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Abstract
MiniRanger is a four wheeled autonomous vehicle designed as a platform for autonomous urban vehicle research.  The robot was built during the 2006 Machine Intelligence Laboratory’s Research Education for Undergraduates.  MiniRanger is approximately 1/18th the size of a typical car and is designed to operate in a similarly scaled environment.  The goal of the MiniRanger project during the REU program was to develop the robot such that it would be able to track and follow a predetermined color.  This would be accomplished using multiple sensors including five sonar modules and a vision system along with a microcontroller.  The ability to track and follow would be improved upon by the use of PID motor control and developed software.  Before the conclusion of the program, MiniRanger successfully demonstrated its ability to track and follow a moving object of a specific color.  Future work includes developing [image: image2.jpg]


the navigation software, adding a grasping arm for transporting objects, and integrating additional electronic components including a compass and voice module.

Introduction
MiniRanger is a four wheel drive autonomous vehicle designed to navigate through a miniature urban environment and track and follow various objects.  Autonomous behavior is achieved using a microcontroller in combination with various sensors including five sonar ranging modules and a CMU2+ vision system.  

Design
The design of the MiniRanger centered on the five sonar sensors and the camera.  Positioning the camera at the very front was necessary for a clear view and to allow for tracking objects close to the vehicle.  This positioning also allows for the possibility of road following with the camera tilted downward.  Building the platform to allow for multiple sonar modules was challenging.  The placement requirements were that the sonar be able to obtain a complete picture of its environment and that the sound waves from the sonar could not reflect directly off the vehicle even with the suspension fully compressed.  Additionally, the platform allows for a 30° rotation of the sonar for better performance in different types of missions.

Steering is accomplished using a method most similar to recirculating-ball steering, commonly used in trucks and SUVs, where a gearbox translates the rotation of the steering wheel into rotation of an arm.  This arm connects to rods that connect to the wheels and pull one side of one of the wheels into the car and do the opposite to the other wheel.  The main difference between recirculating-ball steering and the robot’s steering is that a servo takes in a digital signal and rotates the arm based on that signal instead of a gearbox and steering wheel.  MiniRanger has a turning radius of approximately three feet.

MiniRanger’s actuation is very similar to a rear wheel drive car.  A single motor applies torque to a differential that applies an equal torque to both wheels.  The R/C car that MiniRanger is built on originally used a four-wheel drive system.  With this system, a universal drive shaft connects each wheel to the differential.  Universal drive shafts translate rotation from one axis to another.  They are similar to flexible shafts.  Universal shafts work well when the angle between axes is minimal.  With a larger angle, the shaft becomes inefficient, requiring greater, fluctuating torque.  Front wheel steering causes the angle to increase significantly when the robot turns.  The universal drive shafts caused oscillations in the robot’s speed when turning and prevented the wheels from spinning when a sharp turn was attempted.  Four-wheel drive was not necessary for this robot.  Therefore, the front universal drive shafts were removed.  Doing so improved performance and decreased the turning radius.

The camera pan and swivel system consists of two pieces of polycarbonate and two servos.  The tilt of the camera is accomplished using what is essentially a four bar mechanism.  A servo, one of the two Hitec HS-322HD is mounted to the rear of what is called the base.  A servo arm is mounted to the servo and a long rod connects to the end of the arm.  The opposite side of the rod connects to another piece of polycarbonate.  This piece is connected to the base using metal hinges.  The base of the four bar mechanism is mounted to a servo, the Hitec HS-225MG, for panning capabilities and this servo is mounted to the front of the lower level of the platform.

Construction
MiniRanger is built on top of a modified 1/18 scale off road R/C monster truck, the Duratrax Mini Quake.  I highly recommend this R/C car for robotics, although some significant modifications are required.  The modifications made for MiniRanger are listed in table 1.

A three layer polycarbonate platform was built to mount the electronics.  The bottom, middle and top layer were made from 1/4”, 3/16”, and 1/8” respectively.  Polycarbonate was also used for the camera pan and swivel mount and the switch mounts.  Each piece was designed using the computer-aided design software ProEngineer and cut with a jigsaw.  The material was then sanded using a belt sander.  The jigsaw was used because of time and access constraints.  All three levels were machined in less than five hours using this method.  The camera mount and the switch mounts were cut in a similar fashion, heated, and bent into shape.

Polycarbonate was chosen because it is clear, lightweight, easy to machine, and very difficult to break.  LEXAN® is polycarbonate manufactured by General electric.  Acrylic is similar to polycarbonate.  The main benefit of acrylic over polycarbonate is that acrylic resists scratches better than polycarbonate.  Polycarbonate, on the other hand, resists cracking better than acrylic.  Acrylic is sold as Plexiglass, Acrylite, Lucite, and other names.  Aluminum or any other metal was not used because of the risk of shorting the electrical components.  Wood was not used because it is not as strong as the previously mentioned materials and is much less attractive.    

Metal standoffs were used to mount the mechanical components.  Nylon standoffs were used to mount the microcontroller.  Extra precaution was taken to ensure that standoffs did not cause a short on the robot.  Mounts designed for the SRF05 were purchased for four of the five modules.  The fifth sonar module was mounted to the camera mount to find the distance of an object being tracked.

Electronics Overview
A microcontroller, the MAVRIC IIb, autonomously controls the robot.  The robot was programmed using an AVRISP in conjunction with AVR Studio 4.  WinAVR’s Programmer’s Notepad was used to compile the software.  The CMU2+ interfaced with the MAVRIC using transmit/receive serial lines.  Five Devantech SRF05 sonar modules were used on the robot.  The trigger lines of the sonar were connected to input/output pins on the MAVRIC.  The echo lines of the modules were sent to a multiplexer that used three digital signals from the MAVRIC to determine which sonar line to send to an external interrupt pin on the microprocessor.  A lighting system using a combination of six LEDs and six small flashlight bulbs were used.  The motor controller interfaced with the MAVRIC using a single PWM signal connected to the R/C input of the motor controller.  The motor encoder sent a pulsing signal to the tachometer pin on the motor controller.  The encoder was powered off VCC and GRD pins on the motor controller.  The MAVRIC, CMU2+, sonar modules, and lighting system were powered off a custom designed power board.  The motor controller received power from an 18.5V lithium ion battery.  The power board received power from a 7.2V lithium ion battery.

Sonar
The Devantech SRF05 is a sonar module that features two modes of operation and a four meter maximum range.  One mode uses two digital pins on a microcontroller.  One pin is a trigger pin and is held high for 10µs to trigger sonar.  The second pin is the output of the sonar and is held high for a length of time proportional to the distance the sonar is away from an object.  In this mode, a SRF05 is a drop in replacement for the previous SRF04 sonar module.  Aside from a led that blinks every time the sonar is triggered, a feature very useful when debugging, the SRF05 offers an additional feature not found on the SRF04, a second mode of operation.  In this mode, the trigger line and output of the sonar are sent on a single line to and from the microcontroller.  This mode requires the microcontroller to switch the pin from an output for the trigger to an input for the response.  This mode is beneficial because it allows each sonar module to be placed on a single pin.  Additionally, each sonar module requires only three wires, VCC, GND, and signal.

Although the SRF05’s second mode of operation is convenient, the first mode was used in conjunction with a digital eight to one multiplexer from Texas Instruments.  Port A on the MAVRIC was used to trigger the sonar.  The output lines of all five sonar modules were connected to the multiplexer, or mux.  The mux used three input pins on the MAVRIC to determine which sonar signal to send to the MAVRIC.  The output of the mux was connected to an external interrupt pin on the MAVRIC.  The mux could have been bypassed and all five of the sonar could have been connected to separate external interrupt pins.  There are eight external interrupts though and many share the same Atmega128 pins as critical timer related functions such as serial transmission.  The limited number of available external interrupts necessitated the use of the multiplexer.  Using the sonar modules in the second mode along with a multiplexer/de-multiplexer may be possible.  This would decrease the required number of pins to as few as four for up to eight modules. 

Motor Controller
The Pololu SMC03A motor controller was used primarily because of the built-in PID control.  This motor controller can be controlled using a PWM signal, a serial signal, or with an analog input.  The MAVRIC can communicate with the controller using either the PWM or serial input.  A potentiometer or similar device that can vary voltage could be used with the analog input.  For MiniRanger, a PWM output from the MAVRIC was sent to the motor controller.  The serial input was used to set up the PID controller.  PID or Proportional Integral Derivative control is an excellent method to use for minimizing error.  To set up the PID, the terminal emulator in Codevision was used to send serial commands through a usb to TTL level serial converter.  Communications with the motor controller must use TTL levels that range from 0V to 5V.  The serial port on a computer uses RS-232 level signals that range from 0V to 12V.  When using a computer’s serial port, a level shifter such as a MAX232 must be used or the 12V signals will damage the motor controller.  This is true for any component that communicates at TTL levels.  With the terminal emulator, the PID settings were tuned for use with the MiniRanger.  Only the proportional and derivative gains were used.  Integral gain was set to zero but may be added in later.  The result was effective, predictable speed control.       

Vision
The CMU2+ vision system was used on MiniRanger.  The CMU2+ is Acroname’s version of the CMUcam2.  The CMUcam2 is the second generation of the CMUcam designed by Carnegie Mellon University.  These cameras are unique in that they combine a microprocessor with a capable camera for low cost vision processing without the need for a high speed processor.  The CMUcam2 and the CMU2+ are far more powerful than the original CMUcam.  The higher price for the second generation of the camera is worth paying.  The difference between the CMUcam2 and the CMU2+ is a matter of preference as they offer the same capabilities.  On the CMUcam2, the electronics are placed on one board and the camera is placed on another.  Acroname has combined these boards into a single board with a footprint only a quarter of an inch larger than the CMUcam2.  The CMU2+ does not feature a level shifter as it is designed primarily for interfacing directly to a microcontroller.  A level shifter or TTL level serial to USB converter is necessary to interface the camera with a computer.  Interfacing the camera with a computer must only be done once.  A program designed for the camera can be downloaded from the CMU website.  This program can be used to test the camera and focus the lens.  A piece of electric tape was placed around the lens to hold it at the desired position.    

Codevision’s terminal emulator was used to test the commands that would be used on the MiniRanger.  For the purposes of tracking and following a color, only the following commands are necessary: RS, CR, SM, and TC.  RS resets the camera to its default condition and moves servos to center position.  CR can be used to adjust the internal register values of the camera such as contrast, brightness, auto white balance, clock speed, and auto gain.  MiniRanger used the CR commands during camera initialization.  The following was the exact command sent to the camera, "CR 18 32 19 32\r".   The numbers are sent in pairs where the first number of the pair tells the camera which register that the next number will adjust.  For MiniRanger, 32 turns off the YCrCb auto white balance of register 18, the color mode.  The next 32 turns off the auto gain of the auto exposure register, register 18.  SM is the servo mask that controls which servos are automated while tracking.  The command "SM 15\r" was sent to the camera to enable both the pan and tilt.  

The command TC was used to track specific colors.  TC puts the camera in tracking mode where the red, green, and blue levels of each pixel are evaluated.  The camera tracks the largest objects whose values range between the specified minimum and maximum color values.  A series of numbers is sent after TC to set the minimum and maximum values for red, green, and blue.  The command "TC 175 255 0 30 0 30\r" was the actual command sent to the camera.  The number 175 and 255 represent the minimum and maximum allowable values for red.  The last two pairs represent the minimum and maximum values for green and blue.  While in tracking mode, the camera sends out a series of ASCII characters that specify tracking information.  If the servos are being automatically controlled by the camera, the servo positions are sent after the tracking information.  These servo values were stored while the other values sent during tracking mode were discarded.

Power
A custom power board was designed for the MiniRanger using Eagle Layout Software.  A 7.2V 2400mAh lithium ion battery powers the board.  Two National Instruments LM338T voltage regulators were used to regulate to 5V and 6V.  The power board provides twenty 5V outputs, ten 6V outputs, and ten unregulated outputs.  Two National Instruments LM338T voltage regulators were used to regulate the 5V and 6V outputs.  This regulator provides guaranteed 5A output with a peak output of 7A.  
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Also guaranteed is a thermal shutdown to keep heat from damaging the regulator.  The thermal shutdown will prevent the regulator from reaching the guaranteed 5A output without some type of mechanism to prevent the regulator from reaching thermal shutdown.  A heat sink would likely be necessary.  For MiniRanger’s power board, the regulators were bolted to the board to transfer heat to the copper side of the PCB.  Doing this required inspection of the traces to verify that the sections allocated for each regulator were isolated from the rest of the board.  Each regulator has metal protruding from the top for dissipating heat.  On most regulators, this is connected to the input, output, ground, etc.  Care must be taken to assure this part is isolated from other parts of the circuit or a short could occur.
The LEDs are used to signal the board’s status.  If the main switch is enabled, which mean the 5V and unregulated outputs are receiving power, then one LED lights up green.  If the 6V output switch is enabled, both LEDs light up green.  The LEDs are bidirectional and are red if the polarity into the board is reversed.  Therefore, it would be immediately known that the battery is plugged in incorrectly.
Software
MiniRanger was designed as a research platform to be used in a miniature urban environment.  The autonomous navigation software will be developed in a separate lab at the University of Florida during the fall06/spring07 year.  The ultimate goal for REU 2006 was to track and follow a similarly sized vehicle of a specific color.  The software necessary for achieving this goal is relatively simple compared to autonomous urban navigation.  To follow another vehicle, MiniRanger initializes all of the components, the LCD, vision system, timers, and the PWM outputs.  Once initialization is complete, interrupts have complete control of the robot and the main function is used only to write to the LCD.

The robot is controlled by the velocity of the motor and the position of the steering servo.  Timer 0 was initialized to trigger an overflow every few microseconds.  When the overflow occurred, a series of statements occurred.  The reason the overflow occurred so frequently was to allow this timer to be used as a stopwatch so the sonar functions could record the length of time and therefore know the distance of an object.  Timer 0 automatically called functions that checked the sonar readings, read in serial data from the camera, positioned the steering servo, and adjusted the velocity of the motor.  Additionally, there exists an actual and desired speed and direction.  The actual is what is proportional to what is actually being sent out through PWMs.  PWM, or pulse width modulation is the method of communication with the motor controller and servo.  

Each time the speed adjustment function is triggered, the object distance is evaluated.  The object distance is evaluated by taking the minimum value of the front left and right sonar and the camera mounted sonar.  This value determines the desired speed.  If the value is past a certain distance, roughly three feet, the desired speed is set to the maximum speed.  If the value is below a certain distance, roughly one foot, the desired speed is set to direct the robot backwards with a speed proportional to the distance away from this one foot mark.  Therefore, if the robot is right next to an object, the robot’s desired speed is set to go in full reverse.  If the distance is about six inches, then the desired speed is in reverse but about half the speed of full reverse.  If the distance is one foot, then the desired speed becomes zero.  This is intended to make the robot trail about one foot behind the object being tracked.

Once the desired speed is set, the actual speed is adjusted.  The actual speed can only increase or decrease by a set amount each time the speed adjustment function is triggered.  This allows for a smooth acceleration or deceleration and prevents damage to the motor controller from quick direction changes.  Additionally, if the desired speed suddenly jumps, meaning the desired speed is significantly higher than the previous desired speed, the actual speed is not adjusted.  This prevents jittery behavior that may result from an inaccurate reading.  The speed adjustment function also sets the brake lights, if braking or stopped, and sets the PWM output to the motor controller.

The direction adjustment function is also called by timer 0.  This function’s operation is similar to that of the speed adjustment function.  The function calls another function to read in serial data from the camera and records the servo position of the panning servo.  This value is used to set the desired steering value.  The actual direction is adjusted incrementally each time the direction adjustment function is called.
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Appendix
Table 1  R/C platform modifications

· Removed stock motor, motor mount, servo, and gears.

· Built mount for new motor.

· Cut away and sanded the ridges that supported the stock battery in the original battery location. 

· Mounted new motor and mount in the original battery location.

· Changed the ratio of the gears for increased speed.

· Replaced stock servo and the servo arm.  Duratrax has servo arms to fit various servos, Hitec and Futaba, for example. 

· Replaced the stock springs.  Initially the stiffest Duratrax springs were purchased along with the car.  Ever stiffer springs were necessary though and were purchased from an industrial parts store.

· Mounted the polycarbonate platform in place of truck body.

· The universal drive shafts connecting the front wheels to the front differential were removed.

Table 2  List of main components

	Parts List:

Item


Description
MAVRIC IIb
AVR microcontroller based on the Atmega128

CMU2+

Vision system


LCD03 

20x4 LCD with serial or I2C interface

SRF05 (5)

Sonar ranging module

Mini Quake

1/18th scale R/C car

Maxon motor
6 to 1 gearhead motor with encoder

HS-322HD (2)
Standard servo with karbonite gears

HS-225MG

Smaller than the 322HD with metal gears

SMC03A

Pololu 3-amp motor controller with PID control
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