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Abstract.Fuzzy intelligent systems are present in a vamdtgquipment, ranging from household appliancesnall
devices like digital cameras and cell phones, beised primarily for dealing with the uncertaintiesthe modeling of
real systems, which are typically nonlinear. Howew®mmercial implementations of fuzzy systemsnategeneral
purpose and do not have portability to differentrdveare platforms. Thinking about it, this paper poses the
implementation of a system capable of generatifi@lagi-Sugeno fuzzy controller written in Java Tat®®rm Micro
Edition (J2ME), whose modular design makes it qugdo any mobile device that supports J2ME. Tthes proposed
development platform is capable of generating Ekses of a controller and the code responsiblefdary logic is
completely independent of hardware and interfadeparameters of the fuzzy controller are configole from the
membership functions and rule base, even the wevef discourse of the linguistic terms of outpariables. The
process of testing and validating the system wsk the Sun SPOT ® mobile device with J2ME code dahelde
controllers, which were previously generated andetl on the proposed system. As a case study,zhg dontroller
embedded in the Sun SPOT ® will be used to coat@lanser® level system, and the graphics resubbatite tests
will be presented.

Keywords Fuzzy J2ME, Embedded Systems, Sun SPOT®, Level Control.

1. INTRODUCTION

The increase of microprocessor speed has enaldeiddhstry to embed more complex control systermsmaller
devices. Various mobile devices are emerging omtheket, not only equipped with faster processingsubut also
with varied sensors. One of these devices is thall3Pnogrammable Object Technology (SPOT) developedun
Microsystems, better known as Sun SPOT ® (SUN, R0R@9s a programmable platform in Java Platfornicid
Edition(J2ME) with various coupled sensors (acaetester, luminosity and temperature), analog andtadig
inputs/outputs and Zighee communication protochlsTevice was created to promote research on ededeslstems
developed in Java.

Many modern devices have embedded systems. Larges tike automobiles have control systems that
automatically recognize the driver and adjust thsitpning of seats and mirrors, or applianceseddgerators are
equipped with controllers to identify when any itésnmissing. Even smaller devices like digital camseand cell
phones have embedded systems. They all have entbsgstems, according to the definition cited bytdss (1992):
computer systems that perform dedicated functiodsaze encapsulated in the device or system whidnirols.

The demand for smarter devices has improved trearels in the area of embedded intelligent systessecially
with application of fuzzy logic, as show in the Wef: Sanchez-Solan et al. 2007; Yang, 2004; Batir2008. Fuzzy
systems can portray the behavior of a human opegratd translating it into a computer system, makiogsible
strategies and decision in complex problems (ShahS&mades, 1999).

Many works deal with the implementation of embedflexty systems to control different kinds of plargsme of
them in robotics as proposed by Sanchez-Selat (2007). The fuzzy controller was developed fageaeral purpose
processor and embedded in FPGA to solve navigatioblems of an autonomous vehicle. The work of Bateet al
(2008) proposes a fuzzy control system embeddeddigital signal processor (DSP), developed withrfiace Xfuzzy
3, to solve the parking problem of a robot namedViEQ 4R. The test environment proved the functidpadif the
implementation.

Based on the growing number of mobile devices (gletines, Smartphone’s, PDAs) that have Java sypgmrte
equipped with multiple resources (accelerometersGéfamera, Wi-Fi), and the opportunity to use thentontrol
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numerous nonlinear applications, this work propdsesimplementation of a system capable of gemeyadi fuzzy
Takagi-Sugeno type (Takagi, 1985) to Sun SPOT raaidévice and due to its modularity can be embeddedher
hardware platforms that support to J2ME and SDK béng necessary changes in the hardware clasgodthe
different types of hardware available, and too aering that all other classes have been implendewith standard
Java code and the portability of J2ME was mentianeskveral other articles (Knyziak and Winieckd03; Omar et.
Al, 2004). The proposed tool allows fuzzy paraneter be tuned in order to control any system. Theice to
implement the interpolation model of Takagi-Sugéhakagi, 1985), instead of the classic Mamdani rh¢ddamdani,
1975), two of the most popular fuzzy inference ey, was because the first one does not have thezdation
stage which requires more processing and, consdgueigher battery consumption of mobile devices.

The system proposed in this paper consists of kt@esystem developed in Java, which can createtamesl all
parameters of a fuzzy controller and export it MIXto a system written in J2ME embedded on a motdeice. The
chosen device to be loaded with fuzzy settingsqurggured in the desktop system is the programmplaiform Sun
SPOT®.

The embedded system is completely modular and exbismt of hardware platform. It can be portablany other
mobile device which supports J2ME and be used mérgbvarious types of systems.

As a test scenario to validate the functionalityhaf embedded controller loaded in the mobile de@an SPOT®,
it is developed a level control system for coupianks manufactured by Quanser®. This plant wasezhdsie to its
nonlinearities, which makes it a good scenaricet Embedded fuzzy controller, principally becafugey controllers
are robust, easily adaptable, are able to incotpdeatures that conventional systems are notfa@mt great utility in
non linear systems, being able to withstand disincks and even plants certain noise levels (Sarifg).

2. SUN SPO®

Project Sun SPOT ® was initiated by Sun Microsystem 2003 as a research area on wireless transducer
technologies. Since then, Sun is investigating @ m&y to make a device smart, small and secureerAftoject
completion and launch of the device, several rebeas have used the Sun SPOT ® as a controllafifferent types
of systems, as shown by Achargtal. (2008). It was proposed an automatic collisioredgbn system for vehicles
which communicates to a emergency medical sengoére when collision occurs between vehicles. Aaothork has
implemented a system for remote monitoring of patieealth parameters such as temperature, bloasyne heart
condition besides monitoring of environmental vialés such as room temperature, light, noise and dtaius,
parameters that could impact on the data colleftted each patient (Aijaz, 2010).

Sun SPOT® (Small Programmable Object Technologg)ptatform whose size is smaller than a hand ggim1),
powered by Java software and capable of equippstips, missiles, control robotic hands, and morateystem of
industrial tests (Sun, 2007).

Figure 1: Image of Sun SPOT® Device.

Based on a ARM920T 32-bit CPU of 180 MHz with 16KBdata cache, 16KB instruction cache, 512 KB ofMRA
4 MB Flash Memory and a radio of 11 channels from@Hz using Zigbee protocol for communication, gwin SPOT
® was created to allow developers to build appiicet written in Java using familiar IDEs such agBéans IDE to
write their codes (Sun, 2007).

After the process of software development, it isassary to load it on the Sun SPOT ® device, sangthat can
be done by the NetBeans interface, making the dduially independent of the computer being powéned battery
of 750mAh and consuming about 70 to 120mA runniitf & processor and operating radio, 24mA in ideaenand
32uA in sleep mode (Sun, 2007). The Sun SPOT ® wasldped in a modular way, making its main components
(battery, processor board and sensor board) tatalypendent of each other as shown in Figure 2.
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Figure 2: Sun SPOT® Modules (Sun, 2007).

The main board contains: the main processor, menmmwer management circuit, transducer 802.15.tenaia,
battery connector, daughter board connector. Thesoseboard has: connector for the motherboard, gssmr
ATMEGABS88, accelerometer three axes, temperaturssetight sensor, flash memory, eight tri-color & and a
connector with input and output pins where itsriistion is seen in Fig.3. The pin electrical cleaesistics are shown
in Table 1.

SWi1 |1 2 (Vee
SW2 |3 4 | DO
D4 |5 6 D1
Vegy |7 8 D2
V|9 10 | D3

HO |11 12 | AOD
H1 |13 14 | AL
H2 |15 16 | A2
H3 |17 18 | A3
GND |19 20 | GND

Figure 3: In Out Pin Distribution.

A complete description of all the electrical paréene of the 1/0 pins and the values of voltage arakimum
current can be found in the manual and the Sun SR@hd observed when the electrical connectionsrargée with
the Sun SPOT ®.

Table 1: Electrical characteristic

Pin Description VoltageCurrent

Vce output 3V DC 100mA Maximum

V+5 output 5V DC 100mA

VH input 4.5V until 18V DC

AO0-3 Analogical Input 10bits, OV until 3V DC

DO-4 Input Output of General Purpose Rx e Tx Comigation with UART

The software developed in J2ME runs on the Squawtudl Machine (SVM), a small Java virtual machiioe
Platform Micro Edition (J2ME) present in the SunCBP® and most current mobile devices that allowgliaptions to
run directly on the CPU without depend on any ofiegasystem (Sun, 2007).

The Sun SPOT ® accept board several types of caigmorting most of the functionality of Java wiall
limitations from J2ME and Squawk JVM, which is ra complete as the traditional Java and Java Vika&hine
(JVM) that's run in a desktop computer. This diffiece is mainly to avoid compromising the perfornganot mobile
devices, which generally do not have a large céypatiprocessing and memory.

Use of tools and Squawk Java eliminates many ofdificulties of traditional embedded developmewtith the
Squawk developers can build applications usingstimplicity of Java, as well as provide a binary lgage customized
to the capabilities of micro-embedded target ptatf@and the required application services, all vaithiery significant
learning curve (Simoet al, 2006).
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As the micro-embedded devices have different aitei of traditional computer hardware, Squawk diffsom
traditional Java virtual machines in some respdate of the most important differences is the ciépad run without
an operating system running directly over the hamdwand how the Squawk can be used to compileptiahize the
core components of the Java VM and other comporemisbyte codes ahead of time (AOT). Moreover, $fua
compiles Just-In-Time (JIT) byte code.

Due to the ability to run directly on the hardwat@ perform JIT byte code compilation from the sgkand the
ARMO920T processor capacity of 180 MHz it is possitd execute a fuzzy control system embedded in¢vice to
control a big quantity of real systems, dependindh® system response time and the number of mefmpedunctions
and rules that may require a largest hardware @gpac

3. FUZZY CONTROLLER

In 1965, Professor L. A. Zadeh, UC Berkeley, USAggested an alternative theory to the conventitredry of
sets, giving rise to the theory of fuzzy sets (Zad®65). Some years later he proposed the thebeyerthe passage of
relevance to irrelevance is made of a slow andugadnd not abrupt as in the conventional theorgei$ (Zadeh,
1978).

In 1994 Welstead (1994) defined a fuzzy controltaysas the combination of fuzzy sets defined byguistic
variables of input and output, along with the defuazy control rules, which in turn, link one oone sets fuzzy input
to a fuzzy set output.

From the 1990's fuzzy systems have been impleméntetlips in large scale and embedded in variopsgyof
devices, such as refrigerators, vacuum cleanershava, dryers, pots for cooking rice and air comaiérs (Toshinori,
1994). Nowadays it is very common to find fuzzy wolters in video cameras, automobiles and airaeaition.

Fuzzy controllers are present in several areasaa@drequently used without been perceived. Fomgka when
using an auto adjustment of focus of digital camexrghen drivers use the ABS brake of modern cargven in
commercial passenger jet, there is fuzzy logic (K]a2002). Many of these controllers have been|dped by the
academia, generally being designed and testedlipitivith software such as MATLAB® or being embeddand
tested in hardware like FPGA board (Sanchez-Setah,2007).

One major reason for the popularity of fuzzy colhérs is because they are robust and easily adaptate able to
incorporate features which conventional systemsnate finding very use in control of nonlinear ®sis and being
capable of supporting plants with disturbancesemh certain noise levels (Sandri, 1999).

4. PROPOSED SOLUTION

The proposed solution is design a environment dapab generating a fuzzy controller type Takagi-Sug
(Takagi, 1985) for general purpose that can be dddx on any mobile device with J2ME support to cdnany
system

The system proposed consists of two systems, boiblaped using the Net Beans IDE version 6.9.1esktdp
system that was developed in Java and runs on @riykh Java Platform installed) , which is respbhesfor creating
and tuning the parameters of fuzzy controller, plud the graphs which indicating the parameterthefsystem being
controlled (Level Tank, Error, Error Derivative) cathe other system developed in J2ME, and writtea imodular
way, leaving a layer of fuzzy logic completely ipgedent of the access layer the physical interf@ié®3, making
with that controller can be embedded in any mothdeice, such access class to the hardware of SOT $Bn be used
with any other controller (PI, PD, PID) in the upjeyer.

Desktop System
Graphic Interface

Graphic Class’s / Fuzzy Controller Class’s
Xml File Hardware Access Class’s

Embedded System

Xml File

Figure 4: Proposed software classes

Figures 5, 6, 7, 8 show the main screens of thpqa®d system, as well as a brief description atheutunctionality
of them.
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Figure 5: Main Screen

The main screen of the system is responsible fowsty the real-time graphical simulation of thekaystem, the
first graph showing the reference level, and lewdltank 1(top) and 2(lower). The second chart shtive values of
error and error derivative. Third graph shows thkig of controller output to be applied to the plarhe main screen
permits to select the desired level, the type akyucontroller (proportional-derivative action artégrative), and the
tank to be controlled (tank 1 or tank 2).

In screen of membership functions we can definentinaber and parameters of membership functionsnfmut

rParameters rAction rFP Error; | |FFP derivative do error-
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Figura 6: Membership Functions Screen.

variables: Derivative Error and Error.
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rParameters—— | Action rFunction Sugeno =
Number de FS | 5[ 2] a2l ==(p
0.25 --->r
0.25 1 2 fungdo
* _ i Add Function I [ Generate ] 1.0 f
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v 0.65 = 0.25 ---»q
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015 --—->p
0.25 --->q -

Figure 7: Set up Parameters of Takagi-Sugeno Outpums.

The setup screen for configure the parameters &hgieSugeno output terms is responsible for regisjethe
number and configuration of the parameters of ¢hes$ of Sugeno Output.

-Rules

If big neg error and big neg der error then fungao 0

If big neg error and null der error then funcido 0

If big neg error and positive der error then fungdo 0

If small neg error and big neg der error then fungao 1
If small neg error and null der error then fungio 1

If small neg error and positive der error then fungio1
If null error and big neg der error then fungdo 2

If null error and null der error then fungdo 2

If null error and positive der error then fungdo 2

If small positive error and big neg der error then fungao 3

~Entries -Cutput ~Action
If and then
bignegeror big neg der error fungiod |
small neg error null der error fungdo 1
nill-emrax positivedererar | funfin
small positive error fungdo 3
big positive error fungdo 4

Figure 8: Rules Screen.

On the screen of rules can be configured the faemyroller base rules that includes the relationélgtween the
input membership functions and output functionsesug

5. TEST ENVIRONMENT

The test environment to validate the proposed systensist of a Sun SPOT ®, a Power Amplifier ModuleM
2405-240 (Quanser, nd) and a plant-level Quanseari€er, 2008) with two coupled tanks, sensors lievglo tanks
and a two-way hydraulic pump connected to the upgrek, as is seen in Fig.9.
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Fuzzy 5
Controller Amplifier Coupled
Module Tanks

Figure 9 Test Enviroment

The need to use the power amplifier module is rgathie to the low current provided by the Sun SPOT ®
(maximum current output = 120 mA) that is not stiéfint to feed the tank system pump. The electacal hydraulic
specifications of the tank system are shown in @2lQuanser, 2008).

Table 2: The Electrical and Hydraulic SpecificaidDf Tank System

Specification Value Unity
Pump Constant Flow 4.6 cralv
Pump Max Flow 100 chfs
Pump Voltage +15 v
Pressure Sensor +12 v
Pressure Range 0~6.89 KPa
Sensitivity 5 cmiv

The power module UPM 2405-240 is capable of proxjdi continuous voltage of + 24 volts and a maximum
current of 5 Amps. Its specifications are showit able 3.

Table 3: UPM Power Module 2405-240, Electrical Raeters

Parameter Value Unity
Amplifier Voltage Gain 1,30u5 VIV
Maximum Direct Voltage Amplified +24 V
Maximum Direct Current Amplified 5 A
Direct Voltage of Output +12 V
Maximum Direct Current of Output 1 A
Alternate Voltage Supply 100/120/230/240 V

After setting the parameters of the controllerhia tdesktop system and the embedded controlleeistim SPOT, it
is necessary to do the electrical connections antbegSun SPOT, the amplifier module and the tardtesy. The
nominal currents and voltages of each device mastidserved before the system is ready to collectebults.

6. RESULTS

The graphs presented in this paper were colledtéioeanterface of the desktop system using a aglmnnection
with the mobile device that was running the fuzeyteoller (Fig. 10). The embedded controller iswoected to the
amplifier module which, in turn, is connected te@ ttank system (Fig.9). The second Sun Spot® isgelddgo the
notebook because it does not have a Zigbee netwtaface for communication with the fuzzy conteol!
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Controller USB
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Figure 10 Communication between Desktop System and EmbeddedyFController

For test the controller will be presented graphghef control level of tank 2. It is supplied witheter from the
orifice at the bottom of the top tank which is fegda pump. The inputs to the fuzzy controller ageivéitive error and
error between the reference and the measured [Evelactual tank level is measured by a level seinstalled in the
lower tank. The controller output is the voltagpléd to the pump connected to the top tank.

The chart in Fig. 11 shows the behavior of the yueantroller to the level of 15 cm, with a settlitigne of 80
seconds, consistent with the dynamics of the sysietinan over shoot approximately 15 percent, deitfmls a second
order system with only two inputs (error and ederived from the tank 2).

Level (cm)
\

00 25 50 75 10 125 150 175 200 225 260 275 300 325 30 /S 400 425 460 475 500 525 550 575 600 625 650 675 700 725 750 775 800 825
Time (8)

— TankLevel 2 — SetPoint

Figure 11 GraphSet Point 15 cm

The chart presented in Fig.12 shows that the twoedroller was able to maintain control of theteys even
when subjected to some variations in the leveheftanks, but had a small stead state error ttetled of 10 cm. The

suggested solution to mitigate this error wouldthe implementation of an integrator in the codehsf embedded
system.

5
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Figure 12 Graph with Level Variations

6. CONCLUSION

The proposed system was effective in generatingyfuontrollers to be used in a Sun SPOT, and turfiein
knowledge of a human operator for control any systéhe controller generated and tuned in the pregpaystem for
the control a system level Quanser ® demonstrateatisfactory performance of the controller fpe@tion at 15 cm
achieving a good performance even when subjectedriations in the level. It has demonstrated treper operation
of the system as a whole and more specificallynatbedded controller interconnected with the levahpin question.

As a suggestion for future work, is the possibibifitesting the system on other mobile devices MZNE support,
considering that this was not possible due to latkime to build an electronic board and their driv to realize
communication between other device mobile and tew system.

The system proposed in this work will be available an open-source software which can be used ke oth
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