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Abstract. This paper describes the implementation of a ptatf based on reconfigurable architecture and
concepts of virtual instrumentation applied to tedy of the hands-free driving problem. The ngvefithis approach
is the use of both reconfigurable systems (for ldg@ieg the car's controller) and virtual instrumexiton issues for
developing a high-level abstraction testing anduation environment. The implemented platform peynia) to
control directly the real vehicle using control corands that are sent using a keyboard and (b) talsite the control
process in a virtual environment, using a virtuadtrumentation approach. The car control systera developed in a
microcontroller with several peripheral embeddediirPGA Field ProgrammableGate Array). The communication
between the FPGA-based control system and thescacdomplished through an electronic module, wicmmprises
several insulating and power circuit boards. Tlwuwal instrumentation approach (for simulation asgstem design
objectives) was used for implementing a high-lebstraction simulation environment in LabVIEW taehich allows
representing the movement of the car in real tiffftee communication between the simulator and theralber is
accomplished through a serial interface in whictR&-232 based protocol was implemented. The usersead
commands to the control system through a keybodtid avPS2 interface. This approach opens a greatety of
possibilities to validate and simulate solutions $everal problems in robotic and mechatronic atefise tests and
initial overall system validation were accomplishiedthe simulator environment. Then, the simulatiesults were
compared with the movement variables of the rea wdich were gathered in real time. This approavlakes
possible to test and to validate the control sysiéth low cost and more safety.

Keywords: Reconfigurable Computing, Embedded Processorgjaliinstrumentation

1. INTRODUCTION

This paper describes a new design flow for the gifesif complex systems, which involves the applaratof
reconfigurable devices (for implementing the elewcic control modules) and the virtual instrumemtatissues. The
great complexity of the current systems, involvingchanical, electromechanical, electronic and caatjpmal parts
stimulates the introduction of new design methodi@s. An important point is that the design metilogies must
offer high abstraction level for simulation/verditon tasks during the overall design. Severalward manufacturers
offer design tools, allowing verification/simulatioof the electronics system in a high abstractievell Similar
methodologies can be applied for the design of rmeiclal or software modules of a complex system. pitodblem
becomes difficult for testing, validating or veiifg the whole system. In this case it is possiblaiuse the virtual
instrumentation approach in order to represenbtieall system (or part of it) on a high abstractievel.

Virtual instrumentation tools (LabVIEW tool, fordtance) allow to represent in real time severalesys parts
such as instruments, displacement, kinematics lehaf/the objects (as robots or vehicles), math@ahoperations
over the signals (digital and/or analogical), amatigers. The signals coming from a controller barrouted to the
virtual environment via data acquisition boardsd,am the same way, the simulator/emulator can seadtronic
control signals in such a way to represent theettirstatus of different virtual objects (such a&c&bnic or mechanical
parts, among others). Virtual instrumentation cambi mainstream commercial technologies such a®@s with
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flexible software and a wide variety of measuremamd control hardware. Then, engineers and scierdan create
user-defined systems, which meet their exact agipdic needs.

The complexity-increasing evolution can be obseivedifferent areas of the design of complex systenthe case
of digital design area, the use of reconfigurabighigectures allowed the implementation of moreifie systems
based on FPGA platforms. FPGAs provide an arrdggital cells that can be configured to performiaeg function
by means of configuration bitstream. This bitstremmgenerated by a software tool, and it usuallptaios the
configuration information for all components. An GR can have its behavior redefined in such a way thcan
implement different digital systems on the samg dfiine grain FPGAs allow the user to define a circuit at gateel,
working with bit wide operators. This kind of artiture provides a lot of flexibility, but takes reotime to
reconfigure tharcoarse grainreconfigurable platforms (rDPAseconfigurableData Path Arrays or arrays of rDPUs -
reconfigurableData Path Units) (Becker and Hartenstein, 2003). coarse grain reconfigurable platforms, the user
does not provide details at gate level but spetié/configuration in terms of word wide operatiomspther words, a
functional unit is configured to operate ovebit data, and the configuration just specifies aneng a set of available
operations. The amount of configuration bits irstbase is much less than in the fgrain FPGAs. Some FPGAs
allow for performing partial reconfiguration (PRych that a reduced bitstream reconfigures onlwangsubset of
internal components. FPGA devices have been usedutomation and control system rapid prototypamgl they
make possible to develop high performance systanshort periods of time. Besides, it is possiblddwe a smaller
number of devices at reasonable costs.

Many current digital systems are based on the figgazessors (based on the von Neumann Model), lwaie
embedded in FPGAs, jointly with several hardwanggpalescribed through HDL languages. The terme®ysin Chip
(SoC) (Donecker S. Met al, 2003) (Yang Eet al, 2004) has been widely used in automation/corslystem design,
communications systems, among others, which ingotiie use or implementation of different Intell@ttBroperties
(IPs), and a full integration on the FPGA componeTie structure of SoC devices with FPGA is fdiléxible and can
easily respond to changes in the control systenc.|ddne capability of modifying the logic enablesitnplement future
additions with ease. Complex systems embeddedtetd-PGA (eg. DSP, Soft/Hard processors, amongstiave
been widely used in the industrial world.

In order to test our reconfigurable system techamiqused to implement the car controller) and virtua
instrumentation based design methodology, taeds-free driving problerwas chosen. Many researches on vehicle
control design as well aSar-Like Mobile Robot (CLMR) (Li et al, 2005) have been done, which apply several
technigues based on complex mathematical modetertRehik et al, 1998), neural networks (Petko, 2001) (Taiu
al., 2003), genetic algorithms, fuzzy logic, to citelyoa few. Steering a car is constrained by retbris in the car's
capability mechanism and the environment. Due &séhreasons, it is very difficult to design a cmndiusly global
controller for a car in order to perform all the meavering behaviors. Over the years, numerous regsteave been
developed to provide automatic control for the tsafrde driving problem of automobiles (Giogeal, 2004). These
systems automate either steering control (relatecd lateral control), throttle and/or brake contfrelated to
longitudinal control), and the clutch control. Where automobile control involves all partial comtsystems, it is
calledAutomatedHighway System (AHS) (Taret al, 1999).

Some researches have reported the use of FPGAaWIEW applied to the either CLMR or hands-freevii
problems. A FPGA implementation offauizzy GarageParking Control (FGPC) is discussed in (Tan, HeBal, 1999).
The use of FPGA and LabVIEW is discussed in (Naidnstruments, 2007) for an accelerator contrstesy design.
In (Correia A.et al, 2007a) and (Correia At al, 2007b),several partial results about a controller deslmaséd on
reconfigurable architectures) and a simulator (engnted on LabVIEW) were presentedn this approach the
developed simulator environment (based in virtuedtrumentation) is used for simulation/verificatitasks of the
control system. Once the system is validated, tR&A embedded control system can directly operags the real
vehicle.

In section 2, the overall architecture of the sysfgoposed here is described. Section 3 presesis bancepts of
the proposed embedded architectural system in R@&@AF Section 4 discusses the defined command sétdacontrol
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system as section 5 describes the virtual envirotrize simulating the vehicle motion. Before cordihg, sections 6
and 7 describe our results and conclusions.

2. THE ARCHITECTURE PROPOSED

The overall control system is composed of an embeadcbntrol system based on the soft-embedded-moces
Microblaze (Xilinx, 2007), which is implemented & Spartan 3—-based FPGA, and a virtual simulatoiremwent
implemented in LabVIEW. The architecture is showrFig.1, where a communication system is implenttgng
RS232 standard. Additionally, a keyboard is usedsénding pre-defined commands to the control implgted in the
FPGA.
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Figurel. The overall System

The embedded microprocessor implements the maitratoof car tasks in software functions, namebyeak
clutch steering wheelgear andthrottle sub-systems of a real vehicle. Each function wetem in C language in a
structured software approach. Several hardware lasduere incorporated to the hardware design dutiegproject
specification: RS232 interface, buttons, displajngshe EDK tool options (EDK, 2007), and so omdHy, a specific
keyboard module described in VHDL was added tadidsign (Correia Aet al, 2007a)

A simulator environment was developed in the Lab¥IEystem and it is connected to the controllerugioa RS-
232 based interface. Additionally, a communicatwatocol was defined to achieve the communicatietwken the
controller and the simulator. In this case, bothuator and the controller exchange informatiomgsa predefined
data-package format (Correia ét.al, 2007b).
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Figure 2. The Hardware System
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3. THE FPGA EMBEDDED SYSTEM

The use of FPGASs to implement different type obaitpms is very attractive because these devides aftrade-off
between ASICsApplication Specific | ntegratedCircuits) and general-purpose processors. The abntodule was
defined using the EDK tool (EDK, 2007), in whictetMicroblaze processor is the system core. Thisqesor has a
RISC architecture with 32-bit general purpose tegss anArithmetic L ogic Unit (ALU), a shift unit, interrupts, among
other possible peripherals.

The EDK tool is an embedded development environrteatt includes a library of peripheral IP coreseventhe
Xilinx Platform Studiotool is employed for intuitive hardware system atien. Additionally, a Built-On Eclipse
software development environment, GNU compiler anttbugger are also included. Figure 2 shows ttiétecture of
the control system, which was designed and syrtbdsiising the EDK. The communication of the prooesgth
peripheral devices is achieved by the OPB lus-¢hip Peripheral Bus There are several hardware peripherals related
to the FPGA-based board resources such as disktgpoard, RS232, push-buttons, dip-switches and. ledhe
processor controls the operation flow of the systgnrunning different special designed softwarecfions, which
were written in C language and stored inbtRAM-block(see Fig. 2).

3.1 The Software Modules of the Controller

Once the processor system was configured and yetipherals were defined, all programming was matde i
standard C language, compiled and tested insitleedE DK environment. The module descriptions aesftfiowing:

a) The break.c module: it receives a defined command to operate the czakbfsee section 4). The module
verifies what is the current position of the bradmd it gives the proper direction to the actuaforPWM
(PulseWidth M odulation) signal is used to control the actuafuresi.

b) Theclutch.c module: it receives commands from the user (see sectiamd erifies the current position of the
clutch, executing a special procedure to drive gheumatic-system. This module has an alternative twa
execute the clutch control by a stepper-motor.

¢) The steering.c wheel module: it receives defined commands (see section 4) teeeela user-defined position.
The module verifies the current position andVegithe proper direction to the wheel actuator.

d) Thethrottle.c module: It works in two stages: the first one works fontrolling the butterfly position, which is
measured by a potentiometer. The second one eseautontrol strategy, where a rotation refereacei by
the user. Then, the system controls the positidil tne required rotation is accomplished. A PWNrsl is
used to control the actuator-speed.

__________ A
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DISPLAY | MOTION
e — CONTROL
IEE
. Micro3laze
i INTERFACE

KEYBOARC TABLES

Figure 3. Overall Hardware System

e) The gear.c module: this module receives the command of the opel@exe section 4) and verifies the current
position for changing the gear-position. This ikiaged by two DC-motors, which move the gear-lénghe X
andY axes in a predefined way. The DC-motor's spe@digrolled by two PWM-signals.
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3.2 TheHardware M odules of the Controller

The hardware modules are depicted in Fig. 3. Tl tksplay and pushbutton modules were automaicall
generated by the EDK system. On the other hand, kéhdoard module was first described in a VHDL file
implementing the PS2 protocol and then included g&ripheral device in the overall design. The P\Wbtks are
responsible for generating modulated speed costignlals of the DC-motors related to the throttlel gear devices.
The PWM signals were implemented using Microblazeters, which can be added to the design accortiinipe
system needs. In this case, only two PWM module® leeen generated (Correia &.al, 2007a) and (Correia At
al., 2007b).

4. THE COMANDS FOR INTERFACE CONTROL SYSTEM

Several commands were defined in order to contrmiciar and their definitions, with specific syntend semantic,
are described in Tab. 1. The commands are orgamnitedwo sets, describing@anualandautomaticmodes. The first
mode defines commands for debugging actions, imoiudrrow keys for increasing/reducing the currpositing of
steering wheel, clutch and engine rotation, amahgrs. Other manual commands can be seen in Tab. 1.

The second mode presents commands for using eitaekeyboard or into a C program. Each command was
implemented in a dedicated C function. For examghle,commands related to the clut&B@ EBRandEBC) have
specific syntax/semantic. In this cageBA and EBR commands have no parameters, as londgEB€E needs one
parameter, representing a value in the range ofl@9% of the total clutch position.

The commands are sent by the user using the keykarad then the Microblaze identifies and proceskem,
before sending the appropriate control signal$hgoactuators) using the RS232-base protocol.

Table 1: command definition for the car control

Activated F1 (Manual-Mode) Ho Activated F1 {Automatic Mode)
Comima
Command Action ndl Action
T Increases the rotation of the motor DID wal Steering right. val describes the angle ([ 0to 607
— Rotates the wheels for the right DIE wgl Steetring left, val describes the angle ( 0 to 604
— Rotates the wheels for the left DIC Steering to center
1 Feduces the rotation of the motar CAB wal Geagr (0to 7 0 means neutral position, and 7 means reverse)
Space Birake EBA Completed push enable of the clutch
M Meutral EER Fast clutch disable
R Rewverse ges EBC val Contralled Clutch disable (hy step-motor, wal 0to 100%)
1 First gear FRE wal Break (wal 0 or ). Set or relesze the break
W Increasing the clutch ACH val Throttle (yal 0ta 10008 Defines the Butterfly position
= Reducing the clutch ACR val val ; define the motor rotation

5. THE SSIMULATOR ENVIRONMENT

To model the vehicle kinematics, the three candrégaations describing the positioning in the Csistlex and y
coordinates of the nonholonomic vehicle were app{iean H.Set al, 1999). The program was designed by means of
several software modules, involving the RS232 fata, the car design, the new car position calcrlaand the user
interface. Some parts of the calculation moduleewdirectly implemented in C language in order tpresent the
equations. Figure 4 shows a part of throttle antf the virtual car. Additionally, a module fohd kinematics
equation implementation (written in C language itibe LabVIEW program) was implemented, which allotes
represent the vehicle movement in real time. Othedules for achieving RS-232 communication, clutateak and
gear behavior were also included in the system.

The user's interface of the simulator environmerghiown in Fig. 5 and it represents the car posiiod several
blocks for monitoring the current engine rotatigear position, throttle, among others. The maik tafsthe vehicle
simulation module is the simulation of the kineroatand general behavior of the vehicle in norm@alasions. The
concepts oWirtual Instrumentationpy programming in LabVIEW environment, were apglia order to generate the
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appropriated signals, according to the control atadus variables. This module is responsible fonimdating the

virtual car model.
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Figure 4. Software Structure of the Virtual SimataEnvironment — the Throttle Control

The modules are composed of the corresponding alopérts: steering wheel, brake, gear, clutch dndttle.
Furthermore, the simulator environment sends tocth@roller (via RS-232 based protocol) the curretatus of the
control variables such as potentiometer-positiantionitoring the status of the break, steering Whgssar and throttle.
These variables are represented using 8-bit words.
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6. RESULTS

The results obtained with the implementation ofgfigstem were distributed in four topics: FPGA bgsis results,
testing car results, simulator environment resautts simulator-results vs. real-car-results.

6.1 TheFPGA Synthesis Results

The FPGA synthesis results were obtained in the pBifect report. The results are shown in Tab.rZle main
modules of the control system, where a Spartan Bcele(kc3s200ft256-4 was employed for the hardware
implementation of the controller. The main resoarcensumption is related to the Microblaze impletaon.

The main resources consumption is related to therdéilaze implementatiorThe clock frequency is shown for
each implemented device. The results (in percentgiee total of resources available in Spartare@iak) are related
to slices slices-flip-flops LUTs 10B, Ram-BlockgBram). There are also timing results for each hardwaodules (for
instance, microprocessor and PWM modules). Indhge the critical frequency (the lowest operatreqdency) is for
the 7-segment driver (about 68 MHz, see line 6yl 7). Given that the used FPGA based board watrk® MHz
this critical frequency has not impact in the cohttevice and not represents a bottleneck in tlegadivcontrol system
performance. Table 2 also depicts only a peripHerplementation for PWM signal. However, other PVdBVices can
be easily added in the design depending of theinements.

Tahle 2: Hynthesis results in the EDE tool

Module Slices (%) | Shices flip flops | <input LUTs (%) | Bounded IOB | BEAME (%) |  Max Frequency

(%) ) (MEE)
Microklaze 43 14 29 751 ] 91128
Bram-block ] ] 0 119 B 203,707
DIP-Switches -8-bits 2 1 0 119 ] 135612
Push_Buttons_38it 2 1 2 B4 ] 138,927
interface_jo 10 & 2 265 ] 134 953
oph_7egled_ g 4 5 B9 ] 68,362
ps2_keyhoard_(0 2 1 1 B4 ] 100120
mvm_io 2 1 0 58 ] 138 658
pvm_timer_0 13 & 7 &7 ] 93,348

6.2 The Simulation Environment Results

The simulator environment results are shown in Bigas a sequence of illustrations demonstratingvetecle
movement controlled by the same commands showabie ©.

Figures 6.a to 6.h show the car in the simulatiomirenment, moving through the window area. A comtha
sequence was sent through the keyboard in ordgmtalate a parking maneuver. Figure 6.h showsitta position of
the car. All the commands were of the manual-medésee table 1).

6.3 TheTesting Car Results

Tests of car movement control were accomplishedi wie objective of validating the movement coné&ollThe
vehicle was controlled through commands sent thrdhg keyboard. Figure 7 shows a sequence of imafgie film
of the car movement test. In Figure 7.a the catdpped whereas Fig. 7.b shows the car beginnmgntvement (the
processes to accomplish the first-gear was alréiaiBhed). Several maneuvers are shown in Fig.t@.¢.h, which
imply the use of the clutch, the steering wheel trelbreak. All the commands (see Tab. 2) were tettie FPGA
embedded controller through the keyboard.
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(a) (h)

Figure 7. Results of Car Test
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6.4 Simulator -results/Real-car -result (comparing the results)

Figure 8.a shows the position signal of the theotthnsducer (using a mathematical model of atraakducer),
obtained in the simulator environment. The thrgiibsition was changed through the time and the maba@cceleration
was obtained between 100 and 125 seconds afténrihile position change. On the other hand, Filg.sbows the real
signal coming from the throttle transducer (thel theottle potentiometer): notice that accelerataond deceleration
curves are very similar. Both signal amplitudesrtirthe simulator and the car) were obtained usibgsBresolution
(the value of maximal acceleration signal is 2% Big 8.a and Fig. 8.b).
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Figure 8. (a) The throttle signal in the simulator.  (b)The throttle signal in the car

7. CONCLUSIONS

A flexible environment for validating/simulating mplex mechatronic systems was developed using itteal
instrumentation approach. This approach was apphestudying the hands-free driving automobilelpeon, including
a controller based on a reconfigurable architectline car control was implemented using the Miaoblembedded
processor. A serial-based communication protocd defined in order to control the car motion, whicbludes the
steering wheel, clutch, gear, break and throttlesgstems. Additionally, a protocol was defined ggted for allowing
the user to send commands to the controller (typedkeyboard), and the controller sends predefitad packages to
the LabVIEW environment in order to update the entistatus of the car in real time.

The tests in the simulator and in the car have shtiv suitability of this design flow for validagncomplex
mechatronic designs with a high reliability andesgf Several low level security strategies canduded to the current
system for avoiding accident (e.g. collisions anitical situations) and these strategies can be iatsoduced into the
simulator environment.

Otherwise, FPGAs are very suited devices for impletimg several automation and control techniquestduthe
fact that allow for embedding both typical micropessor such as ARM family (Altera, 2007) and DSRghe last
case, DSPs allow the implementation of specificodiigm for digital signal processing using seveeahbedded
resources such as multipliers and adders. Hendc@ARpproach opens a wide variety of possibilitiesvalidating and
simulating solutions for several problems in thieatic and mechatronic are@Budek G. and Jenkin M., 2000).
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