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Abstract: This paper describes the main characteristics afifeerential drive mobile robot prototype built toake

experiments oriented to improve the performanceanitrol algorithms developed to deploy a high letvajectory

controllers on big structure robotized vehicleseThobile robot presented in this paper has two@®ators to act on
two wheels and therefore to move the structure. ditect control of the servo-motors is executedabyArduino

board. Basically, the objective is to experimeritizzy controller to keep a desired orientationta prototype along
its forward displacement. An IMU (Inertial Measorent Unit) has been used to measure the mobilet mientation

and a GPS receiver to know its localization. GP8 BvU lectures are read and processed on the Arddioard and
these lectures are sent to an remote computer leg Xbmmunication and this remote computer comghé&sontrol

actions using fuzzy controller. The calculated ocon&ctions are retransmitted, by Xbee communicgtioward the
mobile robot in order to be applied on the protaypctuators.

Keywords: Differential drive Mobile robot prototype, Fuzagic controller, Orientation control.
1. INTRODUCTION

Mobile robot prototypes facilitate the developinfyexperiments aimed to improve the performance aftrol
algorithms which would be applied on more compltfprms like vehicles and trucks.

Some situations require the projection of high lesantrol strategies like trajectory control, patlanning, etc,
oriented to drive a big structure mobile robot.tBe related experiments would be performed usingllgpfatforms to
avoid unnecessary energy costs. Thus the prototgpes good solution to improve the performancéigh level
control algorithms that once have been approved beaygeployed on the real robotized vehicle. Fos teiason, a
differential drive wheeled mobile robot prototypashbeen built to assume the study of high levgédtary control
strategies.

An arduino board has been installed on the mobitot structure what has been programmed to perfaveral
tasks like the direct control of two servo-motottaehed to two wheels; the reading, processingtamsmission to an
remote computer of lectures provided from an IMWA anGPS. The Communication between the mobile rabdtthe
remote computer is achieved employing the Xbeeopmt(Faludi, 2011).

The external computer has been programmed to eedby IMU and GPS lectures from the prototype and t
computes the control actions to be applied on titeagor of the vehicle. The computation of the eetive control
actions is based on a fuzzy controller (Sivanandaal. 2007; Hakima et al. 2010).

The Remote computer has been programmed to repgivXbee communication) the IMU and GPS lecturesnf
the prototype to compute the control actions emplpg fuzzy controller (Sivanandam et al. 2007; iHeket al. 2010).
The control actions are communicated to the prpmifvia Xbee communication again). These controbas have to
be applied on the actuator of the vehicle.

Section 2 provides a basic presentation aboutphbeal general concepts without providing deptlerétiore to get
more information related to fuzzy logic, GPS, IMXhee and arduino is suggested to follow the follayweferences:
(Sivanandam et al. 2007; Hakima et al. 2010; Befjal. 2002; Groves, 2008; Lou et al. 2011; Fal@di1; Margolis,
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2011). The section 3 presents a mobile robot datsmni and experimental details. Section 4 expdsesdached results.
Finally conclusions, agreements and referenceprasented.

2. GENERAL CONCEPTS
2.1. Inertial Measurement Unit (IMU)

Inertial sensors comprise accelerometers and gypes; commonly abbreviated to gyros. An acceleremet
measures specific force and a gyroscope measwspscific angular rate, both without an externatrefice. Devices
that measure the velocity, acceleration, or angait of a body respect to features in the enviemtrare not inertial
sensors (Groves, 2008). Most types of accelerometeasure specific force along a single sensitig &imilarly,
most types of gyros measure angular rate aboumnhglesiaxis. An inertial measurement unit combinedtipia
accelerometers and gyros, usually three of eaclprdduce a three-dimensional measurement of spefcifte and
angular rate (Groves, 2008). The IMU measures \ehstates like attitude, orientation, velocity, apdsition.
However, these states are not directly measuraitketiae current IMU sensors and to achieve the oreasent they
have to be estimated from a set of correlated stidte angular rate by the gyro, linear acceleratiy accelerometer
and heading angle by magnetometer (Lou et al. 2011)

2.2. Global Positioning System (GPS)

GPS consists of a network of 24 satellites in sfferent 12-hour orbital paths spaced so that astldive are in
view from every point on the globe. The satellitemtinuously transmit military and civilian navigat data on two
L-band frequencies. Five monitor stations and foround antennas located around the world passiyatlger range
data on each satellite’'s exact position. The systdays this information to the master controlistatat Schriever Air
Force Base in Colorado, which provides overall dowtion of the network and transmits correctioriade the
satellites. Each satellite emits radio signals ¢hegceiver (a miniature device installed on aelehor carried by hand)
uses to estimate the satellite’s location as welhe distance between satellite and receiver.rébeiver can roughly
determine its position by locking on to the signafsat least three satellites, a technique commdmgwn as
triangulation but more precisely call&dateration. With four or more satellites in view, the receigan determine the
user’s latitude, longitude, and altitude. Onceais Italculated the user’'s 3D position, the recedear calculate other
useful information such as speed, bearing, tragkdistance, distance to destination, and sumigbsunset time.

To obtain an accurate fix on a moving object oispar GPS determines how long it takes a sateligabto reach a
receiver, which generates its own signal. Assurttiiad the signals are synchronous, GPS comparesathlite signal’s
pseudorandom number code—a digital signature unigqueach satellite—with the receiver's PNC to dmiee the

signal’s travel time. The system multiplies thisueaby the speed of light to compute the satefligistance from the
receiver. Because the satellites are nearly 11/@08s away, miscalculating signal travel time byeeva few

milliseconds can cause a location error measuringiach as 200 miles. Satellites therefore use reelse precise—
and expensive—atomic clocks. A receiver’s clocksdieneed to be as accurate because it measuressthace to a
fourth satellite to synchronize its PNC with théefliies and correct for any timing offset (Bajajad 2002)

2.3. Fuzzy Logic

The Fuzzy Logic tool was introduced in 1965 by &adnd it is a mathematical tool for dealing witicertainty.
The fuzzy theory provides a mechanism for représgringuistic constructs such as many, low, mediafiten and
few. In general, the fuzzy logic provides an infare structure that enables appropriate human raegscapabilities.
Real world situations are too complex, and this glexity involves the degree of uncertainty — asantainty increases,
so does the problem complexity. Traditional systeadeling and analysis techniques are too precissuich problems
(systems), and in order to make complexity lesstiag are introduced appropriate simplificationsswamptions, etc.
(i.e., degree of uncertainty or Fuzziness) to aehi satisfactory compromise between the informatie have and the
amount of uncertainty we are willing to accept.this aspect, fuzzy systems theory is similar toceothngineering
theories, because almost all of them charactehiggdal world in an approximate manner. For motaildeabout the
concepts related to fuzzy logic and its applicatignu should follow the following reference (Sivadam et al. 2007;
Hakima et al. 2010).

3. MOBILE ROBOT DESCRIPTION AND EXPERIMENTAL DETAILS
3.1. Structure

The employed prototype to make experiments corredpto a differential drive wheeled vehicle whistshowing
in Fig. 1. The mobile robot has two circular platis with 15 cm of diameter each one and its hagB8 cm. On the

lower platform has been installed two batteriesAdf Vd.c used to provide energy for the actuatord @lectronic
circuits deployed on the vehicle. Below the lowéatform had been assembled a caster wheel and éwo-snotors
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(model SM-S4303R). The two vehicle wheels have battached to each one of the servo axles. Ontdhitjieer
platform were installed the deployed electronicaits.

Figure 1. Prototype Picture

3.2. Hardware

An Arduino board (model Mega 2560), an EM-406A Ge&eiver, an mini IMU and a Xbee interface havenbee

installed on the mobile robot structure.
The robot maneuverability is generated by two camius rotation servos which requires a PWM (Pulsdew

Modulated) signal to be controlled, this signal énéw be applied to a specific available input. Fég2 shows a general
diagram of the servo and its dimensions.
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Figure 2. Servomotors dimensions

The Arduino board performs several tasks which die:receive the control information sent from a oten
computer via Xbee communication; To drive dire¢hig servos; To capture and to process the IMU aP8 @&ctures
and transferring these lectures to the remote ctanpia Xbee communication.

3.3. Fuzzy Controller

Controller
g + € Tswrs] U
XXX 4’| G >¥r

Figure 3. Block Diagram of Control System.

This paper exposes the physical and conceptuabsageelements so that a mobile robot prototypahibe to keep
a desired orientation along its forward locomotidn. order to reach this purpose has been deplayeshtrol system
whose architecture is represented in Fig. 3 whezertput (s4) corresponds to the desired orientation (Yaw angleis
a signal related to the real instantaneous oriemtabat is measured using an IMi4; andy, are compared in order to
get an errord) signal like is shown in Eq. (1). The error sigrathe input of a controller block which calculkatan
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Fig. 3.

appropriate control action) which will be applied to the actuators of the rit@lbobot represented by the block (G) in

e=y, -y,

@
The deployed control strategy is based on the S&fyle Input Single Outputlosed loop control systems and
fuzzy logic. The projected control system has ayuzontroller of one input and one output (Sivarancet al. 2007;

Hakima et al. 2010). As has been mentioned, thér@iter input is the error signa€) and the controller output is the
control signal ) which is transferred to the robot actuators iteorto induce a vehicle steering.

The development fuzzy controller requires the defin of the fuzzy input and output sets, also eguired to

define rules to relate these sets. During the fusetg definition process has been defined fivenguidar pertinence

functions according to the definitions shown in.Hg(Yu and Zhang, 2008). Fuzzy sets are repredantéig. 5.
Equations (2) to (6) show mathematic expressionthefuzzy setdin, n, z, p and Mpespectively.

i
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Figure 4. Triangular form definition
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Figure 5. Input Fuzzy Logic sets
1 ife<-35
Mn=1_=57€ = it _35ce<-5 @
-5-(-39
0, ife<-35
%, if -35<e<-5
=) 5D @
———, if-5<e<0
0-(-9
0, ife=0
0, ife<-5
e it _5<e<0
zZ= 0-(-9)
5-e ,
—, if0<e<5
5-0
0

(4)
) ife=5



VIIl Congresso Nacional de Engenharia Mecéanica, 10 a 15 de agosto de 2014, Uberlandia - Minas Gerais

0, ife<O
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Figure 6 allows explaining how the error sigrglié fuzzified for two different input values. Fi§.(a) shows that
the respectived) magnitude generates thg (e) anduy, (€) values. Fig. 6(a) shows that when a different injguis
being applying, then obtained fuzzy valuesjayée) andy, (e).
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Figure 6. Fuzzy values relative to two different suations for the error input signal (€)

The desirable controller performance requires gfendion of rules relating the input signad) @nd the fuzzy input
and output sets, so these rulesre defined according to the representation of Fignd Eq. (7), Eq. (8) and Eq. (9).
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Figure 7. Fuzzy sets
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Y70 i o<y<10

D=110-0’ ©)
1 if y=10

The rules deployed are represented in Eq. (10):

if e=Mn, theny=D

ife=n, theny=D

ife=z theny=C (10)

ife=p, theny=I

if e=Mp, theny=1

According to Fig. 8 and rules defined in Eq. (10 error valued) determines two fuzzy values associated to the
fuzzy input sets. Like is shown in Fig&(e) and i(e) determine the maximum value for each one fuzzputgets.
Thus asuun(e) = 0thenD is limited to be0; simultaneously agn(e) = i, thenD is limited to bew, atZy; like 14(e) =
M, thenC is limited to bey, atZ; andZ.; asiy(e) = 0, thenl is limited to be O; finally agwp(e) = 0, thenl is limited to
be 0. Like D" has the suggested limitédsand s, then the chosen value is the largest value. t@eand “D” has the
suggested limitergs, and 4, then the chosen value jis. The output set limiters are used to define theiz#fied
output (Sivanandam et al. 2007; Hakima et al. 2010)
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Figure 8. Obtained fuzzy output representation from a determned (g) value

In order to calculate the defuzzified output (Z*ashbeen decided to employ the centroid method whose
mathematical expression is shown in Eq. (11).

> @)()
Z" :'=1T (11)

Wherei corresponds to the quantity of fuzzy outputs gateer.Z is the abscissa value corresponding to each one of
the fuzzy outputsys corresponds to fuzzy values obtained from theifation of the inputd). The defuzzified output
(Z*) is employed to decide the necessary command tapplied. Eq. (12) shows how the mobile robotrgige
commands are defined according to #fevalue. Steering commands shown in Eq. (12) areteethe Arduino board
which translates them to a differential drive agtover the servo-motors

if Z* <=5, then u =turnleft;
if —5<Z*<5, then u=turnright; (12)
if -—5<Z*<5 then u=goahead
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3.4. Software Application

The fuzzy controller described in section 3.3 wasedoped in Visual Studio 2010 employing the VisBalsic
programming language. The graphical user interfaceshown in Fig. 9 and Fig. 10.

ail Universidade de S&o Paulo = ©

Gryrupo Agribot
\ ; EESC-USP i

EESC » isP

FROJETO FINKY FUZZY

‘ SAIR

Figure 9. Initial Form of the Visual Basic Application.

Figure 9 shows the initial application form whicashthe logotypes of Sdo Carlos Engineer School BE®m
Sao Paulo University (USP) and the EESC-USP Mechits Group. Figure 9 also shows the “Projeto Pirdytton
which is employed to open the project form showfimn 10. The “Sair” button allows to exit the ajoption.

asl Projeto Pinky

Paortos
Digponiveiz

Ligar Porto | Raoll { Fitch E Yaw

Leitura IMU

Ingrese a Crientagdo Dessjada Emo Atual
0

uMN uM uZ uP uMp Saida

A o -~ r [y
Automatico Farar Ligar Fuzzy (Grafico do Fuzzy | Sair

Figure 10. Project Form of the Visual Basic Appliction.

According to Fig. 10, the buttorPbrtas Disponivelssearches and reports the available computer|geoigs. If
some serial port is available, then “Ligar Portattbn is enabled what allows choosing a serial fwokte opened, what
enables Leitura IMU” button to start a timer component.

Once the timer remains activated the “Automatic®arar”, “Ligar Fuzzy” and “Grafico do Fuzzy” butts are
available to be clicked. The serial port readingasformed every 20 milliseconds in order to cagptine lectures from
the GPS receiver and the IMU unit. The installedJllgrovides measurements of roll, Pitch and Yaw es@Rajamani,
2005), so has been necessary to extract the yale bagause such is the magnitude of interestednwduoresponds to
the heading orientation of the vehicle and it Ww#él processed in order to control the prototypenteiéon.

The “Automaticd button starts an operation mode in which has leablished a small range related to the mobile
robot heading orientatiory @&w angl¢ along its forward displacement. This operatiordemaorresponds to a kind of on-
off trajectory control. When the buttoRéarar” is clicked, the robot stops and waits for a n@meand in order to start
a new trajectory based on some desired orientatiooh is ente red by thelrgrese la orientagédo
deseadatext box.

The 'Ligar Fuzzy button starts a timer that runs every 50 millssts activating the fuzzy controller described in
Section 3.3. In concordance to the applicationzzyuvalues‘'uMN”, “uN”, “uz”, “uP”,“uMP” and the controller
output ‘Saidd are published in TextBoxes like is shown in Fig.The controller output is sent to the mobile tobo
using Xbee communication. The captured lectures fitte GPS receiver and the IMU unit are sent texae! book to
generate a database which includes data from eaehobthe performed tests. “Grafica do Fuzzy” buttdlows
showing the input fuzzy sets and the fuzzy corgrotlutput graphs which will show in section 4. 8dir” button is
clicked, then the previous selected serial porttheduzzy controller are left to exit the applioat
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4. RESULTS

Orientation (yaw) control has been performed ower built mobile robot which already has
been described in section 3.1 and shown in Fig.mblaying the fuzzy controller and the
application expounded in the section 3.3 and Fpeetively.
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Figure 11. Result of a test in open loop without caroller

Initial tests have been done using an on-off ttajgccontroller to act on the vehicle steering whbka desired
orientation along its forward displacement was <150 this case has been established an orientedioge from -160°
as lower limit to -140° as the upper limit. Fig. 8iows the Yaw angle value variation during a peobtime. Each
Yaw angle value sample was read every 20 millisds@nd the test has been carried out during 65hdecd he graph
shows some Yaw values outside of the range, tféstefillows concluding that the developed contraléguires to be
improved.

Error Value
o

Samples

Figure 12. Result of a test of the control systemith the fuzzy controller.

Once the first tests were finished, the fuzzy aadrgystem described in section 3.3 was deployeglrEi12 shows
results of a test done locating the vehicle onguler surface to assume the absence of perturlsatiorthis test the
error values along the vehicle displacement wesaléa selected range. Each error value sampleasasevery 200
milliseconds and the test has been performed dutihgeconds because the route was a short linendnitéal
geographic coordinate (latitude = -22.0062751 avmbitude = -47.8966941) and the final geographiordimate
(latitude = -22.0062923 and longitude = -47.8967j12Bne graph in Fig. 12 shows points near to therevalue limits
(lower limit = desired error - 5° and upper limitdesired error + 5°). In the case of the descrigoeriment, the
desired error value was 0° and the desired orientatas 25°.
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Figure 13. Second test result of the control systemith the fuzzy controller.

The variations of error values are strong becalsedbot steering was strong. To improve this goblthe robot
steering was enhanced by changing the servomotdrataignals in order to modify the servo-motocsirsg toward
lower differential speeds resulting on the behaypiotted in Fig. 13. In this test the vehicle wasdted on a regular
surface with some irregular regions to induce spewturbations during the mobile robot locomotiancbncordance to
Fig. 13, the error values variation were within gsablished limits (lower limit = desired errob*-and upper limit =
desired error + 5°). The desired error value waar@ the desired orientation was -107°. Wheneymraurbation was
induced the vehicle was forced to lose its path, tha fuzzy controller reacted fast to stabilize tmobile robot
orientation without losing the desired vehicle hiagdangle. In this experiment each error value samjas read every
50 milliseconds and it has been executed along2@rsls.
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Figure 14. Final test of control system.

Fig. 14 shows results obtained from a final teste Thosen route was a regular surface on a rigatdinong the
initial geographic coordinate (latitude = -22.00824nd longitude = -47.8967590) and the final gaplic coordinate
(latitude = -22.0062408 and longitude = -47.896713he chosen route had some irregular regionsderao induce
some perturbations. The desired orientation w@8°-Aand the desired error value was 0°. Accordingesults shown
in Fig. 14, the error lower limit value was -113fdathe error upper limit value was -103°. The test been performed
during 100 seconds.

5. CONCLUSIONS

Taking into account that in the case of the locaomsystems for mobile robots, usually is requitedlevelop a
stage for high level control and another stageespwonding to low level control where the low-legehtrol is related
to the actuators direct control and high-leveltoalter is related to the complete robotic system.

A vehicle like the AgriBOT (Sampaio et al. 2011;chila et al. 2013) claims a unnecessary high energy
expenditure in order to make experiments aimedriprove algorithms like exposed in this documensegtion 3.3,
therefore, the exposed mobile robot prototype goad platform to facing the study and experimentifidnigh level
control strategies without making a big effort dadilitating its improving. In this way the expermtal results might
be collected and may be projected improvements @& the prototype in order to, subsequently, dgphn
improved algorithm on the real robot. Basicallgansiderable quantity of experiments might be mawdlea simple
prototype before to do a big effort experimentimgaocomplicated platform.



VIIl Congresso Nacional de Engenharia Mecéanica, 10 a 15 de agosto de 2014, Uberlandia - Minas Gerais

Has been concluded that fuzzy controller had a gstbrmance according to the demanded requiremalasg
the vehicle forward locomotion, when some pertudet were induced, the fuzzy control system was #ibteassume
a desired mobile robot orientation.
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