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Abstract

A mobile robot is designed and fabricated using locally available hardware
components. It is driven by two independently controlled rear wheels and one un-
powered omni-directional wheel in the front. A PIC microcontroller based system is
used to take control actions using the feed-back signals. The response of the robot to
the control actions is monitored using PC interfaced data acquisition system.
Experimentations provided temporal motion data from wheels of the robot, motor
currents and battery voltages. Data thus obtained is analyzed to obtain the response
of the system to the control actions. When the drive motors are identically powered,
it is found that the robot’s left wheel motor is slightly faster than the right wheel
motor. Experiments are carried out to find optimum duty cycle for the left motor to
provide similar characteristics of the right motor. The optimum duty cycle thus
obtained is verified at different loading conditions. Effect of loading on motor
currents and robot dynamics is also analyzed and the effect of dynamic braking is

found satisfactory.



Chapter 1

Introduction

The control of wheeled mobile robots has been, and still is, the subject of numerous
research studies [1-5]. The rise in the popularity of the microcontroller and the
drastic reduction in size and cost of integrated circuits in recent years have opened
up new arenas for creating intelligent robotic systems [6]. Building a robot, however,
requires more expertise than simple programming. Locomotion actuators,
manipulators, control systems, sensor suits, efficient power supplies, well-engineered
software-all of these subsystems have to be designed to fit together into an

appropriate package suitable for carrying out the robot's task [8-10].

DC motors are comprehensively used in mobile robot applications [10-11]. These are
driven direétly by on-board battery; however, their speed characteristics are
dependent on loading [7]. Even with identical motors powered from the same source,
these exhibit vaﬁations in speed and torque to result in slightly curved motion. The
variations in the motor characteristics and the friction in rotating components also
contribute to this curved motion. Hence, feedback control using signal from a single
wheel does not ensure straight motion, rather signals from two wheels have to be
utitized [8]. The control action is usually in the form of the variation in the duty
cycle of the pulse width modulation (PWM) control system [11]. However, very
well defined strategy to estimate proper duty cycle is not available in the literature
[1]. The matter is further complicated in case of acceleration, deceleration, braking
and steering of the robots where duty cycle applied to the motors are {faried to have

desired motion characteristics.

Preliminary experimentation employed in Robocon 2005-2008 competition robots
exhibited good responses as duty cyble is adjusted without proper analytical or
systematic estimation. The present study focuses to have optimum parameters
required to ensure desired motion as per required specification of speed and loading

conditions.



1.1 Scope of the Study'

Specific objectives of this study are as follows:

To design and fabricate an autonomous mobile robot using locally available

hardware components.
To setup measuring instrumentation, drive actuators and control electronics.

To setup and fine-tune high speed sensor-PC interfacing system (developed for
Robocon project) to acquire various motion characteristics i.e. acceleration, uniform

speed cruise, deceleration, dynamic braking.

To analyze robot motion dynamics to obtain optimum PWM to ensure straight

motion.

To analyze battery voltages and motor currents in response to robot motion and load

variation.

In the present study, a mobile robot is designed and fabricated using locally available
hardware components. The robot is driven by two independently controlled rear
wheels and one un-powered omni-directional wheel in the front. Measuring
instrumentation to provide feedback to the controller and speed encoders to send
signals to the on-board PC is installed and tuned. A PIC microcontroller based
system is used as the servo-controller to take control actions as per motion
specification. Motion specification includes pre-specified acceleration, uniform
speed cruise, deceleration and braking characteristics. The control action includes the |
variation of the duty cycle of pulse width modulation (PWM) to the relevant drive

motor.

The response of the robot in response to the control actions is monitored and saved
. using high speed data acquisition system. Experimentations provide temporal motion
data from wheels of the robot. Data thus obtained is analyzed to obtain the response
of the system to the control actions. When the drive motors are powered at 100%
duty cycle, it is found that the robot’s left wheel motor is slightly faster than the right

wheel motor which results in slightly curved path, probably because of their
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variation in motor friction and characteristics. Experiments are carried out to find
optimum duty cycle for the left motor to provide similar characteristics of the right
motor.  This optimum duty cycle of PWM is verified for the robot operation at
different loading conditions. Effect of loading on motor currents and robot dynamics

is also analyzed and the effect of dynamic braking is probed.

1.2 Scope of the Thesis

The thesis reports the design and fabrication of a servo-controlled mobile robot using.
locally available hardware components. Here, the dynamics of the robot is also
investigated. In this thesis, literature is reviewed in chapter 2. The design of the
robot and its control mechanism is briefly presented in chapter 3. Data acquisition
- System to investigate the robot dynamics and motor currents is presented in chapter
4. Outcomes of the present works, conclusions of the thesis and the

recommendations are presented in chapter 5.



Chapter 2

Literature Review

A robot is a machine designed to perform a broad variety of task and functions.
Robots are often ideally suited for going where human being cannot go. Extremes of
heat, cold, or nuclear radiation, and hostile environments such as war zones, the
ocean deeps, or the surface of Mars, allow a well designed robot to operate where

people will be unable to function, or would be killed [12].

Robots have been used in cleaning up environmental disaster sites such as the
Chernobyl nuclear reactor. They are also used in mining exploration, land-mine
detection, bomb disposal, and to attack enemy troops and vehicles. Téleoperated
robots can be controlled by people from a remote location; autonomous robots can
act on their- own or cooperate with others. Given the wide variety of beneficial
applications that people can develop for robots, the ﬁe-ld of robotics has undergone
tremendous growth in recent years; this growth will undoubtedly continue.
Nevertheless, as the possible applications of robotics are expanded, some observers
are concerned that these nonhuman “actors” may take on too much power and that

people may not be able to control them [12].

What separates a robot from a simple machine is its versatility, flexibility,
and adaptability. While a simple machine repeats a single task over and over, robots
can usually be reprogrammed with new instructions to perform different tasks. Some
robots also have the ability to “learn” and to reprogram themselves to accommodate

changing situations [4].

All modern robots have a few features in common. The first is central
processing unit that controls the robot and serves as its brain. This unit sends the
commands that control the robot’s movements, interprets its sensor data, and
communicates with humans. Computer programs control all of these actions. All
robots also have some kind of body that can be almost any size or shape: Insectiod,

vehicular, humanoid, and canine models are presently being made. In addition, there
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must be some kind of interface—through the physical contact of wires or fiber-optic
cables or the remote control of radio and microwave transmissions—through which
people can communicate with the robot to extract its recorded data or send it new
instructions. Finally, robots generally have a tool or sensor to manipulate or record

~ data about an environment [8-10].

Robots typically have two methods of locomotion: wheels or legs. Robots
with wheels or tank-like tracks are typically very stable on flat ground, but they
quickly run into difficultics on uneven terrain, such as rocky landscapes or even a
simple set of stairs. Legged robots can negotiate uneven terrain, but they are often
extremely slow, and even more often have tremendous balance problems, even on
relatively flat terrain. Working robots have been developed featuring all manner of
locomotion, from a one-legged robot that must hop continuously to eight-legged
spider-like models [13]. .

Robots can be made in almost any size. Today, feasible robots—from land
rovers that measure a few centimeters to tanks and unmanned aircraft measuring tens
of meters—are being produced or actively researched. They can be shaped into any
mechanically feasible form. Robots’ prime purposes are to accomplish a specific
task, and they can easily be designed to carry and use any kind of tool. They can be
equipped with guns, lasers, shovels, drill, video cameras, water cannons, radar, or
scientific equipment. No turbot carries all of these tools, of course; It would quickly

become overly complicated and heavy [12].

Robots have three different degrees of independence [4]. At one extreme,
tele-operated robots are controlled from a remote location by human beings who
remain in constant communication with them [1,6]. At the other, autonomous robots
are almost entirely independent of human control. They have almost complete
independence in deciding how a task will be accomplished or a problem solved. In
between, many robots combine properties of both independence and reliance on
people. Tele-operated robots remain in contact with human controllers by radio
~contact or guide wires. These robots are typically used in strange environments

where novel situations would befuddle an independent robot. The mobile robotic
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rover Sojourner, of the 1997 Pathfinder mission to Mars, is an example of a tele-
operated robot that was guided by earthbound humans. The robot was equipped to
analyze Martian soil and rock samples. Ground controller on Farth chose the
samples themselves. Autonomous robots are largely independent and must be
carefully programmed to accomplish their goals. Simple tasks for a person, such as
finding the way across a crowded room of moving people, are often complex and

demanding tasks for an independent robot [12].

Robots are used for two principal reasons: to replace human labor for
economic and or for safety purposes. The four major fields in which teleoperated and
autonomous robots are used are industrial manufacturing, environmental cleanup,
bomb disposal, and cxplofation of hostile environments. The U.S. government is the

largest American user of robots for environmental cleanup.

Bomb disposal is the second-largest use of robotics. The robots used have the
ability to examine suspicious packages and bombs with portable X-rays scanners to
determine their contents and components. They are also equipped with manipulators
to cdntain and sometimes inactivate the explosives. Robots are also being used in
hostile and battlefield environments as security and defensive systems. Tele-operated
tanks have already been developed for combat. Using these still requires a human
operator, but one who can remain in safety hundreds of kilometers away. If the robot
1s destroyed, the operator can simply start up another robot, without loss of human
life. Robot systems may someday be used by police to flush out fugitives and

criminals from fortified positions.

The biggest problem with all robots is getting them to learn from experience.
This is the prime problem faced by all artificial intelligence researchers [14]. Robots
must somehow be programmed to learn from their mistakes, anticipate problems,
and come up with novel solutions. Computer scientists try to make robots mimic
human thought process, but since these aren’t fully understood either, robots are still
falling short or human ideals. Two well-understood methods of problem solving are

the top-down and bottom-up methods.
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A problem related to learning is co-evolution. This is when roboticist tries to
get many robots to work together and cooperate at solving problems. Each robot—
they can be the same or different models—can learn through trial and error and
hopefully, specialize at performing a single task that will further the solution to the
overall problem. For this to occur, each robot must be a flexible learner, able to
cooperate with others, and perhaps give and receive orders. One example of the
progress in creating successful cooperation among robots is the Robot World Cup, or

Robo-cup and Robocon.

Since the introduction of machines, people have alwayé worrted about being
replaced by mechanize labor. This fear is still with us today. Robots and other
machines have encroached upon manual labor in all areas of human endeavor. Car
factories use robots for assembly [2,5_]. Computer Animation has replaced hand-
painted animation cells, and Music Synthesizers mimic human musicians. Not all of
these things are necessarily bad. Robots can perform dangerous tasks in a factory,

and computers have opened up entirely new avenues of expression in the creative

arts. |

Industrial robotics now is being popularized that is the discipline concerning
robot design, control and application in industry, and its products have by now
reached the level of a mature technology [5]. The connotation of a robot for
industrial application is that of operating in a structured environment whose
geometrical or physical characteristics are mostly known a priori. However, mobile

robotics is a rapidly developing branch of engineering [1-4].



Chapter 3

Design and Fabrication of Servo-controlled Mobile Robot

A robot is a special brew of motors, solenoids, wires, and assorted electronic odds
and ends, a marriage of mechanicat and electronic gizmos. Taken together, the parts
make a half-living but wholly personable creature that can vacuum the floor, serve
drinks, protect the family against intruders and fire, entertain, educate, and lots more.
In the present research work, an autonomous mobile robot is designed and fabricated

using locally available hardware components.

The designed robot is a three wheeler mobile robot with two independently
controllable wheels at the rear and a free un-powered caster at the front. The front
caster has orﬁni directional capability and which is not controlled. Here, H-Bridge
circuit is used to control the direction and driving of the two rear wheels. In-house
encoders are attached to the rear wheels to provide feedback signals using IR
transducers. The signal is then conditioned and communicated to the servo-controller
(using PIC 18F452) and also to the data acquisition system (using PIC18F2550).
The encoders generate 72 signals per rotation of wheel and each rotation of wheel
generatés 40 cm of linear motion. Robot motion is controlled by microcontroller
using Pulse Width Modulation (PWM). The control action depends on the motion

specification and the feed-back signals.

At first, the mechanical drive is designed and fabricated. After that control
circuitry is attached with the drive unit. The robot components along with the data
acquisition system is shown in Figs. 3.1 and 3.2. The robot has the following key

components:
® Mechanical structure and drive unit.

* Motor control board having the relays and H-bridge.



¢ The microcontroller (PIC 18 F 452) board.

¢ Sensors and signal conditioners for sensors.

Fig. 3.2. Control and sensor circuits and the robot wheels.
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3.1 Mechanical Structure and Drive System

The drive motors are probably the heaviest component in the robot and so as to the
location of the drive motors are carefully considered. The weight is also distributed
throughout the base. The mobile robot is designed using two identical motors to spin
two wheels on opposite sides of the base (like the differentially driven robot). These
wheels provide forward and backward locomotion, as shown in Fig. 3.3, as well as
left and right steering. If the left motor is stopped, the robot turns to the left. By
reversing the motors relative to one another, the robot turns by spinning on its wheel
axis (turns in place). This forward reverse movement may also be used to make hard

or sharp right and left turns.

For two wheels there are separate shafts and shafts are mounted using two
ball bearings. The bearings are housed in the housing of mild steel. Two shafis are
identical and aligned. The two wheels are made of plastic and coupled with the
shafts. For counting the wheel rotation, the encoders are coupled with the shaft at the
outer end. The base platform is made of plexy glass. It is a transparent and light-

weight base for the robot upon which a laptop is placed to acquire data.

The designed robot is a three wheeler robot with two independently
controllable wheels at the rear and a free un-powered caster at the front. The wheels
are positioned and aligned between them. The caster on the other end is to provide
stabilify and a pivot for turning. The robot has no “front” or “back,” at least as far as
the drive system is concerned.. Therefore, by using a caster in one end the robot
became a kind of multidirectional robot that can move forward and backward with
the same ease. Of course, this approach also complicates the bump sensors
arrangement of the robot. Instead of having bump switches only in the front of the
robot, additional bump switches are fixed in the back in case the robot is reversing
the direction. One advantage of front-drive mounting is that it simplifies the

construction of the robot.
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Iﬁ-
Forward Reverse
- Right Turn Left Turn
Hard Left Turn Hard Right Turn

Fig. 3.3. Two motors mounted on either side of the robot can power two wheels.

Casters provide balance. The robot steers by changing the speed and direction of

each motor.
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Caster choices
For the right choice of caster the followings are normally considered:

¢ The size of the caster wheel should be in proportion to the drive wheels.

* When the robot is on the ground, the drive motors must firmly touch terra
firma. If the caster wheels are too large, the drive motors may not make
adequate contact, and poor traction will result. Use of a suspension system

may also be considered on the casters to compensate for uneven terrain.

* The casters should spin and swivel freely. A caster that doesn’t spin freely
will impede the robot’s movement. In most cases, since the caster is provided
only for support and not traction, the caster should be constructed from a hard
material to reduce friction. A caster made of soft rubber will introduce more

friction, and it may affect a robot’s movements.

Caster ~——————Jp
a P . »
s @ . b

Fig 3.4. A robot with a front-drive motor mount uses a single opposing caster for

balance. Steering is accomplished using the same technique as a centerline motor

mount.
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3.2 Robot Motion Control

In the robot, H-bridge Circuit is used to run the motor in different direction, as
shown in Fig. 3.5. The basic operating mode of an H-bridge is fairly simple. In the
diagram shown below is a simple H-bridge circuit to show the principle of H-bridge.

Practical circuit consists of other components such as diodes for securing the circuit
| from other disturbance like back emf. In the H-bridge, there are 4 switches. In the
circuit, the Single Pole, Double Through (SPDT) relay is used as switch. The coil of
the relay is energized by ULN2803. To control the different direction of the motor
two relays at a time are to be switched on. If upper left side relay and lower right
side relay are turned. on, the right lead of the motor will be connected to ground,
while the left lead is connected to the power supply. Current starts flowing through
the motor which energizes the motor in (let's say) the forward direction and the
motor shaft starts spinning. If upper right side relay and lower left side Relay are
turned on, the éonverse will happen, the motor gets energized in the reverse
direction, and the shaft will start spinning in that way (Shown in Fig. 3.6). If less
than full-speed (or torque) operation is intended one of the switches are controlled in
a PWM fashion. The average voltage seen by the motor will be determined by the
ratio between the 'on' and’ off time of the PWM signal.

Motor Power (o')

High Side ¢y / | J, / Hféh Side

(left) (right)

Low Side 0/ MOTOR 0/ Low Side
{left) (right)

Motor Ground (-)

Fig. 3.5. Basic H-bridge.
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Motor Power {+)

High Side High Side
{left) {right}
Low Side Low Side
(left) (right)
Current Flow when

both High side left
Motor Ground (-) and Low side right
are switched "CN”

Fig. 3.6. Motor direction control using H-bridge.

Pulse Width Modulation ( PWM )

To Control the Robot speed, PWM 1s used. Two PWMs_are used to control the
speeds of the two wheels. So by varying these two speeds, the direction of the robot
can be changed. PWM is a way of digitally encoding analog signal Ievels. Through
the use of high resolution counter, the duty cycle of a square wave is modulated to
encode a specific analog signal level. The PWM signal is still digital because, at any
given instant of time, the full DC supply is either fully on or fully off. The voltage or
current source is supplied to the analog load by means of a repeating series of on and
off pulses. The on-time is the time during which the DC supply is applied to the load,
and the off-time is the period in which that supply is switched off. Given a sufficient
bandwidth, any analog value can be encoded with PWM. Pulse-width modulation
control works by switching the power supplied to the motor on and off very rapidly.
The DC voltage is converted to a square-wave signal, alternating between fully on
(nearly 5V or 12V) and zero, giving the motor a series of power "kicks". If the
switching frequency is high enough (10kHz frequency is used in the present study),

the motor runs at a steady speed due to its fly-wheel momentum. By adjusting the
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duty cycle of the PWM 1.e,, the time fraction during which it is "on", the average

power can be varied, and hence the motor speed (shown in Fig. 3.7).

One of the advantages of PWM is that the signal remains digital ali the way
from the processor to the controlled system; no digital-to-analog conversion is
necessary. By }(ceping the signal digital, noise effects are minimized. Noise can only
affect a digital signal if it is strong enough to change a logic-1 to a logic-0, or vice

- VErsa.

Duty Cycle = 100% * Pulse Width
Period

Fig. 3.7. PWM signal and Duty cycle

The H-bridge circuit and the duty cycle of PWM applied to the motors are set by the
PIC18F452 microcontroller and a brief summary of its characteristics is presented in

Appendix A.

3.3 Robot Sensors

The robot controller calculates the path movement with the help of shaft encoder.
The materials for the completed shaft encoder consist of the encoder wheel, IR
emitter/detector, black plastic film canister, and a cable tie. The wheel is attached to
the rear of the motor shaft. The optical sensors are mounted on a small piece of
board with a couple of other components. When the wheel attached at the rear side of
the motor moves, 1t block the optical sensors emitter and receiver. By blocking like

this, controller system can recognize this state. Thus the moving path can be
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measured by counting these state positions. Infrared-sensitive phototransistor is
positioned directly opposite the LED (see Fig. 3.8) so that when the motor and disc
turn, the holes pass the light intermittently. The result, as seen by the phototransistor,
1s a series of flashing light. The number of slots in the disc determines the maximum
accuracy of the travel circuit. The more slots the disc has, the better the accuracy.
The encoder disc has 72 slots around its circumference; that represents a minimum
sensing angle of 5° interval. As the wheel rotates, it provides a signal to the counting
circuit every 5°. Stated another way, if the robot is outfitted with a 12.73 cm wheel
(circumference 40cm), the maximum travel resolution is approximately 0.55 linear
centimeter. This figure is calculated by taking the circumference of the wheel and
dividing it by the number of slots in the shaft encoder. The outputs of the
phototransistor are conditioned by Schmitt triggers. This smoothes out the wave
shape of the light pulses so only voltage inputs above or below a specific threshold
are accepted (this helps prevent spurious triggers). The output of the triggers is

applied to the control circuitry of the robot.

Shalt
Encoder

Qutpd of
Phototransisior

~gf— Liotor

Fig 3.8. An optical shaft encoder attached to a motor, alternatively, a series of

reflective strip on a black disk and LED light into the phototransistor can be placed.
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Microswitches

Touch is a proactive event, by means of which the robot can determine its
environment by making physical contact. Conversely, collision is a reactive event,
where (in most cases) the robot is to stop what it’s doing when a collision is detected
and back away from the condition. One of the most convenient components used for
sensing objects is the Micro-limit-switch. The micro-switch used in the robot has a

double throw internal switch (three connections a common, a normally open, and a

normally closed).
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Chapter 4

Data Acquisition System

- The basic mput and output of a computer or microcontroller is a two-state binary
voltage level (off and on), usually 0 and 5 V. For example, to place an output of a
computer or microcontroller to high, the voltage on that output is brought, under-
software control, to, 5 V‘. In addition to standard low/high inputs and outputs, there

are several other forms of I/O found on single-board computers and microcontrollers.

In the present study, motor speed parameters are obtained using a
PIC18F2550 based data acquisition system, developed under Robocon project. Brief
introduction to PIC18F2550 is presented in Appendix B. Battery voltages and motor
currents areA also measured using ADC present in the microcontroller based
measurement system. This microcontroller contains seven 10 bit ADC and therefore
provides 0.01% accuracy. Data obtained in the present study is communicated to the
onboard laptop computer using universal serial asynchronous communicatioﬁ
(USART) and RS -232 interface, a detail of which is briefly presented in appendice
C and D.

Analog-To-Digital (ADC) Conversion

Anélog to digital conversion is used to measure battery voltages and the motor
currents. This Analog-to-digital conversion (ADC) transforms analog (linear)
voltage to binary (digital). In this project three ADC inputs are used, one for main
battery voltage measurement and other two for two drive motor voltages. The output
of the ADC 1s a number between 0 and 1023, and the number is directly related to

the measured voltage.
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Serial Communications

The most common type of computer interfacing is known as serial, in which multiple
bits are sent as a series of bits over time on a single wire. There are a number of
different types of serial communications protocols, with asynchronous, synchronous,’
and Manchester encoding. Each methodology is optimized for different situations.
The two most likely communications methods for interfacing a robot controller to

/O devices is synchronous serial communications, which consists of a data line and

a clock line as shown in Fig. 4.1.

*Glitch” Ignored by Reasiver

SemtData™—  L__fi [ L I 1]
Clock LJ U_LI_L]_U_U—U | ]

Received Data L L L

B0 BY B2 B3 B4 BS B BT

Fig. 4.1: Close up detail showing how synchronous serial data is only picked up on

the clock edge.

Asynchronous serial communications

Asynchronous serial communications uses a single wire to send a packet that
consists of a number of bits, each the same length. The most popular data protocol
for asynchronous serial commuﬁications is known as non-return to zero (NRZ) and
consists of the first bit. The Start Bit is low and is used by the receiver to identify the
middle of each bit of the incoming data stream for the most accufate reading as
shown in Fig. 4.2. There can be any number of data bits, but for most
communications, eight bits, allowing the transmission of a byte, are used. The
following data bits have the same period and are read as they are received. The stop
bit 1s a high value (the non-return to zero that resets the data line to a high value so
the next start bit will be detected by the receiver) that provides a set amount of time

for the sender and receiver to prepare for the next data packet. An error detection bit
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can be placed at the end of the data bits, but this is rarely done in modemn
asynchronous serial communications. The most popular form of asynchronous serial
communications is commonly referred to as RS-232 (although more accurately
known as EIA-232) and changes the normal TTL voltage levels of the serial data
from 0 to 5V tg 12 (0) and 12 (1) V.

MAX232

The Maxim MAX232, which generates the positive and negative voltages on the
chip from the 5 V supply. Along with RS-232, RS-422, and RS-485 are commonly
used forms of asynchronous serial communications, and like RS-232, these standards
can be implemented using commonly available chips. Sending and receiving RS-232
data in a computer system may seem like a chore, but it is actually simplified by the
universal asynchronous receiver/transmitter (known by its acronym UART) that will
send and re;:eive NRZ asynchronous data autorﬁatica]ly with the computer system
writing to it to start a data send or polling the UART to determine if the last written
data byte has been sent or if data has been received. Along with the send and receive
data bits, there are a number of other lines that can bé used with RS-232 for
handshaking (system-to-system communications to indicate that data can be sent or
received) but these lines are largely ignored in most modern communications. The

UART generally will provide an interface to these bits as well.

RS 232

Electronic data communications between elements will generally fall into two
broad categories: single-ended and differential. RS232 (single-ended) is introduced
_in 1962, and despite rumors for its early demise, has remained widely used through
the industry. Independent channels are established for two-way (full-duplex)
communications. The RS232 signals are represented by voltage levels with respect to
a system common (power / logic ground). The "idle" state (MARK) has the signal

level negative with respect to common, and the "active" state (SPACE) has the signal
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level positive with respect to common. RS232 has numerous handshaking lines

(primarily used with modems), and also specifies a communications protocol.

The RS-232 interface presupposes a common ground between the Data
Terminal Equipment (DTE) and Data Communications Equipment (DCE). This is a
reasonable assumption when a short cable connects the DTE to the DCE, but with
longer lines and connections between devices that may be on different electrical
busses with different grounds, this may not be true. RS232 data is bi-polar +3 to +12
volts indicate an "ON or O-state (SPACE) condition” while A -3 to -12 volts
indicates an "OFF" 1-state (MARK) condition. Modern computer equipment ignores
the negative level and accepts a zero voltage level as the "OFF" state. In fact, the
"ON" state may be achieved with lesser positive potential. This means circuits
powered by 5 VDC are capable of driving RS232 circuits directly, however, the .
overall range that the RS232 signal may be transmitted/received may be dramatically
reduced. The output signél level usually swings between +12V and -12V. The "dead
area" betweén +3V and -3V is designed to absorb line noise. In the various RS-232-
like definitions this dead area may vary. For instance, the definition for V.10 has a
dead area from +0.3V to -0.3V. Many receivers designed for RS-232 are sensitive to

differentials of 1 V or less.

Details of character format and transmission bit rate are controlled by the
serial port hardware, often a single integrated circuit called a UART that converts
~ data from parallel to asynchronous start-stop serial form. Details of .voltage levels,
slew rate, and short-circuit behavior are typically controlled by a line-driver that
converts from the UART's logic levels to RS-232 compatible signal levels, and a
receiver that converts from RS-232 compatible signal levels to the UART's logic

levels.
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R ™ |
L 0000 [ |
N \ o000 /| |

Losf
6 7 8 9

Pin _ Signal ] Pin__
1 Data Carrier Defect 6 Data Set Ready
2 Received Data 7 | Requestto Send
3 Transmitted Data 8 | Clearto Send
g

4 Data_Terminal Ready Ring Indicator
3 Signal Ground

Signal

Fig. 4.2. Pin configuration of serial port, DBY used for RS -232 based serial data

communication.

RS-232 devices may be classified as Data Terminal Equipment (DTE) or
Data Communications Equipment (DCE); this defines at each device which wires
will be sending and receiving each signal. The standard recommended but did not
make mandatory the D-subminiature 25 pin connector. In general and according to
the standard, terminals and computers have male connectors with DTE pin functions,

and modems have female connectors with DCE pin functions. Other devices may
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have any combination of connector gender and pin definitions. Many terminals are
manufactured with female terminals but are sold with a cable with male connectors
at each end; the terminal with its cable satisfied the recommendations in the
standard.The standard specifies 20 different signal connections. Since most devices
use only a few signals, smaller connectors can often be used. For examp]e; the 9 pin
DB-9 connector is used by most IBM-compatible PCs since the IBM PC AT, and has
been standardized as TIA-574. In this data acquisition system DB-9 has been used.
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~ Chapter 5

Results, Discussion and Conclusion

In the present study, experiments are carried out at different loading conditions with
100% duty cycle of applied pulse width modulation (PWM) to both the motors.
Readings from the shaft encoders from the wheels are recorded at 4 ms intervals.
Battery voltage and motor currents are also recorded. The robot’s motions are found
to be slightly curved as left motor moved faster, and therefore PWM of the motors
are varied to obtain optimumlvalue for straight robot motion. Various motion

parameters are investigated and analyzed at different loading conditions.

5.1 Results and Discussion

Shown in Fig. 5.1 are the robot’s motor traverse, battery voltage and the motor
currents plotted as a function of time when the unloaded motors ran at 100% duty
cycle. The motors traverses are increased with time, but the left motor moves faster.
This results in slightly curved motion of the robot. At the very beginning, it is
noticed that the motor currents increase very quickly and the rate is higher for the
left motor, even before the motion has started. This current rush results in lowering
of the battery voltage, as battery can’t cope with the sudden demand of the current.
The motors starts moving with slight delay of about 50 ms and the currents starts to
decrease as shown in Fig. 5.2. The current falls as the result of the generation of the
back emf that reduces effective voltage across the motor armature. With the
decrease in the motor current, battery vdltage starts to recover. It 1s seen, as shown 1n
Figs. 5.1 and 5.3, that the motor currents are reduced to zero when a particular motor
has traversed the set distance of 10 m, but no dynamic brake is applied. The distance
of 10 m is used to take the readings due to the limitation of space availability. After
both the motors traverse 10 m, dynamic brake is applied to both the motors and the

robot moves slightly due to inertia action. In this case, there is no current demand for
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the motors. Therefore, the battery voltage recovers more but but it takes long time to

recover to its “static voltage”.
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Fig. 5.1. Motor traverse and the corresponding motor currents and battery voltage

(unloaded motors with 100% duty cycle).
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Fig. 5.2. Motor traverse and the corresponding motor currents and battery voltage at

the early stage of the motion (unloaded motors with 100% duty cycle).
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Fig. 5.3. Motor traverse and the corresponding motor currents and battery voltage at

the final stage of the motion (unloaded motors with 100% duty cycle).

Shown in Figs. 5.4 and 5.6 are the motor velocity and the accelerations for
the same conditions as shown in Figs. 5.1-5.3. The gradual increase in both the
motors are clearly seen in Fig. 5.4, however, the left motor exhibit higher velocity.
Afier reaching the set distance of 10 m, the duty cycle of PWM is reduced zero, so
the left motor starts to slow down. Dynamic brakes are applied after the right motor
crosses 10 m distance and there is reduction of velocity of both the motors. It may
also be noted that at this stage the motors had same velocities and therefore the robot

motion is straight.
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Fig. 5.5. Motor traverse and the corresponding acceleration (unloaded motors with
100% duty cycle).
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In Fig. 5.5, the accelerations of the motors are presented. It is clearly seen
that there is very high acceleration at the beginning of the joumey although it
resulted in very low initial velocity. The high initial acceleration is observed
because of the initiation of motion from rest. The motor acceleration demands high
motor current and 1t i1s clearly observed in the present study, as shown in Fig. 5.6.
Motor current pattern closely follows the motor acceleration pattern, at the beginning
of the journey the left motor acceleration and the currents are high but at the end of
the journey the right motor acceleration and the associéted current flows are high.
However, after reaching the set distance of 10 m, the motor currents are zeroed and
dynamic braking is applied. Initially, generated back emf created forces opposite to
the rotation direction and the deceleration rate is high. Once the kick of eddy current
is reduces, the braking mechanism is less effective. Dynamic braking provides a
path to the conduct current generated by the back emf and resultes in modest |

braking which is evident in the final stages of the motion.
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Fig. 5.6. Motor acceleration and the corresponding current (unloaded motors with

100% duty cycle).
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In Figs. 5.1-5.6, various parameters are shown for the unloaded robot motors.

The unloaded condition is achieved by lifting the robot, i.e. wheels not touching
floor. Motors run and stop fast, however motor current is not insignificant because of
friction of various components although these are not providing traction. Shown in
Figs. 5.7-5.11 are the various parameters obtained for the rﬁotors when the robot is
running with a total self weight of 13.5 Kg. It is observed that the robot could not

| attain uniform velocity even after traversing set distance of 10 m. Both the values of
motor speed and acceleration are lower but the motor currents are significantly
higher. At the end of the travel, robot is physically stopped which is clearly
indicated in Figs. 5.10 and 5.11, where velocity is suddenly dropped and deceleration

1s with a very high value.
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Fig. 5.7. Motor traverse and the corresponding motor currents and battery voltage

(wheel load 13.5 Kg arid motor PWM with 100% duty cycle).
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15.0 = 15.0
/

3 /%f A
12.5 e 12 &
o /, Battery|Voltage i o
10.0 = ~~Left Mptor Travel 10.0 g
. == \\ J 5
£ Right Motor Travel o
Q 75 75 =
[ - i)
g [ Left Motof Current b=
0 g o
0 50 AC} 50 &
- q . Rigl’lT Motor Cyrrent _ . :o’
25 25 &
=
3y
o

0‘0 A A L A A 2. A " 00

8.0 8.5 9.0 9.5 10.0 10.5 11.0 11.5 12.0
Time (s)

Fig. 5.9. Motor traverse and the motor currents and battery voltage at the final stage

of the motion (wheel load 13.5 Kg and motor PWM with 100% duty cycle).



15.0 Left Motor Travel 3.0
i Right Motor Travely
125 AN 25
10.0 i 20
e L Left Motor Velocity ] g
> 7 5 | Right Motor Velocity, 15—
c =
s 1 S
»n 2
2 50 P — 1.0 @
25 / 0.5
L Left & Right Motor|Reaghdd J
Jéhﬂ’/ ° T
0.0 i r . 2 2 A A 1 P 0‘0

o 1 2 3 4 5 6 7 8 9 10 11 12
Time (s)

Fig. 5.10. Motor traverse and the corresponding velocity (wheel load 13.5 Kg and
motor PWM with 100% duty cycle).

15.0
12.5
10.0 N@
£ E
® 75 5
= =)
2 @
[7) L)
= 5.0 =
Q 3
Q
/ <
25 -10
X A
0.0 A A i A L A A A A i ,15
o 1 2 3 4 5 6 7 8 9 10 11112
Time (s)

Fig. 5.11. Motor traverse and the corresponding acceleration (wheel load 13.5 Kg

and motor PWM with 100% duty cycle).
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The effects of further loading on the robot dynamics is further investigated by
adding 6.5 Kg of load on the robot, and therefore robot wheel load become 20.0 Kg.
The motion parameters, battery voltage and motor currents are shown in Figs. 5.12-
16. Significant slowing down of the robot is observed with increase in motor current.
The motors consume more current to start, acceleration is slow, peak velocity 1s
significantly lower. Robot could not attain uniform velocity even after traveling 15
m, and the robot is physically stopped. Physical stop is clearly visible in Figs. 5.15
and 5.16. Motor currents are significantly higher with associated higher battery

voltage drop which recovered significantly after there is no motor current demand.
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Fig. 5.12. Motor traverse and the corresponding motor currents and battery voltage

(wheel load 20.0 Kg and motor PWM with 100% duty cycle).
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stage of the motion (wheel load 20.0 Kg and motor PWM with 100% duty cycle).
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In the experiments shown in Figs. 5.1-5.16, motors are powered by PWM
with 100% duty cycle. In an ideal case, the robot should provide similar motion
characteristics and therefore straight motion. But in the present experiments, the left
motor runs faster to result in slightly curved motion. Hence, to reduce power of the
left motor, it is run by PWM at 90% and 85% duty cycle while keeping 100% duty
cycle in the right motor. Corresponding traversed distance and velocity are shown in
Figs. 5.17 and 5.18 respectively. Very little difference in motion parameters are
observed in case of duty cycle of 90%, and the difference between motors diminishes
further in case of left motor powered at 85% duty cycle while keeping 100% duty
cycle at the right motor. Fig. 5.18 shows nearly identical parameters for both the
motors and therefore can be considered as the optimum duty cycle for straight

motion. This optimum duty cycle is experimentally verified for loaded conditions as

shown in Figs. 5.19-5.33.
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motion (unloaded motors, 100% duty cycle at right and 85% duty cycle at the left).
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Fig. 5.21. Motor traverse and motor currents and battery voltage at the final stage of

motion (unloaded motors, 100% duty cycle at right and 85% duty cycle at the left).
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Fig. 5.22. Motor traverse and the corresponding velocity (unloaded motors with
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100% duty cycle at right motor and 85% duty cycle at the left).
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(wheel load 13.5 Kg, 100% duty cycle at right motor and 85% duty cycle at the left).
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100% duty cycle at right motor and 85% duty cycle at the left).
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Fig. 5.28. Motor traverse and the corresponding acceleration (wheel load 13.5 Kg

with 100% duty cycle at right motor and 85% duty cycle at the left).
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(wheel load 20.0 Kg, 100% duty cycle at right and 85% duty cycle at the left).
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Fig. 5.32. Motor traverse and the corresponding velocity (wheel load 20.0 Kg with
100% duty cycle at right motor and 85% duty cycle at the left).
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Shown in Figs. 5.34-5.36 are the effects of loading on the robot motion. In
these figures, data for left motors are plotted as at 100% duty cycle at right motor
and 85% duty cycle at left motor make the motor characteristics very close. It is seen
in Fig. 5.34, time taken to traverse a distance of 10 m is small in case of unloaded
motor. However, significant time (approx 8 sec in case of 13.5 Kg wheel load and 12
sec in case of 20.0 Kg wheel load) 1s required in case of loaded robot, required time
is 1.5 times higher in case of 1.5 times load. It is clearly seen in Fig. 5.35 that the
heavier robot takes more time to start its motion. Shown in Fig. 5.36 are the effect of
loading on robot velocity. The effect of loading to reduce the robot speed ts clearly
seen in the figure. Effect of load on the motor current is also demonstrated in Fig.
5.37. It 1s clearly seen that motor currents increase with wheel loading and the motor
currents decreased with increase in time and motor speed. In all these cases, motor

currents stop after these traverse 10 m distance.
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Fig. 5.34. Effect of load on motor traverse (100% duty cycle at right motor and 85%
duty cycle at the left).
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Fig. 5.37. Effect of Joad on motor current (100% duty cycle at right motor and 85%
duty cycle at the left).

Effect of dynamic braking is demonstrated in Fig. 5.38. Dynamic braking is achieved
by shorting the motor terminals using SPDT relay controlled by microcontrotler.
Without the braking motors took longer time to stop, but first stoppage is obtained in
case of dynamic braking. Dynamic braking does not employ mechanical friction
braking, and therefore does not stop the motor instantly. However, in case of lighter
load it is a simple way of stopping the motor which utilizes the back emf of rotating

motor and at higher speed the effect is higher.



47

5.2 Conclusions

The conclusions of the present study are as follows:

1. Variation of pulse with modulation (PWM) 1s an effective mean to control
the speed of motor. Hence, PWM can be experimentally varied to obtain its

optimum value for straight motion.

2. Loaded motor takes more time to start, achieves lower acceleration and

requires longer braking distance.

3. Motor current is high at the very early stage of robot motion with its
maximum value just at the point of initiation of motion and motor currents

decrease with increase in the robot speed.

4. Dynamic braking is effective in stopping a robot without employing a

mechanical friction brake.
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Fig. 5.38. Effect of braking on motor traverse (100% duty cycle at right motor and
85% duty cycle at the left).
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5.3 Scope of Further Works

1. Steering of the robot using different pulse width modulation (PWM) to

provide synchronized control of motor wheel speed.

2. Optimum value of PWM to achieve a desired motion of a robot.
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Appendix A

PIC18F452 (28/40-pin High Performance, Enhanced FLLASH
Microcontrollers with 10-Bit A/D)

DEVICE OVERVIEW

This document contains device-specific information for the following devices. This family of
devices offers the advantages of all PIC18 microcontrollers — namely, high computational
performance at an economical price — with the addition of high endurance, Enhanced Flash
nrogram memory. In addition to these features, the PIC18F252/452 family introduces design
enhancements that make these microcontrollers a legical choice for many high-performance,
power sensitive applications.

High Performance RISC CPU
» C compiler optimized architecturefinstruction set
« Linear program memory addressing to 32 Kbytes
* Linear data memory addressing to 1.5 Kbytes
* Up to 10 MIPs gperation:
- DC - 40 MHz osc./clock input
- 4 MHz - 10 MHz osc./clock input with PLL active
» 16-bit wide instructions, 8-bit wide data path
» Priority levels for interrupts
» 8 x 8 Single Cycle Hardware Multiplier

Peripheral Features
+ High current sink/source 25 mA/25 mA
» Three external interrupt pins
* TimerQ module: 8-bit/16-bit timer/counter with 8-bit programmable prescaler
» Timer1 module: 16-bit timer/counter
« Timer2 module: 8-bit timer/counter with 8-bit period register (time-base for PWM)
+» Timer3 module: 16-bit timer/counter
*» Secondary oscillator clock option - Timer1/Timer3 -
+ Two Capture/Compare/PWM (CCP) modules. CCP pins that can be configured as:
- Capture input; capture is 16-bit, max. resolution 6.25 ns {TCY/16)
- Compare is 16-bit, max. resolution 100 ns (TCY)
- PWM output: PWM resolution is 1- to 10-bit, max. PWM freq. @: 8-bit resolution =
156 kHz, 10-bit resolution = 39 kHz
» Master Synchronous Serial Port (MSSP) maodule, Two modes of operation:
- 3-wire SPI™ (supports all 4 SPI modes)
- [2C™ Master and Slave mode
+ Addressable USART module:
- Supports R5-485 and RS-232
« Parallel Slave Port (PSP) module

Analog Features
» Compatible 10-bit Analog-to-Digital Converter moduie (A/D) with:
- Fast sampling rate
- Conversion available during SLEEP
- Linearity § 1 LSb '
* Programmable Low Voltage Detection {PLVD)
- Supports interrupt on-Low Voltage Detection
* Programmable Brown-out Reset (BOR)
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Special Microcontroller Features

» 100,000 erasefwrite cycle Enhanced FLASH program memory typical

* 1,000,000 erasefwrite cycle Data EEPROM memory

» FLASH/Data EEPROM Retention: > 40 years

+ Self-reprogrammable under software confrol

* Power-on Reset (POR), Power-up Timer (PWRT) and Oscillator Start-up Timer {OST)

* Watchdog Timer (WDT) with its own On-Chip RC Oscillator for reliable operation

* Programmable code protection

* Power saving SLEEP mode

» Selectable oscillator options including:
- 4X Phase Lock Loop (of primary oscillator)
- Secondary Oscillator (32 kHz) clock input

* Single supply 5V In-Circuit Serial Programming™ (ICSP™) via two pins

* In-Circuit Debug (ICD) via two pins

CMOS Technology

* Low power, high speed FLASH/EEPROM technology

« Fully static design

= Wide operating voltage range (2.0V to 5.5V)
* Industrial and Extended temperature ranges

* Low power consumption:

DEVICE FEATURES
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Features PIC18F242 PIC18F252 PIC18F442 PIC18F452
Cperating Frequency DC - 40 MHz BC - 40 MHz 0C - 40 MHz DC - 40 MHz
Program Memory (Byles} 16K 2K 18K 2K
Program Memory {Instruclions) 8192 16384 8192 16284
Data Memory (Bytes) 768 1536 768 1636
Data EEPROM Memory (Bytes) 256 256 256 256
Interrupt Sources 17 17 18 18
(3 Ports Ports A B, C Ports A, B, C Ports A/ B,C,D,E (Ports A.B,C, D, E
Timers 4 4 4 4
Capture/Compare/PWh Modules 2 2 2 2
MSSF, MSSP, MSSP, MSSP,
Serial Communications Addressable Addressable Addressable Addressahle
USART USART USART USART
Parallet Communications -— —_ PsP PSP
10-bit Analog-to-Digital Module 5 input channels 5 input channels 8 input channels 8 input channels
POR, BOR, POR, BOR, POR, BOR, POR, BOR,
RESET Instruction, | RESET Instruction, | RESET Instruction, | RESET Instruction,
RESETS {and Delays) Stack Full, Stack Full, Stack Full. Stack Full,
Stack Underflow | Stack Underflow Stack Underflow | Stack Underfiow
{PWRT, O3T) {PWRT, O8T} {PWRT, OST) {PWRT, OST)
Programmable Low Vellage Yes Yes Yes Yes
Detect
Programmable Brown-out Reset Yes Yes Yes Yes
Instruction Set 75 Instructions 75 Instructions 75 Instructions 75 Instructions
. . 40-pin DIP 40-pin DIP
Packages 2288'?;”%2 2338?;”3%?0 44-pin PLCC 44-pin PLCC
-pin SLIL P 44-pin TQFP 44-pin TQFP
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PIC 18F452 Pin Diagram
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Appendix B

- PIC18F 2550 (28/40-Pin, High-Performance, Enhanced Flash,USB
Microcontrollers with nanoWatt Technology)

1.0 DEVICE OVERVIEW

This document contains device-specific information for the following devices. This family of
devices offers the advantages of all PIC18 microcontrollers — namely, high computational
performance at an economical price — with the addition of high endurance, Enhanced Flash
program memory. In addition to these features, the PiC18F2455/2550 family introduces design
enhancements that make these microcontrollers a logical choice for many high-performance,
power sensitive applications.

1.1 New Core Features
1.1.1 nanoWatt TECHNOLOGY .All of the devices in the PIC18F2455/2550 family incorporate a

range of features that can significantly reduce power consumption during operation. Key items
include:

« Alternate Run Modes: By clocking the controller from the Timer1 source or the internal
oscillator block, power consumption during code execution can be reduced by as much as 90%.

+ Multiple Idle Modes: The controller can also run with its CPU core disabled but the
peripherals still active. In these states, power consumption can be reduced even further, to as
little as 4% of normal operation requirements.

+ On-the-Fly Mode Switching: The power-managed modes are invoked by user code during
operation, allowing the user to incorporate power-saving ideas into their application's software
design.

- Low Consumption in Key Modules: The power requirements for both Timer1 and the
Watchdog Timer are minimized. “Electrical Characteristics” for values.

1.1.2 UNIVERSAL SERIAL BUS (USB) Devices in the PIC18F2455/2550/4455/4550 family
incorporate a fuily featured Universal Serial Bus communications module that is compliant with
the USB Specification Revision 2.0. The module supports both low-speed and full-speed
communication for all supported data transfer types. It also incorporates its own on-chip
transceiver and 3.3V regulator and supports the use of external transceivers and voltage
regulators.

1.14.3 Multiple Oscillator Options And Features

Al of the devices in the PIC18F2455/2550/4455/4550 family offer twelve different oscillator
options, allowing users a wide range of choices in developing application hardware. These
include:

» Four Crystal modes using crystals or ceramic resonators.

. Four External Clock modes, offering the option of using two pins (oscillator input and a divide-
by-4 clock output) or one pin {oscillator input, with the second pin reassigned as general I/O).

« An internal oscillator block which provides an 8 MHz clock (2% accuracy) and an INTRC
source (approximately 31 kHz, stable over temperature and VDD), as well as a range of 6 user-
selectable clock frequencies, between 125 kHz to 4 MHz, for a total of 8 clock frequencies. This
option frees an oscillator pin for use as an additional general purpose I10.
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. A Phase Lock Loop (PLL) frequency multiplier, available to both the High-Speed Crystal and
External Oscillator modes, which allows a wide range of clock speeds from 4 MHz to 48 MHz.

» Asynchronous dual clock operation, allowing the USB module to run from a high-frequency
oscillator while the rest of the microcontroller is clocked from an internal low-power oscillator.
Besides its availability as a clock source, the internal oscillator block provides a stable reference
source that gives the family additional features for robust Operation:

« Fail-Safe Clock Monitor: This option constantly monitors the main clock source against a
reference signal provided by the internal oscillator. If a clock failure occurs, the controller is
switched to the internal oscillator block, allowing for continued low-speed operation or a safe
application shutdown.

- Two-Speed Start-up: This option allows the internal oscillator to serve as the clock source
from Power-on Reset, or wake-up from Sleep mode, until the primary clock source is available.
PIC18F2550 « PIC18LF2550

1.2 Other Special Features
« Memory Endurance: The Enhanced Flash cells for both program memory and data EEPROM
are rated to last for any thousands of erase/write cycles — up to 100,000 for program memory
and 1,000,000 for EEPROM. Data retention without refresh is conservatively estimated to be
greater than 40 years.
- Self-Programmability: These devices can write to their own program memory spaces under
internal software control. By using a bootloader routine, located in the protected Boot Block at
the top of program memory, it becomes possible to create an application that can update itseff in
the field.
- Extended Instruction Set: The PIC18F2455/2550/4455/4550 family introduces an optional
extension to the PIC18 instruction set, which adds 8 new instructions and an Indexed Literal
Offset Addressing mode. This extension,

- enabled as a device configuration option, has been specifically designed to optimize re-entrant
application code originally developed in high-leve! languages such as C.
- Enhanced CCP Module: In PWM mode, this module provides 1, 2 or 4 modulated outputs for
controlling half-bridge and full-bridge drivers. Other features include auto-shutdown for disabling
PWM outputs on interrupt or other select
conditions and auto-restart to reactivate outputs once the condition has cleared.
+ Enhanced Addressable USART: This serial communication module is capable of standard
RS-232 operation and provides support for the LIN bus protocol. Other enhancements include
Autornatic Baud Rate Detection and a 16-bit Baud Rate Generator for improved resolution.
When the microcontroller is using the internal oscillator block, the EUSART provides stable
operation for applications that talk to the outside world without using an external crystal {or its
accompanying power requirement).
+ 10-Bit A/D Converter: This module incorporates programmable acquisition time, allowing for a
channel to be selected and a conversion to be initiated, without waiting for a sampling period
and thus, reducing code overhead.
« Dedicated ICD/ICSP Port: These devices introduce the use of debugger and programming
pins that are not multiplexed with other microcontroller features. Offered as an option in select
packages, this feature allows users to develop I/O intensive applications while retaining the
ability to program and debug in the circuit.

1.3 Details on Individual Family Members

Devices in the PIC18F2455/2550/4455/4550 family are available in 28-pin and 40/44-pin
packages. The devices are differentiated from each other in six ways:

1. Flash program memory (24 Kbytes for PIC18FX455 devices, 32 Kbytes for PIC18FX550).

2. A/D channels (10 for 28-pin devices, 13 for 40/44-pin devices).

3. 11O ports (3 bidirectional ports and 1 input only port on 28-pin devices, 5 bidirectional ports an
40/44-pin devices).
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4. CCP and Enhanced CCP implementation {28-pin devices have two standard CCP modules,
40/44-pin devices have one standard CCP module and one ECCP module).
5. Streaming Parallel Port (present only on 40/44-pin devices).

Universal Serial Bus Features

- USB V2.0 Compliant

+» Low Speed (1.5 Mb/s) and Full Speed (12 Mb/s)

+ Supports Control, Interrupt, Isochronous and Bulk Transfers

« Supports up to 32 Endpoints (16 bidirectional)

« 1-Kbyte Dual Access RAM for USB

» On-Chip USB Transceiver with On-Chip Voltage Regulator

« Interface for Off-Chip USB Transceiver

_+ Streaming Parallel Port (SPP} for USB streaming transfers (40/44-pin devices only)

Power-Managed Modes

* Run: CPU cn, peripherals on

« Idle: CPU off, peripherals on

+ Sleep: CPU off, peripherals off

- Idle mode currents down to 5.8

« Sleep mode currents down to 0.1
+ Two-Speed Oscillator Start-up

Flexible Oscillator Structure
« Four Crystal modes, including High Precision PLL for USB
+ Two External Clock modes, up to 48 MHz - Internal Oscillator Block:
- 8 user-selectable frequencies, from 31 kHz to 8 MHz
- User-tunable to compensate for frequency drift
- Secondary Osciliator using Timer1 @ 32 kHz
» Dual Oscillator options allow microcontroller and USB module to run at different clock speeds
- Fail-Safe Clock Monitor: - Allows for safe shutdown if any clock stops

Peripheral Highlights
= High-Current Sink/Scource: 25 mA/25 mA
» Three External Interrupts
» Four Timer modules (Timer( to Timer3)
+ Up to 2 Capture/Compare/PWM (CCP) modules:
- Capture is 16-bit, max. resolution 5.2 ns (TCY/16)
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- Compare is 16-bit, max. resolution 83.3 ns (TCY)
- PWM output: PWM resolution is 1 to 10-bit
» Enhanced Capture/Compare/PWM (ECCP) module:
- Multiple output modes
- Selectable polarity
- Programmabile dead time
- Auto-shutdown and auto-restart
» Enhanced USART module:
- LIN bus support
« Master Synchronous Serial Port (MSSP) module supporting 3-wire SPI (all 4 modes) and
12C™ Master and Slave modes
« 10-bit, up to 13-channel Analog-to-Digital Converter module (A/D) with Programmable
Acquisition Time
+ Dual Analog Comparators with Input Multiplexing

Special Microcontroller Features
« C Compiler Optimized Architecture with optional Extended Instruction Set
» 100,000 Erase/Write Cycle Enhanced Flash Program Memory typical
« 1,000,000 Erase/Write Cycle Data EEPROM Memaory typical
« Flash/Data EEPROM Retention: > 40 years
« Self-Programmakle under Software Control
» Priority Levels for Interrupts
» 8 x 8 Single-Cycle Hardware Muitiplier
* Extended Watchdog Timer (WDT):
- Programmable period from 41 ms 1o 131s
* Programmable Code Protection
» Single-Supply 5V In-Circuit Serial Programming™ (ICSP™) via two pins
» in-Circuit Debug (ICD) via two pins _
« Optional dedicated ICD/ICSP port (44-pin devices only)
+ Wide Operating Vcltage Range {2.0V to 5.5V)
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PIC18F2550 Pin Diagram

o
MCLRVPRRES —= |1 ~7 28[] == RB7/KBI3IPGD
RAD/ANG =—=[]2 27[] =—= RBG/KBI2ZPGC
RAT/ANY «—s[13 26] | == RB5KBI1/PGM
RA2/AN2/VREF-/CVREF -—= |4 25 == RB4/AN11/KBID
RAJ3/ANIVREF+ =[5 0o 24[ ] == RBIANG/ICLP2UNVPO
RA4/TOCKICIOUT/RCY =—= []6 IQ 23[ ] =+ RB2ANBGINT2VMO
RAS/ANASSIHLVDINAC20UT -7 W L. 22 == RBAN1DINTI:SCK/SCL
Ves — [ 18 e 21{] == RBO/AN12ANTOELTO/SDISDA
QOSC1CLKI —= [ QO 20[] «— VoD
OSC2/CLKORAS =— 10 oo j9f] =— Vvss
RCHT1OSOT13CKI =11 18] = RCTRXDTISDC
RCT10SIICCP2MUOE =[] 12 17[J == RCHTX/ICK
RC2/CCP1 =—[]13 16 ] «—= RCHD+YP
Vusg =—= [ 14 15[ ] == RCAD-VM
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Appendix C

MAX232 (DUAL DRIVERS / RECEIVERS)

DEVICE OVERVIEW

The MAX232 is a dual driver/receiver that includes a capacitive voltage generator to supply
TIA/EIA-232-F voltage levels from a single 5-V supply. Each receiver converts TIA/EIA-232-F
inputs to 5-V TTL/CMOS levels. These receivers have a typical threshold of 1.3 V, a typical
hysteresis of 0.5 V, and can accept $30-V inputs.

_ Meets or Exceeds TIA/EIA-232-F and ITU Recommendation V.28

_ Operates From a Single 5-V Power Supply With 1.0-_F Charge-Pump Capacitors '

_ Operates Up To 120 kbit/s

_ Two Drivers and Two Receivers

_ +30-V tnput Levels

_ Low Supply Current . . . 8 mA Typical

_ ESD Protection Exceeds JESD 22 - 2000-V Human-Body Model (A114-A)

_ Upgrade With Improved ESD (15-kV HBM) and 0.1-_F Charge-Pump Capacitors is Available
With the MAX202

_ Applications - TIA/EIA-232-F, Battery-Powered Systems, Terminals, Modems,and Computers

Absolute maximum ratings over operating free-air temperature range (uniess otherwise
noted)t

input supply voltage range, VCC (seeMNote 1) .. ............. ..., -0.3Vto 6V
Positive output supply voltage range, VS+ . ...... ........... VCC-03Vio15V
Negative output supply voltage range, VS—- . .................. . . -0.3Vtio-15V
Input voltage range, VI:Driver . .. .. ..o -0.3VtoVCC+03V
RV . . ot ittt et et er e e e +30V
Output voltage range, VO: TIOUT, T20UT . . ................. VE-~-03VIioVS++03V
RIOUT, R20UT . ..o . ...-03VtioVCC+03V
Short-circuit duration; TIOUT, T20UT .. .. .. .. ..ot .. Unlimited
Package thermal impedance, \JA (see Notes 2 and 3):
Dpackage................ 73°CW
DWopackage............oiinnnrnnns 57°C/W
Npackage . .......ccciiniiiiiiiinenn. 67°C/W
NSPackage . ... ..o vrene i 64°CAW
Operating virtual junction temperature, TJ .. ... ... oo 150°C
Storage temperaturerange, Tstg . ... .. ... o i -65°C to 150°C

t+ Stresses beyond those listed under “absolute maximum ratings” may cause permanent
damage to the device. These are stress ratings only, and .

functional operation of the device at these or any other conditions beyond those indicated under
“recommended operating conditions” is not implied. Exposure to absolute-maximum-rated
conditions for extended periods may affect device reliability.

NOTES: 1. All voltages are with respect to network GND.

2. Maximum power dissipation is a function of TJ(max), \JA, and TA. The maximum
allowable power dissipation at any allowable ambient temperature is PD = (TJ(max) - TAJA.
Operating at the absolute maximum TJ of 150°C can affect reliability.

3. The package thermal impedance is calculated in accordance with JESD 51-7.
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MIN NOM MAX| UNIT
Voo Supply voltage 45 £ &5 v
VIH High-level inpul voltage {T1IN, T2IN) 2 Y
ViL Low-lavel input voltage (T1IN, T2IN) IS Y
RIIN,RZIN  Receiver input voltage -3l v
. . MAX232 0 0
T Operating free-air temperature A 0 = °C

slectrical characteristics over recommendad ranges of supply voltage and operating free-air

temperature {unless otherwlse noted) (see Note 4 and Figure 4)

PARAMETER TEST CONDITIONS MIN TYPE  MAX]| UNIT
. Vee =55V, Alloutputs apen,
e Supply current Tas 25°C 5 W] mA
Tl typical values are at Ve = 5V and T = 25°C,
NOTE 4 Test condilions are C1-C4 = 1uF atVp =SV 05V
DRIVER SECTION

electrlca! characteristics over recommended ranges of supply vo!tage
temperature range {see Note 4)

and operating free-air

PARAMETER TEST CONDITIONS MmN Tyet  max)| un
YoH  High-levet oulpul valtage TIOUT, TZOUT | R = 3kt to GND 5 7 Y
VoL Low-eve! output voltaget TIOUT, T20UT Ry = 3ki210 GND -7 s v
fa Cutput resistance TIOUT, T20UT | Vge =Vg-=0. V=42V 366 0
ing®  Shorl-circuit output current TIOUT, T20UT Ve =55V, Yo =0 10 mA
e Short-circent mpuat current TN, T2IN V=0 20| pA

1 All typicol values are at Voo = 5V, Ta = 25°C

1 The algebraic convention, in which the least-positive (most negative) value is designated minimum, is used in this data sheet for lngic veitage

levels only,
§ nat more than one outpit should be shorted at a tima.
NQTE 4. Tost conditions are C1-C4 = 1pF at Ve =5V E05V.

switching characteristics, Vgg = 5V, Ty = 25°C (see Note 4)

PARAMETER TEST CONDITIONS MIN  TYP MAX| UNIT

o RL=3ketoT ks ;
SR Driver slew rate See Figure 2 WL Vs
SRl Dyiver transition region slew rate ) See Figure 3 3 Vs
Dsota rate One TOUT swiiching 120 khit's

MOTE 4° Test conditions are C1-Cd = 1 pF atVoo =5V 0 5EV.
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RECEIVER SECTION

electrical characteristics over recommended ranges of supply voltage and operating free-air
temperature range {see Note 4}

PARAMETER ' TEST CONDITIONS MmN TYPt  mMAX | UNIT
Vo High-levet outout voltage RICUT, R20UT Loy =-1mA 35 Y
VoL Low-level output voltaged RIOUT. R2ZOUT ligy =3.2mA VR IS
. Receiver positive-going input e - .

VIT+ mrsshold votage RN, R2IN Yoo =5V, Ta=25°C 17 28]

) Receiver negative-going input \ i . - ,
YT~ srashold volage R1IN. R2IN Vep=5Y, C Ta=C 2.8 1.2 k¢
Vays  Inpul hiysteresis voltage R1IN, R2IN Ve =5V 02 0.5 1 \

5 Receiver input resistance RN, R2IN Voo =5, Tp =25°C 3 5 1 K

7 all typizal vatues are at Vee = 5V, Ta = 25°C.

I The algehraic convention, In which the least-positive (most negative} value is desighated mininwurm. is used in this data shest for legic vottage
levels only.

NOTE4. Testconditions are C1-CA= 1 pF atVpp =5V 05V,

switching characteristics, Voo = § V. Ty = 25°C {see Note 4 and Figure 1)

PARAMETER TYP | UNIT
la Ry  Receiver propagation delay fime, low- io high-level oulput o L
pHLiR;  Receiver propagation delay fime, high- to low-level outout 800 ns

NOTZ 4 Test conditions are C1-C4 = 1pF atvVpe =5V 205V,

MAX232...D, DW, N, OR NS PACKAGE
(TOP VIEW)

1
2
3
4
5
6
7
8
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PARAMETER MEASUREMENT INFORMATION

Ry, = 1.3 k2
R1IN

Pulse See Note ©
Generator X
(see Note A) 1
mmn € = 50 pF =
l {ses Note B)
TEST CIRCUIT
S10ns —w :4——- —»] le— s10ns
] 1!
i
> +~ t-————— v
tnput ' 2 60%  90% N r
10% 50% 50% | 10% oV
500 ng —w
tPHL — ! l'w’il PLH
! YOH
Qutput 15V % 1.5v o
————— VoL
WAVEFORMS

NOTES: A, The putse genarator has the following characteristies. Zyy = 50 £, duty cycle g 50%.
B. €; Includes probe and |ig capacitance.
C. Alidiodes are 1N30064 or squivalent.

Figure 1. Receiver Test Circuit and Waveforms for tp and tp 4 Measurements

Pulse T1IN or T2IN T10UT or T20UT
Generator F— eerre el wmenimenmton e i rentreesmes wrer. EVB2 32 OUTPUL
{see Note A) *
e Cp =10 pF

Rp T
{see Note B)

il
i

TEST CIRCUIT
10 ns -J| b — ;d-——- 210 ns
|
|

VNS NS S 3V
mput | ’;ggﬁ% 905’3,, T
10% 4 ? [10% ov
;‘— 5 us ——pl
tPHL ———h——bi

i*f—-’Tm tpLy

Output

trHL -~ e
0.8 (Vi -V ) 0.8V — Ve
SR = on~You , 2% oL ~You
TLH THL
WAVEFORMS

NOTES: A, The pulse generator has the following characteristics: £a = 50 €, duty cycle £ 50%.
B. CL includes probe and {lg capacitance.

Figure 2. Driver Test Circuit and Waveforms for tpyy, and tp| 4 Measurements (5-us Input)
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Pulse
Generator
(see Note A} _ D"

EiA.-232 Output

e
AY }__0

IkQ Cp=25nF
TEST CIRCUIT
£10ns ~—# b— wpl e <tOns
Input |
|
/ 10%
[ 205 -~y
¥ ”"I ;'" tTLH
||
| ' VOH
Output 3V | | 3V
5|= -3V f
B voL
6V
SR = — 2 Y
THL OF brim
WAVEFORMS

NOTE A:  The puise generator has the following characteristics: Zo = 50 (L duty cycie < 50%.

Figure 3. Test Circuit and Waveforms for typy_and ty u Measurements {20-us Input)

APPLICATION INFORMATION

5y
A
Cpypass=tuF 21 :
J: 15 1
= c3t =yt
Vee o
1 Cte 2 -
C1ZFX 4 0F 3 Vs *83V
" c1- 6
. v - » -B5YV
o, ] ca+ 5~ )
C2 1yF 5 Ca-dr quF
L ~{ C2- |
. > - Eia232 output
Erofm CMOS of TTL 10 7
g =N EIA-232 Output
1 ]
: PO I a2 e1a.232 nput
To CMOS or TTL 9 8 .
il ov I fettoo EIA-232 Input
15
GND

182 can be connected to Ve of GND.
NOTES A, Resistor values shown are nominal,
8 Nonpolarized ceramic capacitors are acteplable. I polarized tanialum of electrolytic capaciors are usec. they shoud he
connected ag shown. in addition to the 1-pF capacilors shown, the MAX202 can operale with 0. 1-uF capacilors

Figure 4. Typical Operating Circuit
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USART Transmission and Receiving Block Diagrams

Iata Bus

4

TXRECG register

[trRM1] [sPEN]

ot
Pin Buiter g
and Control
RO/ TX/COK
pin

Interrupt

Baud Rute
Clk

1 Figure redrawn by suthor from

hd * N S o SRR
! | SPRRG PIC TRE A2 datashect {DS3036413
1

Microchip Tegumslous Ty

Baud Rale Generator

Fig. D.1 USART transmission block diagram

[oERR] [FERR]

Figure sedrmwn by anthor from
PICIBEXK2 datasheet (DS3956413).
Microship Technology ine.

~64 Baud Rate Clk

Pata
Recovery

g_, Pin Buffer

and Control

RCT/RX/DT
pin SPEN

RCRIG Register

IO

<

srrupd
Interrup Data Bus

Fig. D.2 USART receiver block diagram.
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