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Abstract. Over the past decades, Robotics is one of the research fields with more advances. From
methodologies of low-level control, used on actuators, to high-level control, used with artificial intel-
ligence approaches. One of the most interesting problem that a mobile robot faces is autonomous na-
vigation. For the robot be able to navigate on the environment autonomously, it have to make use of
sensory input from one or more sensors that are used to perceive the robot surroundings as well as sen-
sors that measure internal states of the robot. One of the most used control theory methodology is the
proportional-integrative-derivative (PID) controller, where its parameters are estimated through a vari-
ety of ways, from raw mathematical modeling to the application of hybrid approaches that uses both
a mathematical model and metaheuristics such as genetic algorithms. This paper aims to estimate the
parameters of the direct current motor through a Kalman filter and use those to estimate the PID para-
meters to control the DC motor by the usage of a genetic algorithm. Results shows that the derived PID
controller is quite efficient on the control of the DC motor used, thus validating the methodology.
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1 Introduction

Robotics in one of the most prolific research fields
(WANG et al., 2018). Throughout its main topic, the
most fascinating one is autonomous navigation (ÖZAS-
LAN et al., 2017). Several algorithms and methodolo-
gies can be used to enable a mobile robot to perform
autonomous navigation (CHOU; JUANG, 2018). These
mainly are divided on two categories: navigation on a
known environment and navigation on an unknown en-
vironment (VOLKER, 2013). Beyond that, both cate-
gories can be divided even further if the environment is
dynamic or not (DAHALAN et al., 2017).

To perform the desired navigation, the mobile robot
has to use a series of actuators that perform on any me-

diums ranging from air to ground (GUO et al., 2017).
On the use of these actuators, the robot has to take in ac-
count the fact that the interaction between the actuator
and the environment is not ideal, so that discrepancies
between the value set as the control input and the actual
value could be considerable, where value here can be
a velocity of a motor for example. When the control is
done in this fashion, it said that the control is open-loop,
in other words, the control is not aware of the error of
control variable (SHIH; LIN, 2017).

When the controller is aware of the error of con-
trol variable and minimizes it, then it is said that the
controller is closed-loop (ZHANG; TRAN; HUANG,
2018). There is a variety of closed loop controllers,
each varying in scope, precision, computation comple-
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xity and among other aspects (ZHANG; WEI, 2017).
One of such controllers is the Proportional-integrative-
derivative controller (PID) (TAKAHASHI, 2018). The
PID controller is one of the most versatile controllers,
used since the analog computer era with applications
from automatic ship steering to some of the control
procedures used on the Apollo missions (NAKATANI;
SANDS, 2018).

One of the key points of the PID controller are its
parameters, or weights. There is one for each block of
the controller. Each is used to weight the influence of
each part of the controller on the error correction of the
control variable (XING et al., 2018). There are seve-
ral methods to estimate these parameters ranging from
the mathematical modelling using control theory alone
to artificial intelligence models (DOERR et al., 2017).
One of the most used metaheuristics of the artificial in-
telligence is genetic algorithm (WANG, 2017).

Genetic algorithm consists on the simulation of a
population, apply evolutionary operators to it at each
iteration and watch the changes on the population so
that one of its individuals become a good solution to the
problem at hand (AL-JARRAH; AL-JARRAH; ROTH,
2018). At each iteration, all individuals of the popula-
tion are evaluated by a fitness function, derived to mea-
sure how good an individual is as a solution to the stu-
died problem, this could be anything from finding the
best word to fit on a sentence to the best geometry to an
RF antenna (DU; LI; XU, 2016).

Every individual is an encoded version of the para-
meters that it represents when applied to the problem
(LIANG et al., 2017). This encoding scheme can be
performed in a variety of ways where the most com-
mon is value encoding. Value encoding consists on each
gene of an individual is a value, that could be numeric
or a string of characters, so that encoding and the deco-
ding procedure consists on inserting and retrieve values
from an array, where this array is the individual (AZMI;
MAWENGKANG, 2018).

To simulate the population used on the genetic algo-
rithm an environment-agent model is needed (DURIEZ
et al., 2016). Since here the individual is the encoded
parameters of the PID that controls the direct current
(DC) motor, then the model that correlates the interac-
tion between the agent and the environment is the mo-
del of the DC motor. Since the DC motor is an elec-
tromechanical device, its mathematical model depends
on constants of mechanical and electrical nature (SAN-
KARDOSS; GEETHANJALI, 2017). The estimation
of those parameters can be done through a variety of

methods that can range from raw mathematical mode-
ling to the implementation of heuristics that in one way
or another includes the analysis of experimental data
collected while the device is operating on certain condi-
tions (GRIGOROV; ATANASOV, 2017). As the analy-
sis, is quite common to use a statistical filter such as the
Kalman filter, also known as the linear quadratic esti-
mation (LIU, 2008).

The Kalman filter is a statistic filter that estimates
the state variables of the system with the use of a mo-
del of the system and with data of some variables of the
system that is used to correlate the input that is given
to the system with its output (DZIUBEK et al., 2012).
This filter is often used to estimate variables such as
the position of a robot with respect to the global frame
of reference using inertial and rotational sensors with a
very small error of estimation (GREENBERG; TAN,
2017). The Kalman filter is also often used to esti-
mate constants of a system that is operating on prede-
fined conditions and the input is known beforehand. In
this case, which the processing of the data is done after
the experiment, where the first case the filter is imple-
mented while the system is operating, the variables, or
constants, are estimated when the data is then gathered
(SUN et al., 2017).

With the objective of integrating graduation students
on real world engineering problems on a controlled en-
vironment some competitions were idealized and put in
practice by various entities from universities to conglo-
merates from a couple of markets. One of such is the
NXP Semiconductors that promote, among others, the
NXP Cup. This competition have nationals on more
than 9 countries with an international phase, since 2012
the competition have a great impact on more than 500
schools and 15,000 students a year (NXP, 2018a).

The NXP Cup promotes various problems on the fi-
elds of robotics, signal processing, embedded systems,
mechanical engineering, electrical engineering, control
engineering, among others to groups of students from
around the world. The main task of the competition is
to design, build and program a mobile robot that uses
Ackerman steering and have as the main sensor one or
more cameras. To win the competition the mobile robot
of the group has to finish a track with the smallest time
possible. This track is built using the standards defined
on the competition rules (NXP, 2018b).

The previously cited problems and the standard na-
ture of the competition turns it on an excellent bench-
mark to research on the field of robotics, in special the
field of autonomous navigation in mobile robotics. For
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that, the competition can be used to implement, improve
and develop even further the methodologies of the state
of the art of autonomous navigation, even with hybrid
implementations such as those who borrow algorithms
from the field of artificial intelligence.

With this in mind, this paper aims to model and con-
trol the DC motor used on the mobile robot of the NXP
Cup with the use of a Kalman filter to estimate the DC
Motor parameters and a genetic algorithm to estimate
the parameters used on the PID controller.

2 Methodology or Materials and Methods

implement the PID controller, the model of the main
actuator and of the sensors and actuators used needs to
be derived so that these can be used to estimate the con-
trol parameters. The principal sensor used is an odome-
try sensor, here and optical encoder, and the actuator is
a DC motor.

2.1 Direct Current Motor

The DC Motor can be modelled as a electromechani-
cal device, where a continuous electrical current produ-
ces an electromagnetic field on the coils and through
interaction with the magnetic field of the permanent
magnets on the motor chassis, a torque is generated on
the same axis that the coils are attached (BALAMU-
RUGA; MAHALAKSHMI, 2017). From (GLOWACZ;
GLOWACZ, 2007) we have:

dia(t)

dt
=

(Va(t)−Ra(t) · ia(t)− kωω(t)

La
(1)

dω(t)

dt
=

(kT · ia(t)−Bω(t)− Tl(t)
J

(2)

Where ia(t) is the armature current, Va(t) is the arma-
ture voltage, Ra(t) is the armature resistance, ω(t) is
the angular velocity of the shaft, La is the motor induc-
tance, kω is a voltage coefficient, B is the friction coef-
ficient , J is the inertia moment of the load. Va(t) on the
previous equation can be substituted by Vpwm(t)·kpwm,
where Vpwm(t) is the PWM used to control the motors
speed and kpwm is the constant that relates the PWM to
the output voltage of the controller. Then the equation
becomes:

dia(t)

dt
=
Vpwm(t) · kpwm −Ra(t) · ia(t)− kωω(t)

La
(3)

2.2 Encoder of Revolution

To estimate the travelled distance of each wheel,
theirs angular displacement must be estimated and for
that, the most common sensors are the Hall Effect and
the revolution encoder sensors. The revolution encoder
consists on an electromechanically device that converts
an angular position or the angular velocity of the axis
on a signal that can be either analog or digital (ALBRE-
CHT et al., 2017).

There are two types of encoders, absolute and re-
lative, where the first can determine at each time the
absolute angular position of the axis and the second
can only determine how much the angle has changed,
without any indication of the initial angular position on
the shaft (PARK et al., 2017).

The errors on the estimative of the angular position
using encoders are cumulative by nature, what makes
the encoders with low resolution with little to no use on
situations that the robot has to operate on a long period.
Furthermore, encoders are the best devices to infer the
angular displacement on systems that have angular mo-
tion (TOLEDO et al., 2018).

2.3 Odometry

Odometry by itself has several factors that can dimi-
nish the precision of the pose estimation, one of such
is the fact that the wheels of the mobile robot can slip,
and such error source as well as others from an odome-
try implementation are cumulative. The imprecision of
the values used on the system constants like the diame-
ter of the wheels can have a big impact on the odometry
system (BORENSTEIN; FENG, 1996).

Calling j as the index of the side of the wheel, where
j = I is the internal and j = E is the external, and
considering that both encoders have the same number of
pulses per revolution NPRev and that NWI and NWE

are the measured pulses by the encoder on the internal
and external wheel, respectively, on the kth iteration,
the angle of the internal wheel ηWI and of the external
wheel ηWE on the kth iteration can be both calculated
by:

ηωjk = 2πGRω

(
Nωjk
NPRev

)
(4)

WhereGRω is the transmission relation between the
encoder axis and the wheel axis. From the previous
equation, the angular speed of the jth wheel (ωjk) can
be obtained by:
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ωjk =
ηωjk − ηωjk−1

Ts
=

2πGRω

Ts
=

(
Nωjk −Nωjk−1

NPRev

)
(5)

To know the angular speed of the jth attached mo-
tor to the jth wheel, all that is needed is to multiply the
transmission relation between the encoder and the mo-
tor GRM

and GRω .

ωMjk = ωWjk

(
GRM

GRω

)
(6)

The travelled distance by the jth wheel is estimated
using equation 3 and the wheel’s radius Rw.

∆Sωjk = Sωjk − Sωjk−1
= Rωηωjk (7)

2.4 Direct Current Motor Speed Control

The difference between the desired velocity, or set
point, of the jth wheel ωSWjk

and the kth estimated speed
of the jth wheel ωWjk is:

ewjk = ωSWjk
− ωWjk (8)

The value of ewjk is used as the error on a discrete
PID algorithm. On the discretization procedure of the
general equation of the PID controller, the derivative
part is simplified using the right rectangular rule and
the integrative part is simplified using the Tustin trans-
formation (GOHARI, 2006). The discrete version of the
general equation of the PID can be seen down below.

dej(t)

dt
∼= δwjk =

ewjk − ewjk−1

Ts
(9)

∫ kTs

0

ewj(t)dt =∫ kTs−Ts

0

ewj(t)dt+

∫ kTs

kTs−Ts

ewj(t)dt

⇒
∫ kTs

0

ewj(t)dt ∼= σwjk =

σwjk−1 +
ewjk + ewjk−1

2
Ts (10)

Calling uwjk as the kth control variable of the jth
wheel we have:

uwjk = Kpewjk +Kpσwjk +Kpδwjk (11)

Where Kp, Ki and Kd are the PID parameters used
to control the motors. HereKp,Ki andKd are assumed
to be the same of both motors, what does not happens
in practice, but since both motors are the same model
from the same manufacturer, the difference of those pa-
rameters between both motors are so small that here it
is considered negligible.

Both motors are controlled by a Pulse-Width Modu-
lation (PWM) of 8 bits, so uwjk needs to be restricted
on the interval of [0, uMAX ], where 0 < uMAX ≤ 255.
uMAX is smaller than 255 so that the DC motor doesn’t
get damaged while operating.

2.5 Estimation of the DC motor parameters using a
Kalman Filter

Here are a variety of methods that can be used to es-
timate the constants used on the mathematical model
of the DC motor. The most common ones make use
of analysis of experimental data collected of the motor
while it operates on certain conditions. As the analy-
sis, is quite common to use a statistical filter such as the
Kalman filter, also known as the linear quadratic esti-
mation (LIU, 2008).

Kalman filter equations used come from (KHAN et
al., 2017). The Kalman filter will have as output a ma-
trix with all the constants of the DC motor.

ΛM = [Ra La kω kt B J kpwm] (12)

To collect the data used on the filter a constant vol-
tage is applied to the DC motor and the instantaneous
values of the armature current ia and shaft angular ve-
locity ω are measured with the motor without load.

2.6 Estimation of the PID Parameters Using Gene-
tic Algorithms

With the values from the DC motor constants the only
thing left is to derive the values for Kp, Ki and Kd for
the PID of the motors. This estimation can be perfor-
med by several methods. Between those methods are
the least squares method and its variants, gradient des-
cent, some machine learning algorithms, among others
(ELSROGY; FKIRIN; HASSAN, 2013). Between
these methods is genetic algorithms (GA), also known
as genetic computing.

A is a metaheuristic that simulates the process of
natural selection on individuals of a population through
genetic operators such as mutation and crossover in si-
lico. GA is mostly used to solve problems that requires
the fine-tuning of a certain number of parameters with a
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low computing cost and a high probability of reaching
the global minima (YANG, 2017).

Defining Ylj as the jth individual of the lth popu-
lation, then this individual is an optimal solution if its
fitness φ(Ylj) has the smallest value of the lth popula-
tion when l = lMAX or if φ(Ylj) < φd, where φd is
the desired fitness and lMAX is the maximum number
of allowed iterations to the genetic algorithm.

The fitness function is responsible to evaluate every
individual and to assign a value to it that corresponds to
its performance as the solution of the problem, where
the problem is the values of the parameters Kp, Ki and
Kd for the PID controller. The function φ(Ylj) is then
proposed to model the behavior of the general way that
a PID controller modifies the output signal. This can be
seen on Figure 1.

Figure 1: Main characteristics of the PID controller. Source: The
Authors, 2018.

Considering Ov as the overshoot, τr as the rising
time, τs as the stabilization time, τp peak time and εs
steady-state error, the fitness function is then modeled
as:

φ(Ylj) = αovOv+ατrτr+ατsτs+ατpτp+αεsεs (13)

Where αov , ατr , ατs , ατp and αεs are weigh-
ting constants and theirs values are determined empi-
rically. The GA implemented here uses the elite ope-
rator, where at each population the best are selected as
the elite individuals and are used to breed with the other
members of the population, but never with themselves.
The value of NE is often set to a small value and it is
expressed in a proportional way to the number of in-
dividuals of the population Np, where the proportional
constant is vE . NE is shown on 14:

NE = vENp (14)

The crossover operator ψ is responsible to pro-
duce the next generation from the breeding between
the members of the elite and the rest of the population,
where these are selected for breeding using the pool se-
lection algorithm. ψ uses a single delimiter on the genes
of the parent individuals and generates two individuals
as children.

Of all the ways that the mutation operator µ can af-
fect the genes of the individuals (LIM et al., 2017), here
the mutation is performed by adding a random value
from the interval of [−γ, γ] to a random selected index
iµ. Where γ is chosen to be a value closer to zero and
0 ≤ iµ ≤ NP

G andNP
G is the number of genes of the in-

dividual. µ is only applied to an individual if a random
value from the interval [0, 1] is smaller than the muta-
tion rate µ, where this rate is preferred to be kept small
when a more stable and reliable solution is desired.

Here also the immigration wave operator is used
(HONG et al., 2017). Where this operator is responsible
to simulate an immigration of a number of individuals
NI with random initialized genes to the next popula-
tion. Immigration creates a wide search space so that
the chance of all individuals on a certain population to
be stuck on a local minima is very unlikely. The value
ofNI is chosen to be a value that is proportional toNP ,
where the constant of proportionality is vI .

NI = vINP (15)

On the initialization, the first population have all of
its individuals initialized with random genes on the in-
terval of [−λ, λ], where λ is usually keep close to 1.

3 Results and discussion

3.1 Estimation of the DC motor parameters

During the experimental trials, an oscilloscope with
direct connection with Matlab were implemented. The
measured parameters were the RMS (Root Mean
Square) of the motor current and the period of the wave-
form of the encoder that is attached on the motor axis by
two gears. Those can be seen on Figures 2 and 3. From
the kth period measured TPk, the kth angular velocity
ωEk is then estimated by the following equation.

ωEk = GRM

(
2π

Prev

)
1

TPk
(rad/s) (16)

Where the transition relation between the encoder
and the motor is GRM

= 43/9 and the encoder have
Prev = 500 pulses per revolution. Beyond that, the raw
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Figure 2: Waveform on the estimated angular velocity of the DC
motor and its filtered waveform. Source: The Authors, 2018.

Figure 3: Waveform of the current signal of the DC motor and its
filtered waveform. Source: The Authors, 2018.

data is then filtered by the means of a low-pass filter,
the butterworth filter (DWIVEDI; BHATT; GHOSH,
2017).

During the trials, the motor was receiving a voltage
of 3 V and for simplicity sake, the ideal value of the
voltage will be used on the Kalman filter algorithm. The
constants used on the filter have the following values:

γ = 0.93;ψ = 0.07; εD = 10−4 (17)

By the use of the Kalman filter and the processed
data and Defining VBAT as the voltage of the battery
and dividing it by 28, since the controller used have 8
bits, then ΛM have the values of 18.

ΛM =



Ra = 2.759854243587(Ω)
La = 1.1186575703× 10−2(H)

kω = 5.008705× 10−3(V/(rad/s))
kT = 5.008705× 10−3(Nm/A)

B = 1.13284× 10−6(Nm/(rad/s))
J = 2.2748× 10−8(Nm/(rad/s2))

kpwm = VBAT

255 (V )


(18)

For the comparison with the model of the motor
using ΛM and the physical device, the model was simu-
lated applying the ideal voltage of 3 V and the results
of the simulation are shown together with the collec-
ted data of the physical device. Those can be seen on
Figures 4 and 5.

Figure 4: Comparison between the current of the simulation of the
DC motor and the data that was gathered previously. Source: The
Authors, 2018
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Figure 5: Comparison between the angular speed of the simulation
of the DC motor and the data that was gathered previously. Source:
The Authors, 2018.

3.2 Estimation of the PID parameters of the DC mo-
tor controller

The constants used on the genetic algorithm were de-
liberately chosen to be as follows.

kMAX = 600;φD = 10−4;NP = 500;

vE = 10; vI = 10;µR = 0.2; (19)

After 3 hours, the algorithm completed iterations
with the individual with the smallest fitness with the
value of 0.042438. Converting the values of this indi-
vidual to the values of the PID parameters we have that
KP = 19.102365736574, Ki = 0.000859285929 and
Kd = 0.025063706371.

As comparison, the DC motor was simulated with
and without the PID using the values of the parameters
estimated previously and the data collected previously
is compared to the simulation. All this can be seen on
Figure 6.

The values of Ov , τR, τP , εR and τs of the three
cases shown on Figure 6 are shown on Figure 7.

4 Conclusion

On the present work the modeling of the DC motor
is derived through the estimative of the motor parame-
ters by the use of a Kalman filter and data collected on
the real derive working without load and the parame-
ters of a PID controller are then estimated by the use of

Figure 6: Comparison between the simulation of the DC motor with
and without the estimated PID parameters and the collected data.
Source: The Authors, 2018.

a genetic algorithm. The data obtained of the simulated
experiments of both the DC motor mathematical model
as well as its control by the PID controller shows that
the proposed methodology satisfies its objectives. That
is evident on the values of overshoot, rising time, sta-
bilization time, peak time and steady-state error of the
angular velocity of the simulated DC motor controlled
by the derived PID. The values of those variables when
the PID is used are significantly smaller when compa-
red with the values of the simulation of the DC motor
without the use of a PID controller and even more when
compared with the data collected of the real device ope-
rating on a continues voltage.

On a future work, a more advanced hardware for
simulation will be used to test the proposed methodo-
logy on other interesting cases such as navigation in and
out of a t shaped intersection, as well as many others.
The hardware implementation on an actual mobile ro-
bot will be studied and its results will be used as a va-
lidation mechanism to the current methodology, since
the simulated environment is used as a benchmark to
speed up research and development of the methodology
proposed on this paper.
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