the withdrawal of remaining particles that are un-
wanted. In the end, the particle data are acquired as
area, centroid, among others. These data can be re-
turned as much as values of the images (pixels) as real-
world measurements (meters).

5 Results

5.1 Simulation data

The simulated study was conducted for the three
drivers shown in section 3. The tuning of the control-
lers has been carried out using trial-and-error. The
data obtained for the with the Fuzzy controller tuning
parameters are Kv = 0,9 and Kw = 1,5. For the
Backstepping controller parameters are,
Vr=0,1, Wr=0,001,K,=1,35, K,=290, K;=13. For the
Kinematic Trajectory Tracking Controller of Fixed
Gains parameters are, kg=-1,8, po=2,56, a=0,17 m.
For the analysis and comparison of results of error was
used the index of performance Integral Absolute Error
(IAE) which is calculated by integrating the absolute
error in the time of sampling. The equation 11, shows
how is calculated the IAE.

IAE= ["lea(t)] dt (11)
The trajectory errors shown are shown in figure 6 for
the three studied controllers.

4 T

Desired position
—— Fuzzy robot pasition
ash —— Backstepping Robot Position

L I . . L
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Figure 6-The chart trajectory simulation experiment.

The equation 12, shows how is calculated the abso-
lute error.
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ae= J (XrV-Xr)*+(YrV-Yr)? (12)

where ae represents the absolute error. The variables
Xr and Yr represent positions of the robot in the coor-
dinates x and y. The variables XrV and YrV represent
the desired position, as shown in figure 7.
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Figure 7-Comparison chart of controller errors in simulation.
Table 1 contains the performance indexes of the three

drivers obtained for each variable during the simula-
tions.

Table 1- IAE values of each controller in the simulation.

[ Variable [ Backstepping | KCTTFG | Fuzzy |
[ TAE [ 21.69 [ 4431 [ 59.76 |
5.2 Experimental Data

The practical experiments were conducted with
the three controllers described in section 3. The tuning
data used were the same except for the simulation con-
troller fixed earnings data to which the tune of
a=0,17m. This difference occurred due to variation of
position obtained in the simulation about the position
obtained in practice.

In figure 8 is shown the desired trajectory relative to
the robot trajectory to the a fore mentioned controllers.

—— Desired position

Fuzzy robot position

15 Backstepping Robot Position
—— Robot Posilion Fixed Gains

25

Figure 8 — Practical experiment of chart trajectory.

In figure 9 is shown the IAE data for the controller
used in this article.
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Figure 9 — Chart of the absolute error of the practical experiment.

Table 2 contains three performance indicators ob-
tained for each variable of controllers for the practical
experiments.

Table 2— IAE values of each controller in practical experiments.
| Variable | Backstepping | KCTTFG | Fuzzy |
[ IAE [ 21.44 [ 43.79 [ 52,82 |

As can be seen in tables 1 and 2 the Backstepping con-
troller obtained better performance due to fewer er-
rors.

6 Conclusion

The main contribution of this paper is to apply
image processing applied to the study of the compari-
son of the performance of three controllers: The Kin-
ematic Trajectory tracking controller of Fixed Gains,
Fuzzy and Backstepping. Another contribution of the
paper is that in comparison to the odometry shown in
Tommasi et al (2015) the method used in this article
proved to be more effective because the minor errors
of estimation of the location of the robot, once the
camera calculates the positions directly from the pro-
cessing of the images. While, the odometry location is
only estimated by mathematical calculations. A sur-
vey was carried out in order to perform the installation
of a controlled environment for the practical experi-
ments of the controllers. It was for the experiments the
robot DANI 2.0, that is part of the Labview Robotics
Starter kit. Another contribution of this article is the
evaluation of trajectory tracking controller using the
performance index IAE. The Backstepping controller
presented the best performance in the simulation, the
results, both in simulation and in practical experi-
ments are very closed
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