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Chapter 1 —Introduction

Stationary robots have been standard manufacturing technology for many decades.
Autonomous robots have long been a staple character in science fiction. Microprocessor
technology was the dawn of inexpensive local control, making possible small robots for a variety
of industrial, military, scientific, and hobby uses, so much so that robots have become a popular
cultural icon. The Discovery Channel’s programming schedule contains Battle Bots and
Junkyard Wars. LEGO has introduced a new line of do-it-yourself robotics kits at toy stores.
NASA robots go where no man has gone before (such as Spirit, the robot that recently landed on
Mars). Robots normally employ self-contained programming or are controlled by wire or radio
command link. This thesis describes a previously unexplored control technology for robotic
applications — robotic guidance using a magnetic dipole field.

Magnetic fields are employed for a great many industrial purposes, one of which
concerns the installation and maintenance of underground pipe and cable. To locate buried cable
or pipe, the line to be located (telephone lines, cable TV, sewer pipes, etc.) is energized with an
alternating current through a direct connection or via induction. This current generates an

alternating magnetic field whose shape is well known and is illustrated in Figure 1%,
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Figure 1l - Magnetic Field duetoa Currentin aWire

! http://www.sunblock99.0rg.uk/sh99/peopl /DM ackay/magcurrent. html



The equation of the magnetic field generated by a current in a wire along the Z axis is

-1 . . . .
B:u°—~;.(—y->”<+x-y),wherel is the current in the wire. Note that the field has no
2n x2+y2

Z axis component.

Horizontal Directional Drilling (HDD) is a much more complicated process than utility
locating. In HDD, a beacon (or sonde) is placed in a tool head and attached to the end of a
drillpipe. The pipe is then pushed through the ground. The beacon contains a horizontal
electromagnet (a solenoid) capable of generating an AC magnetic dipole fied, usualy in the

frequency range of 10-30 kHz. Thedipole flux density field is described by Equation (1).

2 2 2
Ek X-Z >”<+§k y-z - ik 225 —-x°-y°

(X2+y2+22)% 4 (X2+y2+22)% y+4 (X2+y2+22)%

wherek is a dipole strength constant?. The magnetic field lines areillustrated in Figure 2°.
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Figure 2 - Magnetic Field of a Solenoid

The coordinates of the observation point in Cartesian space are x, y, and z, with the origin at the

geometric center of the solenoid (x=y=z=0)* The solenoid, usually wound around a ferrite

2
2 u, - ma

k =
A
multiplied by the number of turns. k isfurther increased when the solenoid is wrapped around a ferriterod.

http://hyperphysi cs.phy-astr.gsu.edu/hbase/magneti ¢/sol enoid.html

(HAm) for aloop, wherel isthe current (A), and aistheradius of the core (m). For a solenaid, this constant is



core, produces a dipole magnetic field which may be detected at the earth's surface. A priori
knowledge of the magnetic dipole field is used in conjunction with a surface magnetic field
receiver to find the position directly above the beacon. Information regarding beacon orientation
(pitch and roll) is modulated on the beacon's magnetic field, detected by the surface receiver, and
displayed to the receiver and machine operators above ground. Tool head orientation is needed to
steer the pipe. With knowledge of tool head orientation, the pipe can be steered through the

ground with great accuracy (5% of the depth of the tool head). This technology allows utility

locating and HDD industries to utilize the "shape" of magnetic fields to find the position of
unseen objects. Thistechnology is further detailed in [6].

The work described in this thesis demonstrates the ability to control a robot using a
magnetic field rather than via commands through a wire or radio (RF) communication. One
aternative considered in this effort was controlling a robot with the field generated by current ina

wire. Inthe geometry of Figure 1, al of theflux paths are parallel tothe X - y plane. Thereisno

field component along the z axis. Therefore, control of the robot would also be limited to the

X - y planesinceno z axisinformation is available. If arobot isto be controlled in 3-D space, a

better solution is to use the flux patterns, or "shape', of a magnetic dipole field to control its
position. Using this type of field source, a land-based robot can be controlled in both directions
along the ground.

How might such a robot be used? One application is to extend the technical options for
sewer robotics. In these applications, a robot is manipulated through a sewer line suspected of
having a crack or aclog. Such robots have an on-board camera system transmitting to an above-
ground television, allowing the user to see inside the sewer pipe. If the user could control the
sewer robot's position from above ground by having it follow his own position, the user would

obtain a better understanding of the robot’s actual location, the sewer's location, and the exact

* This equation holds when x2 + y2 + 22 ismuch greater than thelength of the coil (assumes dipole isa point source).



location of sewer lateral connections. Currently, the operator must rely on calculations involving
distance traveled or by locating the dipole field of a robot-carried beacon as would be done in the
HDD industry.

Other possible uses include tasks involving robot control where line-of-sight cannot be
maintained. For example, if it were desired to perform a function inside a burning building, the
operator could stand outside of the danger area and direct motion of the robot inside the house.
There are many opportunities for use in toy remote controlled vehicles, which are very popular
with children and adults alike.

Improvements could be made to the HDD industry as well. With a horizontal dipole
field, there is no way to locate the tool head in all three dimensions simultaneously. The
conventional methods for finding the tool head could be reversed. For instance, a vertical
transmitter could be placed at a position above the ground and receiver cails inside the tool head.
With this arrangement, previous limitations involving a strictly horizontal transmitting antenna
could be avoided. The positional relationship between the above ground transmitter and the tool
head could be found simultaneously in all three dimensions. With some added controls, the
machine could steer the pipe towards the above-ground transmitter automatically. Chapter 7
elaborates on these advantages.

Work done during this thesis effort was subject to several practical design constraints.
The system was to be constructed from off-the-shelf components (no expensive custom ICs). The
robot's position was to be completely dependant upon the shape of a dipole field. No commands
were to be sent to the robot via modulation of the dipole magnetic field. Functions such as
controlling lights, sounds, and the like could be implemented by amplitude, phase, or frequency
modulation of the source magnetic field. However, such features were beyond the scope of this
thesis.

Given these constraints, the robot system was broken down into subsystems. A handheld

dipole transmitter generates an aternating magnetic field at a single predetermined frequency.



Since this transmitter is held by the user, it must be lightweight and easy to manipulate. A robot
receiver subsystem receives the magnetic field generated by the transmitter. A control subsystem
makes motion-related decisions and controls the mechanical drive subsystem. The receiver,
control, and mechanical drive subsystem constitute the robot.

The system limitations could certainly be relaxed in future research. For example, the
original robot was to be a blimp or other device having six degrees of freedom. The current robot
is confined to the ground, eéiminating many problems associated with weight. This robot is
restricted to two degrees of freedom: fore/aft and Ieft/right translation. No limits are placed on
the rabot's speed.

In addition to the physical constraints, the dipole field equations suggest other limitations.
As explained in Appendix A, the magnetic field "flips" (reverses polarity) when the transmitter is

pointed at an angle greater than 54.7° with respect to the robot's front-to-rear axis. Since this

would also happen if the robot were to rotate beyond this angle, the robot is restricted from
rotational movement. For the system described herein, the transmitter must always point within a

54.7° coneto ensure proper operation.

"Omni-directional” wheels are used to allow the robot to move in both dimensions on the
ground and to eliminate rotation. These whedls feature small rollers mounted around the wheel's
circumference. Therollers do not produce movement, but instead permit lateral movement with
respect to the wheel’s rotation. Omni-directional wheels can be found on many hobby robots as
well as some NASA robots®. The wheels used in the system are shown in Figure 3 along with

wheels used by the "OmniBot," one of NASA'’s projects.

5 http://technol ogy.k sc.nasa.gov/WWWaccess'techreports/98report/09-ar/ar06.html



Figure 3 - Thesis Robot Whesdls (Ieft) - NASA OmniBot Wheds (right)

Although the whesels in each system are different, the function of each is easily recognized as the
same.

With the specifications and limitations defined, the final transmitter design was executed.
Physically, the transmitter is a cylinder approximately 9 inches (229 mm) in length and 0.75
inches (19 mm) in diameter. It weighs approximately 0.5 pounds (0.23 kg). It is powered by a
single AA battery and generates an AC dipole magnetic field at 8,829 Hz with field component
amplitudes given in Equation (1). The magnetic field is produced by a coil of wire wrapped
around a ferrite core (the solenoid electromagnet described earlier). The transmitter contains a
regulated DC/DC converter supplying power to the microprocessor and other associated
electronics. The microprocessor generates the frequency that eventually drives the antenna
through an H-Bridge configuration.

Historically, an H-Bridge drives DC motors in both the forward and reverse directions
using a single-ended power supply. Thetransmitter's H-Bridge is manipulated to efficiently drive
a solenoid antenna to create a dipole field. In this configuration, the antenna is driven directly
from battery voltage, without using a voltage regulator. Driving directly from the battery
minimizes unnecessary power |oss.

The rabot design is much more complex than the transmitter. Mechanically, the rabot is
approximately 11 inches (279 mm) tall, 9 inches (229 mm) wide, and 5 inches (127 mm) deep.

The robot weighs approximately 3.32 pounds (1.5 kg). Elements of the robot include the batteries



and associated electronics, receiver antennas, signal amplifiers and filters, logic circuitry, a
microprocessor, motor driving dectronics, DC motors/gears, a platform, and the wheels.

Since the robot weighs over three pounds, it was necessary to generate a high amount of
torque to create movement. After investigating many motor prospects, an inexpensive 3 Volt
hobby motor was implemented successfully. With a 100:1 gear reduction ratio, the robot moves
approximately 4 inches per second (0.1 meters per second). Using an H-Bridge drive, the motors
can be driven in both directions, enabling reverse movement without requiring rotation.

Since robot circuitry must receive and process analog signals from the antennas and drive
the DC motors, it is convenient to use separate batteries for the two processes — this minimizes
the motor noise contribution to total analog channd noise. Two 9 Volt alkaline batteries and

linear regulators provide £5V rails that power the robot's electronics (exclusive of motor drive).

Two C cell batteries provide power to the motor drive electronics.

Loop antennas receive the magnetic field transmitted from the handheld portion of the
system. The antennas are mounted in each of the three Cartesian axes. Because the antennas are
essentially uniaxial, each of the vectors X, y, and Z of Equation (1) can be separated, allowing
the robot's (x,y,z) position coordinates to be determined from measured field components. Each
antenna signal is amplified and filtered using three separate but identical chains of multiple
feedback bandpass (MFBP) filters. The gain of each filter chain is placed under software control
by using a digital potentiometer instead of a fixed value resistor in the gain feedback loop. When
the received signal is very high, as when the transmitter is very close to the robot, the
microcontroller automatically decreases channel gain, maintaining the signal at a usable level.
These signals are then digitized by the microprocessor.

The microprocessor reads information derived from the receiver antennas, adjusts the
gain of the received signals as needed, does necessary calculations to determine the direction of

movement (if any), and controls the motors to create this movement. The processor is capable of



communicating with a laptop or computer via a RS232 port to display debugging information.
The processor and supporting eectronics allow programming and debugging through a standard
telephone connector.

Because some areas are magnetically noisier than others, the robot must take local noise
into account. For example, an empty building will have a lower noise floor than a room full of
computers. Upon power-up, the robot calculates the noise floor of the local area. From that point
on, if the signal level drops below the calculated noise floor the transmitter is assumed to be off,
and the robot will stop. When the transmitter is powered back up, the signal level will rise above
the noise threshold and the robot will return to its active mode.

The overall system function can be described as follows. The user will point a handheld
transmitter at a location on the ground. Using information gathered by the receiver coils, the
robot decides which way to move to position itself in line with the transmitter and then moves in
that direction. A good way to visualize the system is to imagine the transmitter as a standard
laser pointer. The user points the laser at the ground and the robot moves so it isin the laser’s
path. However, in this system, instead of using light to determine its position, the system uses a

magnetic field.



Chapter 2 — System Overview

In simpleterms, the goal of this system isto maintain a positional relationship with an

arbitrarily pointed dipole magnetic field. The systemisillustrated in Figure 4.

,(0,0.9)
._—:.::.z:
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Figure 4 - System Diagram
Flux density lines are radiated by the transmitter. As mentioned in Chapter 1, the flux density at

any given point (x,y,z) in Cartesian space is given by Equation (1).

2 L2 2

3 X2 g4 3k YEZ g L 2 oXY 5 )
4 (2. .2, .2V 4 (2 .2, .2V 4 (2 2,2V
(x +y +z)/2 (x +y +z)/2 (x +y +z)/2

wherek is the dipole strength constant®. A derivation of Equation (1) is found in Appendix A. A

B=

three dimensional view of the dipole flux density field is shown in Figure 5°.

6 Figure 5isanillustration for conceptual purposesonly. Itisnotto scae.



Figure 5 - Three Dimensional View of Dipole Field
The robot contains three orthogonal loop antennas, each positioned in one of the three Cartesian
axes. Considering Faraday and Lenz’s laws, it is known that a changing magnetic field induces
current in a loop antenna which creates a magnetic field opposing the original magnetic field.
The output of each of the three antennas will be proportional to the field strength in that axis.

Equation (1) is of the foom B=B;X+Byy+B;Z, alowing us to rewrite it in terms of the

individual antenna responses.

3 X-Z
Bs =—Kk 2
X 5,
4 (X2+y2+22>/2
3 z
(x2 +y2 +22)/2
1. 272 -x%2-y?
(x2 +y2 +22)/2

In Figure 6, the y—Z plane of a dipole magnetic field is shown (snapshot in time).
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Figure 6 - y —Z Plane Snapshot of a Dipole M agnetic Flux Density Field
At position 1, the flux direction along the y axis has a positive sign. Also, the flux direction

along the z axis has a positive sign. In position 2, the flux direction along the y axis has a
negative sign, while the flux direction along the Z axis has a positive sign. In position 3, the
flux direction along the y axis has a negative sign, and the flux direction along the Z axis also
has a negative sign.

Thefield in Figure 6 is divided into four quadrants by lines that intersect the axis of the

transmitter at 54.7 degree angles. In quadrants | and 111, x2 +y? is always less than or equal to

2z%. Also in these quadrants the sign of the flux in the z direction, or the sign of B, isaways

positive. This relationship can be seen from Figure 6 or from Equation (4). At this point, we can

simply compare the signs of B, and B, to determine which side of the transmitter the robot is

positioned. Note that the same argument applies in the X- Z plane, as the field is symmetric
about the z axis. This method of deciphering the direction of the flux at the receiver grestly
simplifies the motion control software and is an easy condition to establish in practice.

If the dipole transmitter is generating a magnetic field at 8,829 Hz, the output of the

antenna along the y axis will be a sinusoid at 8,829 Hz. Since the flux density lines at Position 1

11



of Figure 6 have a positive orientation along both the y axis and the Z axis, the algebraic signs
of the two antennas will also be the same. So, the output of the Z axis will also be a sinusoid at

8,829 Hz in phase with the y axis antenna signal. The only difference, if any, between the two
waveforms will be the amplitude if the signal lies within £54.7° of the transmitter axis. In
Position 2 of Figure 6, the outputs of the y antenna and Z antenna will again be sinusoids at
8,829 Hz, but they will be 180° out of phase.

Thisreationship is vividly illustrated using the relationships given in Equations (2) — (4).

Figure 7 shows the plot of the amplitudesByand B, vs. y with k=1,x=0,andz=5.

Bz
0.002 - : .
B, Teslas

I — 4 — — — e ]

|

| |

I I

-0.002 I I
S0 g7 0 7007 10

T, meters

Figure 7 - Amplitude Plot of Byand B, vs.y (k=1, x=0, z=5)
It is evident from Equation (4) that B, >0 until x?+y?>2z% or, in this example, until
y= 2-22=1414-7=1414.5=707m. As long as the robot stays within the region
x? +y? <222, B,will bepositive.
The amplitude ratio of the y axis and Z axis may be used to determine the robot’s

position. It is desired that the robot always maintain a position in-line with the axis of the

transmitter. In position 1 of Figure 6, the amplitude of By is slightly less than that of B,. At

12



By )
—~| is shown
B.

z

Position 4, the amplitude of By is much less than that of B,. A plot of the ratio

in Figure 8 with the assumption that k=1 and x=0.

10 T T T ;
BF|, _.. ¢
Bl
BY 4
Ej_ zl'r 7]
et BY|_1
I Bz| 2
o=t ] ]
0
0 1 2 3 4

W, meters

with z=5 and Constant Line ‘By/Bz

:1/2

Figure 8 - Amplitude Ratio ‘By/Bz

B, . - . ,
From Figure 8, it is evident | 2| -0 as y— 0. To prevent indecisive motion, we establish an

Z

arbitrary acceptable ratio for

B.
Bii which provides hysteresis for control logic. In the controller,
b4

B.
B—y is compared to this constant (in Figure 8, the constant is 1/2). With no hysteresis window,

z

the robot would always be moving, even if it were in-line with the transmitter. If theratio isless
than the constant, y is considered to be "close enough” to 0 and no movement is necessary. If the
ratio is more than the constant, movement needs to be initiated based on the phase and amplitude
ratio comparison described above.

The decision diagram is shown in Figure 9.

13
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Figure 9 - Softwar e M ovement Decision Diagram
The movement decisions are made from the vantage point of the transmitter. A few examples are

shownin Table 1. Table1 liststhe amplitudesByand B, and then shows the logic steps and the

action that needs to take place.

Case# | B, B, Sign of By =tosign of B, ? ‘By/Bz <=, Of SYR Decision
1 2 3 Yes > Move Right
2 -2 3 No > Move Left
3 1 8 Yes < Don’'t Move
4 -1 2 No = Don’'t Move

Table 1 - Decision Examples
The decision tree depicted in Figure 9 greatly simplifies the motion control algorithm. Instead of
requiring a digital signal processor to calculate the robot's position using the algebraic
relationships derived in Appendix A, all that is required to accomplish the task set out in the
introduction is two phase comparators and three channels of an A/D converter to calculate the
amplitude ratios. This holds system complexity and system cost to a minimum. The electronic

hardware supporting this process is explained in Chapter 4.

14




A system with somewhat similar objectives is described in [9]. The system described in
[9] used multiple fixed-location transmitters. The robot received and processed the field from
each transmitter, then solved for its position using a large set of equations. The system described

in this thesis is much simpler and has the advantage of portability.

15



Chapter 3—The Transmitter

The handheld transmitter portion of the system can be considered the "remote control™ for
directing therobot. It consists of a brass battery tube, battery cap, positive battery contact spring,
a clear polycarbonate tube enclosing the circuit board and antenna, and a plastic end cap. Inthe
system view, the transmitter simply radiates an alternating magnetic field with constant amplitude

and constant frequency of 8,829 Hz. The transmitter should be as efficient as possible to allow

maximum battery life. Figure 10 shows the transmitter with its components label ed.

Figure 10 - Full View of Transmitter

The battery assembly, comprised of the battery tube, battery cap, and contact spring,
provides an electrical battery connection with a minimum number of components. The battery
cap isin eectrical contact with a small spring which, when fully screwed into the battery tube,
contacts the negative battery terminal. The threads of the battery cap also engage the battery
tube. When fully assembled, the negative terminal of the battery, the battery cap, and the battery
tube are a single node. A small spring contacts the positive end of the battery at the opposite end
of the battery tube. The battery tube also provides a mounting plane on which the circuit board is
fastened. The end of the positive spring is soldered to the circuit board. A wire soldered into a
hole in the battery tube provides the battery negative connection. Figure 11 is a photo of the

unassembled battery tube and cap.

16



Figure 11 - Battery Tube (left) and Battery Cap (right)

The transmitter antenna is a long wire wrapped around a ferrite core, similar to the
electromagnet invented by William Sturgeon in the 1820's’. The antenna is modeled as a

lumped-parameter inductor. Antenna inductance follows the equation

NZ.A

— () (%)

L= Mo - Miog
where N is the number of turns, A is the cross-sectional area of the corein square meters, | is the
length of the core in meters, and ., is found from the graph in Appendix B. The antennain the

transmitter has the following parameters: 1,4 =50, N =420,
25\
A=m- (7) in? =3.16692174-10°m?, and | =3.0in=.0762m . It follows that

2 10-5
L=4r-10"" -50- 4207 -3.1669-10 =4.606mH. Measured inductance of the antenna was

0762

4.737 mH. These equations, as well as more information on ferrite rod antennas can be found in
[10]. If unipolar current flows through the coil, the antenna may be modeled as a permanent
magnet whose polarity follows the right hand rule. If a sinusoidal current flows through the cail,
a sinusoidal magnetic field is radiated.

The magnetic field generated by the transmitter can be calculated from Equation (10) in

Appendix A. For an on-axisfield (6 =0), Equation (10) simplifiesto

! http://chem.ch.huji.ac.il/~eugeniik/hi story/sturgeon.html
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where a is the radius of the solenoid in meters, | is the current through the solenoid in Amperes,
and N is the number of turns. Setting roughly z=0.5 inches (0.012 meters) in equation (6), we

obtain the magnetic flux density field vs. current relationship shown in Figure 12. Since B |,

the geometry of the antennaiis a major factor in the flux density magnitude.

0.002 T T T T

0.00&

B, Teslas
0.004

0.002

| | | |
. 0 0.02 0.04 0.06 0.08 0.1

I, Araperes
Figure 12 - Magnetic Field vs. Current through Solenoid with z=0.012m

Through experimentation, it was found that the solenoid current needsto be at least 20 mA for the
system to work properly at a distance of five feet. From Equation (6), with | =20mA and
z=0.012m (the distance from the end of the antenna to the endcap), B=1.4mT . The field was
measured with a Teslameter, and found to be approximatey 1.3mT. Thisis a convenient distance
to tie theoretical results to actual performance. However, this is too close to be usable in the
system (as shown in Chapter 4). Using | = 20mA, Equation (6) predicts the magnetic flux density

vs. distance from the transmitter (z) with reasonable accuracy. Figure 13 illustrates the large drop

in flux density as distance from the transmitter increases.
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Figure 13 - Magnetic Flux Density vs. Distance

From Equation (6), at four inches, B=2.53uT, and at five feet, B=0.752nT. To put these

numbers into perspective, the magnetic field of the earth is approximately 50uT.

There are many different ways to drive current through the coil to create the magnetic
field. Since high efficiency is imperative if the transmitter is to function for an extended period
of time, an H-Bridge is used. As mentioned previously, an H-Bridge is a very efficient technique

for bipolar motor drive from a unipolar power supply. The antenna driving circuitry is shown in

Figure 14.
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Figure 14 - H-Bridge Schematic (Antenna Driver)
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Antenna drive is controlled by applying a very specific pulse train to the MOSFETs. A
pulse of duration t (always less than %leg , Or .566 us) is applied to the left half of the bridge
at point A. Theright half of the bridge at point C also receives a pulse of duration t, but shifted
to T-t, where T = ﬁs. Figures 15-16 provide a timing diagram of the pulse trains applied at

points A and C, and two diagrams demonstrating the current paths through the H Bridge at two

separate times.
v t=t1 t=t2 t=t3
Point 4
' ' {{ I -t
e T T-1 T ” nT nT+y (n+11T=7 (n+ 19T
Pomt
| { | t
T T-1 T )J nT nT+r (n+11T-71 (n+ 1T

Vbatt

Vhatt

[ .47uF

Figure 16(A-B) - H-Bridge Possible Current Paths
At time t1, the voltage at A has transitioned from OV to 5V. The voltage at the gate of
Q1B transitions from OV to Vg (approximately 1.5V for a single AA battery), shutting off its

current path. This transition at A also drives Q1A into conduction. At this time, voltage at the
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gate of Q2B is OV, and Q2B is also conducting. This allows current flow as depicted in Figure
16-A. At t2, thevoltage at point A has transitioned back to OV. This shuts down the current path
through Q1A, but opens the current path through Q1B again. However, since neither Q1A nor
Q2A arein conduction no current flows. At time t3, the voltage at point C has transitioned from
0V to 5V, increasing voltage at the gate of Q2B from OV to V4 forcing Q2B into cutoff. At the
sametime, Q2A isforced into conduction. Q1B isin conduction, so current flows as depicted in
Figure 16-B. These drive cycles repeat, causing an alternating current to flow through L1 and
C1l. L1 and C1 are resonated at the desired frequency (8,829 Hz). This resonant circuit is a
bandpass filter whose output is an amplified sine wave. D2, R9, and C5 (aswell as D3, R10, and
C6) comprise a leved shifting circuit to ensure positive Gate-Source voltage on Q1B and Q2B
(since Vg Will beless than 5V).

The transfer function of this system is derived in Appendix C. Thetransfer functionis

1
R S+C R
M9 =" SR IR, 1 )
s?4+s. | F1CHy
L L-C

where Re is the on resistance of the FET, R¢ is the resistance of the coil, C is the value of the
resonating capacitor C1, and L is the inductance of the antenna L1. It is shown in Appendix C
that the output is a function of battery voltage and the pulse width 1. System considerations
require the amplitude of the generated field from the transmitter remain constant as battery
voltage decays. If signal amplitude were allowed to decrease as battery voltage decreases,

Equation (1) would not hold over time. Transmitter output is regulated by increasing or
decreasing the pulse width T applied to the bridge. As described in Equation (11), the antenna
output increases as T increases, and the output decreases as T decreases. |n order to sense output

power of the antenna, the peak voltage between the antenna and its tuning capacitor is fed back to

the processor (point B in Figure 14) through D1, R1, and R11. The processor then compares the
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sampled voltage level to a predefined threshold and adjusts t accordingly. This procedure is
patented technology [13].

It is desirable to have control over the transmitter's output power. The larger the
transmitter output, the greater the achievable operating distance between transmitter and receiver.
Since output is a function of T as well as battery voltage, several different output power settings
are available simply by choosing one of several possible battery chemistries. Since lithium AA
cell batteries are available in 1.5V, 3.6V, and 3.9V models, the transmitter's output power will be
determined by the battery selection. This is accomplished by initializing t to 45.3us (40% of a
full period of 8,829 Hz) regardless of battery voltage. If a 3.9V battery is installed, the output
will be much greater than if a 1.5V battery is installed, as shown in Appendix C. After the

transmitter is turned on, the beacon will regulate its output power with t=453us as the

regulation threshold, and will then maintain this output level until the battery is unable to supply
enough current for the transmitter to function properly.
The transmitter uses a PIC16F877 microcontroller to generate the pulse trains, read

battery voltage, read the antenna feedback voltage, and adjust T as needed. The PIC16F877 has a

10-bit onboard sample-and-hold A/D converter to digitize analog voltages. The microcontroller
is programmed in C code compiled by Hi-Tech PICC (http://www.htsoft.com/). The transmitter
code is found in Appendix E. The PIC can be programmed, debugged, and emulated viaa 5 pin
connector located in the plastic end cap of the transmitter using the Microchip MPLAB ICD2 in-
circuit debugger (http://www.microchip.com).

The transmitter also contains a DC/DC converter. Specifically, a MAX756 is used to
step up voltage from the AA battery (typically 0.9V to 1.6V) to 5V, which is needed to operate
the PIC16F877 and TPS2814 FET drivers. The MAX756 is approximately 80% efficient. The

PIC and TPS2814 combined draw only about 10 milliamps; power lost in the step-up converter is
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negligible compared to the power driving the antenna, so the DC/DC converter does not require
exceptional efficiency. The complete schematic of the transmitter can be found in Appendix D.
The transmitter subsystem cost approximately $100. A detailed parts/price list can be

found in Appendix K.
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Chapter 4 — Receiver Electronics

The robot (the mobile part of the system controlled by the transmitter) can be discussed
in terms of three primary subsystems: the receiver dectronics, the microcontroller and its
processes, and the mobile platform. The receiver dectronics output is read and controlled by the
microcontroller, which also controls platform movement. The receiver electronics and
microcontroller share a common mechanical package. This chapter examines the receiver
electronics subsystem, which is further divided into separate subjects. the receiver antennas, the
instrumentation amplifier circuitry, the amplifier/filter chains, the logic circuitry, and the
amplitude detectors.

The measurements needed to perform the calculations in Chapter 2 require the isolation

and measurement of magnetic flux density field components in each of the Cartesian axes. In

other words, |B;| ,‘By‘ ,and |B,| must be measured. The phase difference between B, andB,, as

well asBy and B, must also be measured. B, , By, andB, are measured by an antenna oriented

along each of the three Cartesian axes. The receiving antennas are coils of wire wrapped around
a ferrite core, much like the transmitter antenna.  Other receiving devices can be used to detect
these magnetic fields components. For example, magnetoresitive sensors can be used as
described in [5].

The RM S voltageinduced in an antenna is given by Equation 8,

V2:v

= 8 8

2n-f-N-A ®)
where V is the RMS voltage induced in the cail, f is the frequency of the magnetic field in Hz, N
is the number of turns, A is the cross sectional area of the ferrite core in square meters, and B is

the magnetic flux density in Teslas (minimum value of B was found to be 0.752nT in Chapter 3).

In order to be read by the processor, the signals generated in the antennas must be at least 1.3 uV

®19]
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(this will be shown later). As shown in Chapter 3, the receiver electronics must be able to
accurately receive magnetic fields with magnitudes varying from roughly 10° Teslas to 107
Teslas. Receiver antenna design begins with rearrangement of Equation (8) in the minimum-

signal condition:

_YJ2.v  J2.13.10°

-~ 2n-f-B  2r-8829.7.52.107°

N-A =.0440706. €©)

This alows adjustment of the number of turns and the core's cross sectional area to meet the
minimum voltage requirement. Using the same rod diameter as was used in the transmitter
(A =3.16692174-10°m?), N is found to be roughly 1400 turns. Using these requirements, the
receiver antennas were designed to be 1.2" long and 0.25" in diameter with 1400 turns. Voltage
can now betheoretically calculated using Equation (9). Maximum voltage will be induced when
the cail is in very close proximity with the transmitter. In Chapter 3, the flux density field was
shown to be approximately 1.3mT at 0.5 inches, 2.53uT at 4 inches, and 0.752nT at 5 feet. The

voltage induced in the coil at 0.5 inchesis

_2n-f-N-A-B_ 2r-8829-1400-3.16692174-10°-1.3-10°°

V2 V2

voltage induced in the coil was measured to be 2.18Vrys. It follows at 4 inches, V =4.41ImV gy

Antenna inductance is found theoretically from Equation (5) in Chapter 3. The receiver

antennas have the following parameters: p,,q =17.5, N =420, A =3.16692174-10°m?, and

2. .10-5
|=1.2in=.03048m. It follows that L=47t'10_7~17.5~1400 3'310329 10 =44.8mH .

Measured inductance of the antennas is approximately 46.0 mH.
An instrumentation amplifier converts the differential antenna voltage into a single-ended

voltage. The instrumentation amplifiers (in-amp) used in the robot are Burr-Brown (T1) INA118.
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According to the INA118 datashest, the gain (A) is given by A =1+

50F,2000 , Where Ry is the

9
resistance between pin 1 and pin 8. A type DS1267 digital potentiometer was used as a gain
resistor to place in-amp gain under software control. The resistance of this particular digital pot
is in the range 0Q to 50 kQ. 256 taps are available in thisrange. Tap resistance is selected by a
serially loaded 8 bit value corresponding to the desired tap. Figure 17 shows a schematic

representation of the DS1267.

et 14p 0.0 0hms

—— TaP 1 - 196 Ohms
= TaP ¢ - 390 Ohms

L

—_— —
= —_—=

> TAP 254 - 49754 Ohms
> T&P 255 - 50000 Ohms

L
Figure 17 - Schematic Representation of DS1267

The gain-setting resistance value is determined by the microcontroller as discussed in Chapter 5.
The maximum gain of the instrumentation amplifier is obtained when the digital pot is set to tap
0, or 0Q. The wiper of the digital pot has series resistance of 400Q (not shown in Figure 17).
The maximum possible instrumentation amplifier gain is approximately 125. Anticipated
maximum output voltage from the instrumentation amplifier with the transmitter at a distance of 5
feet is 125-1.3uV =163uV assuming the antenna output voltage satisfies the minimum
requirement specified above.

The instrumentation amplifier output contains signal components from all magnetic fields
in the area. These sources include the transmitter’s field, power line fields, fields due to
computer data lines, and many other locally generated fields. Since these other fields interfere
with the isolation and measurement of the transmitter’s field, the instrumentation amplifier's

output is bandpass filtered to attenuate interference. The bandpass filter also provides gain to
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better position the preamplifier output in the dynamic range of the processor's internal A/D
converter.
Many A/D converters are capable of measuring the preamplifier's output voltage

(150uV <V < 5V). However, these converters are expensive. |If no bandpass filters were used,

DSP would be necessary to isolate the transmitter signal from local noise sources. DSP would
require a powerful processor, which would in turn require extra power and introduce unnecessary
programming complications. In order to keep the system as simple as possible, the antenna
signals are amplified to occupy the range of 150 mV-5V.

The amplifier/filter structure chosen is the multiple feedback bandpass filter (MFBP),

which has the form shown in Figure 18.

A,
. —n ‘“"‘é: i
W mbi o
] s !

Figure 18 - MFBP Filter

As derived in Appendix F, the transfer function of this structureis

1 s
R
H(S)=- 2 = 161R TR (10)
s? + s+——@2 b

CR2 CZRlaRleZ
The design of the entire amplifier/filter chain is also detailed in Appendix F. The magnitude

response of the chain is shown in Figure 19.
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Figure 19 - Magnitude Response of Filter/Amplifier Chain

It is important to note that when z=0.5inches, even at minimum system gain (60 dB)
the signal induced in the receiver coil will be amplified well into the rails of the device. Thisis
undesirable since the true amplitude of this signal must be measured without distortion. If the
usable distance between the transmitter and receiver is defined to be from four inches
( 4.41mV -1000=4.41V ) to five feet ( 1.3uV -125,000=163mV ), the system will function
properly.

When the antenna signal is applied into the instrumentation amplifier, with appropriate
variable preamplifier gain determined by setting the resistance of the digital pot followed by fixed
gain and filtering in the MFBP chain, the output will be a sinusoid whose amplitude can be
maintained between 150 mV and 5 V. This complete analog signal chain is provided for all three

antennas. The outputs of each channel represent B;,B;, andB,. From these sinusoids,

magnitudes|B, | ,|By|, and [B,| can be found as well as the phase differences described above

To avoid the need for a digital signal processor, these determinations are made in hardware.

Amplitudes |B | ,‘By‘ , and |B,|are measured using pesk detectors. The peak detector

has the form shown in Figure 20.
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Figure 20 - Peak Detector Circuitry

The cutoff frequency of the detector is given by f, :2—1RC' Through experimentation, a
Tc . .

satisfactory cutoff frequency was found to be roughly 10 Hz. R and C were chosen to be 16.2kQ
and 1 uF. The peak detector output is fed into an analog input of the microcontroller. The

microcontroller can then read the magnitudes of B;,B;, andB,, and then caculate the ratios

By

B

Bx

B,

z

, and

z

Phase differences are determined by amplifying the outputs of the MFBP filters by 1,000
(+60dB) using an inverting amplifier. Because the amplifiers operate from a single +5V power
supply and ground, the amplified signal drives into the rails of the device. This functions as a

sinewave to squarewave converter. This concept is detailed in Figure 21.
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Figure 21 - Sineto Squar e Wave Converter Diagram
Because the waveform is now in logic form (OV or 5V), logic gates are used to determine
if signals are in phase or out of phase. One logic value indicates if the signals are in phase;

another indicates if they are out of phase. Thisisillustrated in Figure 22.
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Figure 22 - Phase Detector Logic

Att=t, x(t) ="1", z(t) ="1", and y(t) = "0". It isdesired to have a different output for the phase
of x(t) vs. z(t) and y(t) vs. z(t). An XOR gate performs the desired phase detection function.

There is one problem with the logic solution for signal phase determination.
Accumulated phase differences arise from antenna inductance variations, component tolerances
in the filter chains, and mechanical antenna mounting. Accordingly, the square wave outputs of
the sine to square wave converters will not be perfectly in phase or out of phase. Phase errors
may be as much as £5°, producing "glitches" in the outputs of the XOR gates. Thisisillustrated
in Figure 23.

[t

z(t)

= b

(1] XOR =(t)

1

Figure 23 - "Glitch" Illustration
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To diminate this problem, a lowpass filter with cutoff frequency of approximately 1 Hz follows
the output of the XOR gates. The output of the lowpass filter is then fed into an inverter and then
into digital inputs of the microcontroller.

The complete receiver schematics are included in Appendix G. The receiver eectronics

cost approximately $150. A detailed parts/pricelist can be found in Appendix K.
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Chapter 5— Receiver Software

The receiver's microcontroller controls al major functions of the robot. The
microcontroller interprets amplitudes and phases of each antenna, makes decisions about which
way to move, and controls the motors to produce the required movement. For compatibility and
simplicity of design, a microcontroller from the same family as the transmitter, the Microchip
PIC16F877, isused. The PIC16F877 has the following features:

33 General Purpose I/0 Pins (GPIO)

Internal 10-bit A/D Converter

8 kB On-Board Flash Memory

368 Bytes RAM

Low Power (5V, 7mA @ 20 MHz)

Small Footprint

Hardware Universal Synchronous/Asynchronous Receiver/Transmitter (USART)
Serial Peripheral Interface (SPI)

In-Circuit Programming/Debugging Capability

At power-up, the software begins by configuring each of the PIC peripherals and
disabling the motors. Two GPIO pins are configured as inputs and used to read signal phases
received from the antennas, as described in Chapter 4. The A/D converter is assigned to three
input pins which read the peak detector outputs, also described in Chapter 4. The USART is
configured to communicate at 19.2 kbits/second.

Program timing is maintained by Timer 1. Timer 1 manages a few variables which keep
track of delays, execution times, and the like. One of these variables is a flag allowing the main
loop to execute once every 500 ms, or twice a second. The main loop executes and enters a wait
state until Timer 1 again sets the flag. The A/D converter must be given adequate settling time,
which is also managed by Timer 1.

As discussed in Chapter 4, digital potentiometers (provided by two dual devices, part
number DS1267) control the overall gain of the amplifier channels. The microcontroller uses the
SPI port to write tap values to each channel's potentiometer, thus setting the gain of each channel.

Control decisions are based on amplitude ratios and phase comparisons, which implicitly assume
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al channels have the same signal gain. Accordingly, the same tap value is written to each
potentiometer. Each potentiometer is initialized to the lowest possible gain at startup. As
discussed in Chapter 4, the minimum gain of each channdl is established by the gain of the MFBP
filter chains, or 1,000 (+60dB). An array of 43 possible tap values contains all permissible gain
settings [for simplicity, only every sixth tap is used (O, 6, 12, ... , 252)]. This array is called
gainarray for obvious reason, and its index (pointing to the selected gain tap) is kept by the
variable gainindex.

The receiver board contains three LEDs, one red, one green, and one yellow. The red
LED illuminates when the robot is analyzing the noise floor and the transmitter should be off.
The green LED illuminates when the robot is currently operating normally. The yellow LED
illuminates when the robot is in debug mode. The PIC microcontroller can be connected to the
Microchip ICD2 development tool which can be used to step, run, or animate (step automatically)
the software while watching variable values. In this mode, I/0 pins may be in an unknown state
for a brief period. Because the I/O pins control the motors, the I/O pins are pulled low through a
switch on the receiver board to disable the motors and illuminate the yellow LED.

The USART communicates with any computer through an RS232 port using Hilgraeve's
Hyperterminal program. Hyperterminal should be configured with the following parameters for
use with the robot:

19200 Baud

8 Data Bits

No Parity

1 Stop Bit

No Flow Controal

This peripheral is used extensively to display various data without interrupting the program.

Figure 24 shows the software flow diagrams of the system and the main loop of the

program.
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Figure 24 - Software Flow Diagram — Setup and Main L oop
When the raobot is first energized, the local noise floor must be analyzed to help
determine if antenna signals during normal operation are produced by the transmitter or local
noise. This initialization must be done every time the robot is turned on because the robot can be

used in many different environments. Following this evaluation of the local noise floor, a signal



at or below the established noise floor will be interpreted to mean the transmitter is off and the
robot will stop moving. During initiaization, an initialization flag is reset, indicating the robot
has not yet analyzed local noise.

During initialization the channel gains are set to their lowest values. The antennas are
then read by the PIC's A/D converters. A constant is added to this lowest-gain value and stored in
an array called noisearray. The added constant is used to account for any small increase in the
noise floor. The system then cycles through every gain level of gainarray and stores its noise
reading in noisearray. For simplicity, noisearray uses the same array index as gainarray. During
normal operation, software compares the received signal amplitude to the value of noisearray at
the then-current gain level to determine if the received signal is from the transmitter or is noise.
After systeminitialization is complete, thered LED is turned off, the green LED is turned on, and
the initialization flag is set. When the green LED is illuminated, the robot is ready for normal
operation and power can be applied to the transmitter. The initialization software flow diagram is
shown in Figure 25.

During normal operation, the system gain must be such that received signals are in a
usable voltage window. This window is defined to be between 0.15 and 5 Volts, ensuring no
signals are distorted by clipping or are too low to produce a useable reading. An automatic gain
control (AGC) method is used to maintain the signals in this range. If the received signal is too
low, gainindex is incremented (if possible), which writes the next gainarray entry (6 taps lower)
to the digital potentiometer. As discussed in Chapter 4, less resistance in the instrumentation
amplifier feedback loop increases the overall channel gain. If the signal is too high, gainindex is
decremented (if possible) and the new gain value is written. This is illustrated in Part A of the

normal operation software flow diagram, Figure 26.
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Figure 25 - Softwar e Flow Diagram - Initialization
The microcontroller monitors each channel's voltage every 500ms and adjusts the digital

potentiometer resistances accordingly to maintain all received voltages in the defined window.
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Figure 26 - Softwar e Flow Diagram - Main Routine A
After the AGC, the received signals are compared to the noise floor to ensure the
received signals are attributable to the transmitter's magnetic field. If the signal is below the
stored noise floor, the robot will stop until it receives avalid signal (i.e., above the noise floor). If
the received signal is above the noise floor, it is assumed to be a product of the transmitter's
magnetic field and the process described in Chapter 2 (specifically in Figure 9) is executed. For

convenience, this processisillustrated in detail in Figure 27.
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Figure 27 - Softwar e Flow Diagram - Main Routine B
Note the hysteresis constant described in Chapter 2 was experimentally found to be 1/6. During
normal operation, the main program loop continuously monitors antenna signal ratios and

controls the robot's motors to maintain the robot's position directly in line with the transmitter
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(x=y=0). Therobot will maintain this position until the received signal falls below the noise

floor calculated during initialization.

Any computer with Hyperterminal and a DB9 serial port connector may be used to
monitor measurements and decisions. Received signals, overall channel gain, stored noise floor,
and movement decisions are displayed at all times during normal operation. Received signals,
current gain level, and stored noise floor level are also shown during initialization.

The software that the flow diagrams in this chapter represent is found in Appendix H.

The receiver schematics are found in Appendix G.
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Chapter 6 — Receiver Power & Motion Control

The receiver has two separate power supplies. Two 9 Volt batteries supply power to the
receiving electronics (antenna filters/amplifiers, detectors, microcontroller, motor controls).
These batteries are series-connected with their common terminal used as the circuit common
(ground), cresting a positive 9 Volt source and a negative 9 volt source. Two series-connected
1.5 Volt C cell batteries provide power for the motors. Two supplies are used to minimize motor
switching noise in the analog signal path. Figure 28 shows a block diagram of the power
supplies. The complete schematic is shown in Appendix G.

L1 L2 L3

Y By
o] o
: B £
V14 T
' Recerver Electronics Ilotor Divers [ Call
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a7 : S —
— £ Cell

: <~ =

Figure 28 - Power Supply Block Diagram
The batteries are mounted in their own housings on the outside of the robot for easy
access and replacement. Hinges allow the battery holders to be rotated up and out of the way for
access to the motors, pulleys, and belts (discussed later). A master power switch is located on the
9 Volt battery housing. The positive and negative 9 Volt supplies and the 3 Volt supply are

controlled by this switch. Figure 29 shows a photo of the battery arrangement.
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v,

Figure 29 - Battery Holders

The motors are driven by a standard H-Bridge arrangement accompanied by control

logic. The basic schematic is shown in Figure 30.

Mator Battery
g

H
§

¥

Figure 30 - Basic H-Bridge Schematic
Contral line B is an enable line. When point B is held low, the outputs of both AND gates are
held low and the gates of Q1 and Q2 are held low. This disables current flow through Q1A and
Q2A, resulting in zero net motor current and thus no movement. If point B is high, point A is
high, and point C is low, Q6 will conduct, allowing Q1B to conduct. Q1A will not conduct while

its gate is held low. Q2A will conduct since its gate is high, and Q2B will not conduct since its

41



gate is high. This arrangement allows current to flow from left to right through the motor.
Similarly, when point A islow, B is high, and C is high current will flow through the bridge from
right to left. If all threelines are high, all FETswill conduct causing a short circuit. Since thisis
highly undesirable, special care should be taken to ensure this condition is not allowed. A single
drive command and an inverter between points A and C could be used as a safety mechanism.

Table 2 shows all possible arrangements for the H-Bridge and control gates.

Point A Point B Point C Current Flow
X 0 X None
0 1 0 None
1 1 0 Left to Right
0 1 1 Right to Left
1 1 1 Not Allowed

Table 2 - H-Bridge and Control Truth Table
The robot motors are Tamiya Planetary Gearbox sets. They include a standard RC-260
DC hobby motor along with selectable ratio gearbox. Mators were purchased from Tower
Hobbies (http://www.towerhobbies.com) for $13.99 (P/N LXHA26) each. The motors are rated
at 3.0 Valts, 10,500 RPM @ 1.0 Amps. However, the motors are geared down 100 times to

generate the torque necessary to movetherobot. Figure 31 shows the robot motors and gears.

Figure 31 - Robot Motor/Gears
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A timing belt/pulley arrangement transfers motor rotation to the wheel axles. The small wheel

axle and the large wheel axle require different timing belts and pulleys. All belts and pulleys

were purchased from McMaster-Carr and are listed in Table 3.

Part McM aster P/N Quantity Price (Each)
Timing Pulley on
Motors 57105K11 2 $6.38
Timing Pulley on
Large Axle 57105K24 1 $7.55
Timing Pulley on
Small Axle 57105K 18 1 $6.89
Timing bt to Large 6484K 219 1 $3.07
Axle
;‘J‘;‘ ngbdtto Small | ¢1eac 018 1 $2.95
Table 3 - PartsList for Motor Drive PulleygGears
Figure 32 shows the robot timing belts/pulleys.
”
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Figure 32 - Robot Timing Belts/Pulleys

The robot wheels are omnidirectional wheels purchased from Acroname Inc. The larger

wheels are part number R129-6CM-POLY -ROLLER and cost $25/wheel; the smaller wheels are

part number R97-4CM-POLY-ROLLER and cost $16/whedl. The whedl's rollers are made of

polyurethane for added friction and stability. Each motor drives a single axle connected to one

pair of wheels. While one axle rotates, the whedls on that axle create movement whilerollers on




the wheels of the other axle alow movement. Both motors can run simultaneously, creating
diagonal motion. Other omnidirectional wheels, which would allow similar movement while
alowing the robot to turn, are discussed in [4]. However, turning the robot complicates the
system. Figure 33 shows the complete robot base including the batteries, motors/gears, timing

bets/pulleys, axles and wheels.

Figure 33 - Robot Base

The robot moves approximately four inches per second (0.1 meters per second). Each motor
requires 1.0 Ampere to create motion. When the robot is moving diagonally, it follows that 2.0
Amperes are required.

Complete system photos are shown in Appendix |. The complete mechanical system cost

approximately $160. A detailed parts/price list can be found in Appendix K.



Chapter 7 —Conclusion

The effort described in this thesis extends beyond the theory, circuitry, and code already
presented. In fact, these ideas were actually implemented in a physical embodiment. The videos
included in Appendix J along with many photos in Appendix | were taken during live
demonstrations of a robot employing the theory described in this thesis. A working system is the
best proof that a theory is sound. One should be able to construct a working system similar to the
one used in the demonstration with the included Appendices and information contained in the
body of this paper.

Physical realization of the system presented a few problems. The first major problem
was the robot's weight, which required a more complicated mechanical solution than a simple
directly-driven axle. A variety of motors with different torque ratings were tested with
unsatisfactory results. The final solution involved a simple hobby motor with a somewhat
complex gear system to achieve the torque needed to move the robot. In addition, the belts were
indexed to the axle pulleys to eliminate slipping.

Another problem involved electronic noise radiated by the motors. On a few occasions,
magnetic fields generated by the robot's motors were of sufficient power and in the frequency
band of the transmitter to induce a signal in the receiving antennas and propagate through the
analog signal chain. When this occurred, the robot interpreted the stray field as a transmitter
signal, producing incorrect decisions and erratic movement. Many attempts were made to
eliminate this noise at the motors themselves. Capacitors across the motor terminals helped
eliminate brush noise. Various forms of shielding were tried, but the shielding attenuated the
transmitter's magnetic field. The problem was solved by increasing the distance between the
receiving antennas and the motors.

It is significant that this method controls a remote object without requiring line of sight.

For example, the robot can maneuver behind solid walls in the dark with no knowledge of its

45



surroundings. This concept is shown in avideo file included in Appendix J. The initial position
of the robot in this demonstration is the entrance of an enclosed cardboard maze with the user at
the exit. The robaot cannot be seen by the user. The robot is then controlled with the transmitter,
successfully maneuvering it through the maze to the exit. Thisis a very simple example, but it
illustrates the system'’s capabilities nicely.

A few dlight changes could be implemented in the robot to offer a little more system
flexibility. For example, the desired position of the robot has always been in line with the

transmitter, or x =y =0. Therobot could be programmed with atarget position of x=y=2z=0,

representing the transmitter itself. In this case, the robot would act as a homing device, always

moving towards the transmitter. The programmed target position could also be changed to any

number of locations simply by requiring ‘By/Bz

and/or |B, /B,|to be close to a constant other
. _ P |
than O (see Chapter 2). For example, if the robot were to always maintain a position Ez to the

right (as seen by the operator) of the transmitter axis, then ‘By / B,

should attempt to maintain a

ratio near g This can be calculated as follows:

3, vz )
= 5 3.2z 2
By_4 (X2+y2+22)/2 _ 3yz 3 (2 ) _6 . )
B__l 272 _x2 _ 2 _222_ 2 2—7 (assuming x =0).
4 *k y5 y 222_ EZ
Kooy

With programmable robot positioning, it is possible to have multiple robots with different

programmed positions. The system of robots could move as a formation, with each robot's
position based on the transmitter's dipole field. The entire formation would respond to the dipole
generated by a single transmitter. There would be no need for an individual robot to have any

knowledge of other robots' respective positions.
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Other improvements could be made to the basic system. For example, the transmitter's
output is directly related to the applied battery voltage (see Appendix C). An increase in
transmitter output power would increase the system's operating distance. Transmitter output
could be increased by using a higher voltage battery or a stack of batteries. For instance, lithium
batteries are available in 3.9V AA sizes. A larger transmitting antenna would increase the
transmitter's output power. Larger receiving antennas would increase the received signa
amplitude for a given transmitter output power. Higher order analog bandpass filters would
extend operating range by reducing the noise floor.

Further in-depth research can be applied to expand this technology. As mentioned in the
introduction, the original system concept anticipated an airborne receiver. A land-based system
was pursued to allow system feasibility using a vehicle with few mechanical complications. An
airborne receiver would utilize the same methods as the land based system. Up/down and
left/right decisions would again use the rdative phases of antenna signals. However, the
towards/away movement should be controlled in a different manner. One aternativeis to control
the transmitter's power output in a way that can be detected by the receiver. The robot could be
programmed to always maintain a specified received total magnetic flux density amplitude. If the
transmitter output power were increased, the receiver would detect this increase and the robot
would fly away from the transmitter (increasing z). Conversely, if the transmitter decreased its
output power, the receiver would fly towards it (decreasing z). This would provide rabot control
in al three dimensions.

Another implementation would be a water-based robot. The magnetic permeability of
pure water is very close to that of air [1] and the magnetic field "shape' of the dipole is
fundamentally unchanged in fresh water. In fact, magnetic dipole fields are often used in
submarine communication [11]. The submarine receiver would be controlled just as the airborne

receiver already described.
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Other changes would improve the land-based robot. The analog peak and phase detectors
could be improved or replaced by a digital signal processor (DSP) implementation. A DSP can
provide additional signal filtering, resulting in a much smaller noise bandwidth and increasing the
range of the system®. With higher accuracy measurements, the receiver will be able to increase
the accuracy of its location in the dipole.

A DSP would allow the receiver to solve equations (2), (3), and (4) as a system of three
equations and three unknowns. The constant k would be required a priori. As discussed in
Chapter 2, k is a parameter in the magnetic flux density field amplitude expression. If the
transmitter is regulated to provide constant output amplitude (see Chapter 3), k becomes a
constant. |If transmitter output amplitude is not regulated, k changes as the battery voltage decays
(see Appendix C). In practice, k can be determined quickly and effectively by powering the

transmitter at a known (measured) z distance with x=y=0. When this is done, the dipole

equations simplify to

B. =3k X'z -0
’ (x2+y2+zz)%
3 y-z
B, =~k _=0
T4 (x2+y2+zzy2
_Ll 2oyt 1 227 1,2 1k
B, =-k -~k —tki-=X
4 723 273

It followsthat k =2z°-B,.

Since a DSP could solve the system of equations for X, y, and z, the position coordinates,
thesign relationships of B; vs. B, and By vs. B, areno longer required (see Chapter 2). This
eliminates the 54.7° cone limitation described in this thesis. However, when z=0 (the receiver

is perpendicular to the transmitter axis) the system of equations is unsolvable. In this case both

o The noisereduction issue is very important for system reasons. The transmitted magnetic flux density field falls off with the third
power of distance. Cutting noisein half hasthe same system benefit as an eight-fold increase in the magnetic flux density field.
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B; =0and B, =0, leaving only one equation with two unknowns. In HDD locating described

in Chapter 1, this same discussion describes the surface receiver's inability to locate the beacon in
three dimensions simultaneously with the transmitting antenna in the tool head. If the
transmitting antenna were positioned vertically in the surface receiver and detected in the tool
head, the plane z=0 could easily be avoided since the tool head is generaly below the surface
receiver. Thisisasmall limitation in the robot application, since maost situations allow the robot
to be positioned away from the plane z=0.

An improvement with excellent potential involves modulating the transmitter's magnetic
field to convey information to the receiver. Even the most basic forms of modulation suffice to
add system features. For example, a quick burst of pulses could communicate an instruction to
the receiver. The burst must be fast enough to avoid disturbing movement. If 256 commands
were possible, a protocol could be written that would allow only one command every second. If

the bit rate were 128 bits per second, then the maximum instruction duration would be

( 12188:t ) (8 bits)=62.5ms. Movement decisions could be synchronized with the command
its

sequence to eiminate erroneous motion. Other forms of modulation may be better suited for
VLF magnetic fields, including phase shift modulation and frequency modulation as described in
[3]. Another interesting paper involves digital communication and impulsive noise [2]. This is
relevant to noise emitted when a motor is switched on and off.

Suitable candidates for such commands could be as follows:

[lluminating alight, allowing the user to navigate the system in the dark.
Instructing the receiver to enter alow power mode to conserve battery energy.
Increase the speed of the robot's movements.

Calibrate the system (solvefor k, as described above).

More complex commands could be executed by the receiver. When the receiver enters
the vicinity of a source of interference, the noise floor increases dramatically. This causes erratic

and incorrect movement decisions to be made by the receiver. Some frequencies may be less
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affected by certain types of interference. If the user becomes aware of a certain type of
interference in the area, a command could be sent to change the system frequency. The output
frequency of the transmitter would also change to continue operation. For example, if a power
line were near, the system frequency should be chosen to avoid the power line fundamental and
its harmonics.

There may be situations in which it becomes necessary to override the robot's movement
decision and manually instruct the robot which way to move. This might occur if there is no
frequency available to eliminate a certain type of interference, as when the robot nears a ferrous
metal object. If the robot begins to make wrong decisions, an overriding instruction could be sent
to direct the robot's path back into an area away from the interference.  This may also be
advantageous if the robot remains within communication range at the onset of inaccurate
navigation decisions. This is possible, since some modulation techniques work well below a
signal to noise ratio of 1:1 [3]. However, since the robot's position is determined from the
amplitude (or amplitude ratio) of the received signals, it will not work properly when the signal to
noiseratiois low.

A system based on a stationary dipole could be of some advantage, particularly with
many of the described improvements. For instance, a dipole antenna could be located in the y-z
plane 4 feet (1.22 meters) above the ground. Clearly, a stationary transmitter could be made to
accept instructions from a laptop computer. The robot would initially position itself at a default
location. For al time thereafter, the user could communicate the desired position of the robot in
the form of (y, z) coordinates in the coordinate space. The transmitter would encode these
instructions on its dipole magnetic field using any of several modulation schemes. After
receiving and decoding the new coordinates, the robot would move towards the new location.
This robot could be implemented as an airborne or sea-based device, offering control in the third

dimension.
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This method of control is not necessarily confined to vehicular form. Imagine a large
stationary machine with a mechanical arm. If three loop antennas were placed in the "hand" of
this mechanical arm, arm movement could be controlled by pointing the dipole at the desired
position. Instructions for such actions as "squeeze" or "release grip" could be sent by modulating
the transmitter's magnetic field.

This thesis describes a successful engineering design application. Theory is often
discussed at length with no effective implementation. In this thesis, the theory is of sufficient
detail to relate it to basic collegiate studies in dectrical engineering. Theory is presented in
greater depth in the Appendices if the reader desires detailed information. However, the major
focus of this paper is application of the theory to produce a functioning robot. The application is
documented in such detail that, if desired, the reader could build a robot from this single

reference.
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APPENDIX A — Derivation of Magnetic Dipole Equation
Analysis derived from [7] and [§].
Rules used in analysis

Dot Product

A -B=ABcos6

Cosine Rule

|
a2 =b?- c¢?- 2bc-cosA
Binomial Expansion

(1+X)”=1+nx+n'(n_1)'xz+”'(”‘1)'(”—2)'X3+

2 3
Electromagnetic Definitions
A Ho Isfﬂ
47 T
F r® r-sin6)-¢
B:VxAz; J J J

r2.sn(e) [or 00 B
Ar 1r-Ag r1-sin(6)-A,

Conversion from Spherical to Cartesian Coordinates (Seefigure on next page)

r=yx%+y?+2° A, =A,sin(6)cos(e)+ A, sin(®)sin(p)+ A, cos(6)
o=cosY 2 A, =A, cos(6)cos(p)+ A, cos(®)sin(p)— A, sin(6)
X% +y? 422
afy .
¢=tan (;) A, =-A,sin(p)+A, cos(p)
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From cosinerule r2=r? +a? - 2ar- cos(y)

2

Using binomial expansion,

2
L z1+%(_a_+zi‘r-cos(\|f))+ .....

r r|2 r|2

Assuming that a << r we can neglect terms with order 2 and higher. We also assumer =r'.

r a® a
12 49
r 2r? " r cos(y)



Thedot product r-ais
r-a=(xi « zk)-(acosgi + asingj)=xacos¢ or by dot product definition r-a= racosy

S0, racosy =Xxacos@

Now cos(y) = — COS(<p)

la 2¢ a- a-x
=P, | COS(P'(l—?JFr—Z'COS((P))d(P

Uola 2n 2

- ] (cos @—a—coswar X cos?(p))do

0 41tr0

uola 2n 2n 52 2rg. x )
A,=——-| [cosp-do— | —cosp-do+ | ——-cos
Py g ¢-do !,Zrz - do cf)rz (p)do

2n 2n
Note: '[cos((p)-d(p=0 and JCOSZ((p)-d(p:n
0

_ Mola a-x

0= —.

A
an-r 2

Note: x =r-sin(0)

_uola'a-r.sin(e)'n_u_o' In-a”

A = -sin(@), A, =0,and A, =0
®amor g2 4n r2 ©). A ‘

F r-@ r-sin®)-¢

1 d 0 0
B=— J= = =
r.sin(@) |[or 090 0

0 0 r-sin(6)-A,

B _;i r'sin(e)-“—o-ﬁ-sin(e) —M'cos(e)
" r2.5in(e) 96 4 r? 2nr®
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1 It-a

J - Mo Im- - Mo~ -
Bg=——r-—|r-sin(@).-—-———-sin(@)|=———~—-sin(6
°7 k) or 4 r? ®) 4y ©
B, =0
And finaly,
2 2
g Mo-Ima 3sm(e)eJru0 Ima 3cos(e)r 10)
4nr 2nr

Conversion to Cartesian coordinates

2 : 2 2
B Mo Ima -3$|n(e)eJr U, -Ina -3003(9)r R P ..
4rr 2nr 4r
B -k | . 200y
r r

. |
B - ~[Nﬁ)&~wdmaa@+y~wqmsmw—zwww»+2 ”“m(wsmmaﬂ¢y+vsmmsmw+z~wdmﬂ

r re

X Vector
B, =k-—s'??(’e) cos(6)cos{ )+2'°r‘f(9) sm(e)cos((p)] x
B, —k _sn(e)cosge)cos((p) ' 2)] I

x|
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X" +y Z
\/X2+y2+22 \/X2+y2+22 \/X2+y2
B, =3k-
(x2+y2+22)y2
[ X-z
2,.2.2 |
By=3k| > ¥ *Z
(x2+y2+22)/2
2
BX—SMO Ita X-z

By, =3k
B, =3k-
B, =3k-

et

y
X

(Fea

2

+

23
Z)

Vx2+y2+22 x24y2 422 |x2+y?

(x2 +y? +22)%

y-z
x?+y?+z? | -

(x2 +y2 +22)%
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(x2+y2+22>%
Z vector
[sin(6 2. cos(6 -
B, k- r?f )( sm(e))+r—3()- (e)]-z
[ 2 2 .
B, k- 2-cos (9)3—S|n (9)]'Z
I r
3. cos2(0)-1] -
B —k. r—sl'z
[ 2
3 codcost 2 -1
X2 +y?+22
B, =k

3
( x2+y2+22)

3 "z
(x2+y2+22)/2
3.72 1
2.2 . 2
x%+vy2+z -
B,=k- y -Z
(x2+y2+22)%
3.2° x? +y?+27°
X% +y?2+22 x2+y?+272
B, =k

(X2 +y? +22)%
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3.22-x%-y2-7%| -
B, =k : -z
2 2 2 V2
(x +y°+z )/
2.22-x2_y? | -
B, =k :
_(x2+y2+22>/2
5 CHo-lma® 2.22 —x? —y?
z : 5,
vibs (X2+y2+22>/2
So nhow,
B_L%;,Lo-lna2 X-Z ;+a,to-lna2 y-z 9+uo-lna2 2-22—x2—y22
- ’ 5 ’ 5 ’ 5
4 (x2+y2+22)/2 4n (x2+y2+22)é 4An (X2+y2+22)/2

Derivation of 54.7° anglerestriction
The magnetic field "flips" when B, =0, or when 2-z2 —x? —y2 =0. This equation can be
rearranged to give V2 - z=+/x? + y2 . Notethat the distance from the Z axis to the observation

point Pinthe X -y planeis 4/x? +y? . Theangle ® can now befound as

a \/x2+y2 :tan_l(ﬁ-z]:tan_l(ﬁ)zmjo

tan

z

z
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APPENDI X B —Rod Permeability vs L ength/Diameter Ratio

Rod Permeability vs Length / Diameter Ratio
with Material Permeability as Parameter
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Graph from [10].
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APPENDIX C —Transmitter H-Bridge Analysis

A simplified schematic of the Transmitter’ s H-Bridge antenna drive circuitry is shown below
Aft)

Whatt

L C
At Bit) | i
v o7 T T+r IIL:';IT nT+r

7 10 T-1 2T-1 EHT

The problem can be separated into two separate problems as the following figures illustrate.
x(t)

it (1)
yitd

R L C

Rt Rt

R L i
. Rt Ff
First Part Second Part

Where Ry is the resistance of the FETSs, R. is the resistance of the coil, L is theinductance of the
coil, and C is the tuning capacitance. The transmitter has the following measured values:

L=4.737mH

R, =25Q
C=68nF

Thetransfer function of thefirst circuit can be derived as follows:

1 R S+
— 4
Ha(s) = sC_ ! SR C-R
Rf+RC+—l +s-L+R; L-C s? +s- 2.C-Ri +C-R, 41
s-C L-C L-C
1
R S+C R
M@ ="" SR TR 1
s +s- LARIRALCY JF¥
L L-C

The transfer function of the second circuit can be derived as follows:
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2 C-R.+C-R;
L+R,+R 5T L-C
S- }
H2(9)= 1 - 2.C-R; +C-R
SL+R.+Rf+——+R; &%+s.|° tHeRe |, 1
s-C L-C L-C
R.+R
H2(9)= 2.R; +R 1
s +s- LELILALS S
L L-C
Alternatively, the circuit can be analyzed in the following manner.
xlt)
Yt (1)
Rt R L |c TVhatt T T T+ AT ql+s
. T-s y 1
!
Rf -Vhatt

This circuit has the transfer function H,(s) as shown above. It follows that

jo+

H(jo) =" - R
L . v . |2Rf+R, 1
(jo)” +jo- +
L L-C
and
2
0)2+( ! )
) R C-R
[Hatio] =- - f -
1 ) 2-R; +R,
-0 |+ o ——F
L-C L
'[2-Rf+RC‘
ZH,(jo) = tan (- C- R, )—tan™ I L
2
— -

|H,(jo)| and £H,(ja) are shown in the following plots.
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Magnitude of Transfer Function
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The impulse response h(t) can be found in the following manner:

1
C Ry

2-R
s +s- +Re ), 1
L L-C

sta L‘l{%\/ (a-b)? +w? -e™ . sin(ot +¢)}: ¢=tan‘1(ﬁ)

(s+b)? + »?

S+
is of theform

H(s)=R—Lf'

a, b, and o can be solved in the following manner. From inspection,

1 .
a= and since
C-R;
(5+b)2+2=s2+ 2bsth?+aP=s2+s 2> Rt FRe +L1C then
2R - R 2R _ R
2b=="—1——Cor b=%-%

So, (s+h)? =s* +

2
2-R: +R 2-R: +R
. 2R F*Re (1 2Re+Re ) g

L 2 L
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2 2
(S+b)2+m2:sz+s.m+ E,Z'Rf"‘Rc + 1 _E,Z'Rf"'Rc
L L L.C |2 L
2 2
and ©® = 1 _E.Z'RerRC or m= 1 —E.Z'Rf"'Rc
L-C |2 L L-C |2 L
H(s) can be written as:
1
R S+CR
H(S)z_f. f _
L 1 2'Rf+RC 1 1 2'Rf+RC
S+ = + |t
L L-C |2 L
Now for Equation (11),
h(t)zﬁ. 1 ( 1 _E'Z-Rf+RC)2+ 1 _(E,Z'RerRc
“ 1 (r2Reer Y WOR 2L e (2
L-C |2 L
2
1 2R +R, . 1 (1 2R +Rg
oSt 1 1 2-R; +R, JAVLc |2 L
€ ~sin -5 ‘t+tan
L-C (2 L 1 1 2R +R,
C-Ry 2 L

Plugging in the actual circuit values, we get:

s+3.104-10°
s?- 567.0-s- 3.104-10°

H(s)=21.1-

and
h(t) =2.64-10° - e 5 . sin(5,572-10* - t + 3.79-10*)

Theimpulseresponse is shown below:




6 x 10" Full Impulse Response h(t)
T T T T

[T
[FUIFVEY!

I I I L L L L I I
0.002 0.004 0.006 0.008 0.01 0.012 0.014 0.016 0.018 0.02
Time (s)

Voltage (V)
) A ] o N
TS -
1 | 1

The output y(t) = x(t) * h(t) is shown in the following figures with various values for V4 and t.

L 10" Sampled Output - Vbatt = 1.5V ; tau = 28.3us
T T T T T T T

Voltage (V*1/4E-6)
o

-4 L L L L I I I I I
0 200 400 600 800 1000 1200 1400 1600 1800 2000
Time (n*4us)
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L 10" Sampled Output - Vbatt = 1.5V ; tau = 56.7us
T T T T T T T

Voltage (V*1/4E-6)
o

,2 =
3r H
-4 L L L L I I I I I
0 200 400 600 800 1000 1200 1400 1600 1800 2000
Time (n*4us)
x 10 Sampled Output - Vbatt = 3.0V ; tau = 28.3us
4 T T T T T T T T T
3 | -
2

Voltage (V*1/4E-6)
o

-4 L L L I I I L L L
0 200 400 600 800 1000 1200 1400 1600 1800 2000
Time (n*4us)

The following points should be noted:

o As Vg increases, y(t) increases : as Vgt decreases, y(t) decreases
e Astincreases, y(t) increases : ast decreases, y(t) decreases
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PIC definitions

Voltage Reference Sleep Pin

Time Between Battery and Feedback readings

A/D Conversion Delay Time = 10 * 1lms

Time between adjusting duty cycle

Initial power up delay to get stable feedback reading

Master duty cycle
Dummy duty cycle values to fill registers

Set time to adjust duty cycle
Set time to read battery and feedback voltages
Delay time for A/D conversion

/**
% Title: Thesis, Transmitter
* Author: Bucky Cole
* Date: 3.23.04
*
* Notes: To be compiled with Hi-Tech PICC, programmed/debugged with MPLAB and MPLAB ICD2.
*
* Code generates two PWM outputs, each at 8,829 kHz. 1Initial Duty Cycle is set to 40% and then
* power output is maintained as battery voltage decays.
*
*/
#include <pic.h> //
#define PORTBIT (adr, bit) ((unsigned) (&adr) *8+ (bit))
static bit REFSLP @ PORTBIT (PORTC, O0); //
/* Timer definitions. Numbers are in milliseconds. */
#define READTO 100; //
#define ADTO 10; //
#define DUTYTO 1000; //
#define INITTO 5000; //
bankl unsigned int duty; //
bankl unsigned int dutylong; //
bankl unsigned int dutyshort;
bankl unsigned int dutytmr; //
bankl unsigned int readtmr; //
bankl unsigned int adtmr; //
bankl unsigned int inittmr; //
/**
* Interrupt Routine
*
* Notes: Interrupt is fired only when TMR1IF goes high, or once a millisecond.
* The current duty cycle value is loaded into the applicable registers, and
* the timers are decremented.
*/

void interrupt
intr isr(void) @0x04
if (TMR1IF==1)
TMR1H OxXEC;
TMR1L = OxAF;

/* Assign New Duty Cycle Values */
dutyshort = duty;

/7

/7
/7

Timer 1 Flag Set?

time = 4% (1/clkf) *pre* (OXFFFF-TMR1H:TMR1L)
4% (1/19776960) *1* (0XFFFF-0XECAF) = .001 s
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|

}

dutylong = (PR2 * 4) - dutyshort;
/* Set up Registers to Output PWM's with duty cycle = duty

CCP2CON = CCP2CON & 0b11001111;

CCP2CON = CCP2CON | ((dutyshort & 0b00000011) << 4);
CCPR2L = dutyshort / 4;

CCP1CON = CCP1CON & 0b11001111;

CCP1CON = CCP1CON | ((dutylong & 0b00000011) << 4);

CCPRIL = dutylong / 4;
TMR1IF = 0;

/* Decrement Counters */

dutytmr = dutytmr - (dutytmr && 1);
readtmr = readtmr - (readtmr && 1) ;
adtmr = adtmr - (adtmr && 1) ;
inittmr = inittmr - (inittmr && 1) ;

void main (void)

{

unsigned int battad;
unsigned int fbad;
unsigned int fbattad;
unsigned int ffbad;

float battdiff;

float £

unsigne
unsigne

/******
/*

/******
TRISA =
TRISB =

TRISC =
/******

OPTION

REFSLP

/* PWM

bdiff;

d int fbset;
d int adjfb;

**************************************/

Port I/O Direction Setup. */
**************************************/
0xO0F;
OxFF;
0x10;

**************************************/

0x0C;

1;

SETUP

*/

/7

//

/7
/7

/7

//
/7

//
/7
//

*/

Clear Timer 1 Interrupt Flag

Battery Voltage (A/D Counts)
Feedback Voltage (A/D Counts)
Filtered Battery Voltage (A/D Counts)
Filtered Feedback Voltage (A/D Counts)

Exponential Differences

Feedback Voltage Setting
Adjusted Feedback Value

pu's enabled - int on falling edge -
int clk for tmroO
Turns on Reference Voltage
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/* 8,829 Hz Frequency */

CCP1CON = 0x0C; // sets up Timer2 for PWM outputs

CCP2CON = 0x0C;

PR2 = 0x22; // £ = clkf / (16*TMR2PS* (PR2+1))

duty = 56; // dutycycle = duty / (4*PR2)

dutyshort = duty; // Dutyshort is Point A in Figure 14
dutylong = (PR2 * 4) - dutyshort; // Dutylong is inverted Point C in Figure 14

/* Set up Registers to Output PWM's with duty cycle = duty */
CCP2CON = CCP2CON & 0b11001111;
CCP2CON = CCP2CON | ((dutyshort & 0b00000011) << 4);
CCPR2L = dutyshort / 4;
CCP1CON = CCP1CON & 0b11001111;
CCP1CON = CCP1CON | ((dutylong & 0b00000011l) << 4);
CCPR1L = dutylong / 4;

T2CON=0x02; // TMR2PS = 16, TMR2 = off

/* Timer 1 Initialization */

/* 1 ms interrupt rate. */

T1CON = 0x01; // 1:1 prescale, internal clock

TMR1IE = 1; // Enable Timer 1 interrupt

/* A/D Converter Setup. */

ADCONO = 0x81; // Fosc/32 Conversion Rate, A/D Module On
ADCON1 = 0x83; // All PORTA analog inputs, RA3 = Vref

// Data is Right Justified

/* Initialize Timers */
dutytmr = DUTYTO;
readtmr = READTO;

/* Enable Interrupts */

TMR20ON = 1; // Turn on Timer 1

PEIE = 1; // Peripheral Interrupts Enabled
GIE = 1; // Enable Global Interrupts

/* Initialize Filtered A/D Values and Initialize Feedback Set Point */

inittmr = INITTO;

while (inittmr) { CLRWDT () ; }

/* Read Battery Voltage */

ADCONO &= 0b11000111; // Clear Channel Select Bits
ADCONO |: 0b11010111; // Set CSB to Read Channel RA2

ADGO = 0; // Acquire Charge
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adtmr = ADTO;

while (adtmr) { CLRWDT () ; }
ADGO = 1;
while (ADGO == 1) { CLRWDT () ;

battad = ADRESH * 256;
battad += ADRESL;
battad &= 0x3FF;
fbattad = battad;

/* Read Feedback Voltage */
ADCONO &= 0b11000111;

ADGO = 0;

adtmr = ADTO;

while (adtmr) { CLRWDT () ; }
ADGO = 1;

while (ADGO == 1) { CLRWDT () ;
fbad = ADRESH * 256;

fbad += ADRESL;
fbad &= Ox3FF;
ffbad = fbad;

fbset = ffbad - fbattad/4;

/************************************/

while (1)

{

CLRWDT () ;
if (!readtmr)

{

readtmr = READTO;

/* Read Battery Voltage
ADCONO &= 0b11000111;

ADCONO |: 0b11010111;

ADGO = 0;

adtmr = ADTO;

while (adtmr) { CLRWDT () ;
ADGO = 1;

while (ADGO == 1) {

battad = ADRESH * 256;
battad += ADRESL;
battad &= O0x3FF;

/* Filter Battery Voltage
battdiff = (float) ((float) (battad)
battdiff = battdiff / 15;

fbattad = (unsigned int) (fbattad + battdiff);

(float) (fbattad)) ;

Delay 10 ms

Begin Conversion

Wait Until Completed

Get High Bits

Add Low Bits

Clear Any Remaining Bits
Assign A/D Value to fbatt

Set CSB to Read Channel RAO
Acquire Charge
Delay 10 ms

Begin Conversion

Wait Until Completed

Get High Bits

Add Low Bits

Clear Any Remaining Bits
Assign A/D Value to ffb

Set Target Point for adjfb

Clear the Watchdog Timer

Reset Read Timer

Clear Channel Select Bits
Set CSB to Read Channel RA2
Acquire Charge

Delay 10 ms

Begin Conversion

Wait Until Completed

Get High Bits

Add Low Bits

Clear Any Remaining Bits
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if

*/

}

CLRWDT () ; }

/* Read Feedback Voltage
ADCONO &= 0b11000111;

ADGO = 0;

adtmr = ADTO;

while (adtmr) { CLRWDT () ;
ADGO = 1;

while (ADGO == 1) {

fbad = ADRESH * 256;

fbad += ADRESL;

fbad &= Ox3FF;

/* Filter Feedback Voltage

fbdiff =

fbdiff

(float) ((float) (fbad)

- fbdiff / 15;

*/

(float) (ffbad)) ;

ffbad = (unsigned int) (ffbad + fbdiff) ;

(!dutytmr)

dutytmr =

DUTYTO;

adjfb = ffbad - fbattad/4;

if

(adjfb

if

< fbset)

(duty < (PR2*2))
duty++;

!/
//
//
/7
//
/7

/7

/7
!/
/7

//
/7

Set CSB to Read Channel RAO
Acquire Charge
Delay 10 ms

Begin Conversion
Wait Until Completed
Get High Bits

Add Low Bits
Clear Any Remaining Bits

Reset dutytmr
Calculate Adjusted Feedback Value
Need to be adjusted?

Ensure not already greater than 50%
Increment duty cycle



APPENDIX F —Multiple Feedback Bandpass Filter Analysis

Analysis derived from [12].
It
5 R2
Ay
_.’\’Rl\jl':_ e Il
+ |I:I +
W Rib i s
< B &

Sum currents out of Vy (Vy is virtual ground)

0- Vy , 0- Vo _

0
ysC Rz
V
-sCV, ——2=0
R

Vy = 12
R (12

Sum currents out of Vy

Vx_vi+vx +Vx_vo+vx =0
Ria  Ru }/SC ysC

V,-V, V
XL+ X 4+sCV, —sCV, +sCV, =0

Ria Rip
RleX - R]bVI 4 RlaVX 4 ZSCRlaRlex - SCRlaRleO =O
V, -[Ryp + Ryz # 2:SCR,Ryp |- RypVi - SCRi,RyV, =0

substitute Equation (12)

Y%
SCRO [Ryp +Rya +2-SCR1,Ryp |- RypV; —SCR1;R 15V, =0
2

~V, - [Ryp + R4y +2-SCR1, Ry |- SCRy R,V —s?°C?R R R,V, =0
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-V, [szcleaRle2 +2-SCR,Ryy + Ry + Rla]— SCR;,R,V, =0

V, SCR,R»

Vi s2C?RyRyyRy +2-SCRy,Ryp + Ryg + Ryp

Vo __ R, (13)
Vi R

1b

Manipulating Equation (13) into the form T(s)= Hs ,

®
s? +6rs+oar2

SCR,
Vo C?R1R,
)
s’C?R.,R, L 2CRy, | Ry
C?R;;R, C?R,R, C?Ry,R,
1
V, CRp
vi:_ 2, 2 Ria + Ryp

+ S+
CR, C°RiRpR,

Equating the coefficients,

o 2
Q CR;
_2_0Q
2" Cw, C-f,
1
. S CR R
At resonance, the gain of the circuit will beT(s)= as rA =—2®2-_"2
7"3 2 2R1a
CR,
R
S0 Ry, =—2-.
27 0n,
Also, Equation (13) isin theform of T(s)= Hs , where B is the bandwidth of the
2 2
S +Bs+ oy

circuit.
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®
Q—?— >
CR,
Ria- R
P T 2
Q2:C2R1aR1bR2: Ru+Ry  C°R, _Ry-(Ria +Ryp) _ RoRya +RoRyp
4 CZRlaRleZ 4 4R1aR1b 4R1aR1b
2p 2
C?R,
R5R R5R R R R
sz 2Ma , M2Pb _ M2 |, T2 2+1.Ar
4R;Ryy  4RizRypy 4Ry, 4Ry, 4Ry 2
R
Qz_l.Ar: 2
2 4R,
"%
Rw="7 —
Q _E'Ar
"2
Rip=——5"—
2.Q? A,

and Cis arbitrary.
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Bandpass Filter Design following methods demonstrated in [12].

Bessd Poles of athird order filter

Real Part Imaginary Part
o 4B

1.0509 1.0025

1.3270

Filter requirements:
Midband Gain = 60 dB
pr = 5

fo=8829 Hz

Complex Pole:
o =1.0509 B =1.0025

C=o0? + B2 =1.05092 +1.00252 = 2.10939706

oo 20210509,
pr
g-_C 4210939706 ., e43758804
2 2
pr >

G =+E? — 4D? =+/4.08437588242 — 4. 420362 = 3.99691333786

0= \/E+§; _ \/4.0843758824+ 3.992691333786 _ 4.78193803072
2D 2..42036

_o-Q _1.0509- 4.78193803072
pr 5

M =1.0050677353

W =M ++vM? -1=1.0050677353+ \/ 1.00506773532 —1 =1.10587027763

_fo 8829
W  1.10587027763

f, =W-f, =1.10587027763- 8829 = 9764 Hz

=7984Hz

Real Pole:
o, =1.3270
Q= Qo _ 5 _ 376780751310

o, 13270

f, =f, =8829Hz
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Stage Gain:

Midband gain = 60 dB, we should distribute this evenly across the 3 stages, or

Each stage has 20 dB or 10.
A, =10

2
f . .
UseAron-\/l+Q2-(f—°—]c ) to get section gain

_r
e o

Section 1
2
A, =10 [1+3767897513102 | 2020 _ 8829
8829 8829
A, =10=200B
Q=377
f, =8829Hz
Section 2:

2
A, =10. \/1+ 4781938030722 - (8829 _ 7984)

7984 8829

A, =13.89=2284dB

Q=478
fr =7984Hz
Section 3:
2
A, =10- |1+ 478193803072 . 8829 _ 9764
9764 8829
A, =13.89=22.84dB
Q=478
f, =9764Hz
Implementing this into three MFBP filters
Let C = 2200pF
Stage 1.
Ry = Q 377 =61781.33Q

" n-f,-C 1-8829.2200-10712

Ry 61781 _ 3089050
2A,  2-10

Rla:

79

Closest value is 61.9kQ

Closest valueis 3.09kQ2



_ Rp/2 _ 61781332

=— = I =1676.49Q
2Q%-A, 2.377%-10

1b

Stage 2:

R, = Q 4.78

= = =86623.32Q
n-f,-C m.7984-2200-107%

R, 86623.32

Closest valueis 1.69kQ

Closest valueis 88.7kQ

R = = =3118.19Q Closest value is 3.16kQ2
2A, 2-13.89

Ry = RZZ/ 2 86623'31 2 _1361.710 Closest value is 1.40kQ
2Q%-A, 2-478%-1389

Stage 3:

R, = Q __ 4.78 7 = 70831.68Q Closest value is 71.5kQ
n-f.-C 1.9764.2200-10"

Ria = Ry _ 7083168 _ »p9740 Closest valueis 2.55kQ
2A, 2-1389

R,/2 . :

Ry = 22/ = 708321 65/2 =1113.46Q Closest value is 1.13kQ
2Q°-A, 2.4.78°-13.89

So, thefinal circuit is:

i SEge a3 stge2 s sge 3

ont
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/**
* Title defines.h
* Project Final Thesis Code
* Author Bucky Cole
* Date 3.12.04
*
* Notes All DEFINE declarations - Includes Pin Definitions and Constants
*/
#ifndef DEFINES H
#define DEFINES H
#define LOWTHRESH 150 // Received Signal Low Threshold
// 150 * 5 / O0x3FF = 1.02 V
#define HIGHTHRESH 820 // Received Signal High Threshold
// 820 * 5 / Ox3FF = 4.01 V
#define NOISEPAD 75 // Added to Noise Floor Reading for
// Slight Changes to Noise Floor
#define ADTO 10 // A/D Timer (10 * 1 ms = 10 ms)
#define SENDTO 500 // Used for 500 ms timer (500 * 1ms =
#define SECTO 1000 // Used for 1ls delays (1000 * 1lms =
// Pin definitions
#define PORTBIT (adr, bit) ((unsigned) (&adr) *8+ (bit))
static bit GREENLED @ PORTBIT (PORTD,
static bit REDLED @ PORTBIT (PORTD,
static bit FORWARD @ PORTBIT (PORTB, O0) ; // Engage Forward Direction
static bit REVERSE @ PORTBIT (PORTB, 1) ; // Engage Reverse Direction
static bit LEFT @ PORTBIT (PORTB, 4) ; // Engage Left Direction
static bit RIGHT @ PORTBIT (PORTB, 2); // Engage Right Direction
static bit FAENABLE @ PORTBIT (PORTC, 1) ; // Enable Fore/Aft Motor
static bit LRENABLE @ PORTBIT (PORTC, 2); // Enable Left/Right Motor
static bit ZYPHASE @ PORTBIT (PORTA, 5); // Input from Z-Y Phase Detector
static bit ZXPHASE @ PORTBIT (PORTE, O0); // Input from Z-X Phase Detector
static bit CsX @ PORTBIT (PORTD, 2); // Chip Select to Write to the DS1267
// that Controls the X and Z Channels
static bit csy @ PORTBIT (PORTD, 3); // Chip Select for Y Channel DS1267
static bit SCK @ PORTBIT (PORTC, 3); // SPI Serial Clock
static bit SDO @ PORTBIT (PORTC, 5); // SPI Serial Data Out

#endif
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Title : FinalRx.c

Project : Final Thesis Code

Author : Bucky Cole

Date : 3.12.04

Notes : Main Robot Receiver Program.

with MPLAB ICD2.

#include <pic.h>
#include "defines.h"
#include "interrupt.h"
#include "USART.h"
#include "antennas.h"

bankl
bankl

bankl
bankl

bankl
/*
bankl

{

}i
/*
bank2

unsigned char adtmr;
unsigned char sendflag;

unsigned int sectmr;
unsigned int sendtmr;

unsigned char gainindex;
unsigned char gainarray[43] =

0, 6, 12, 18, 24, 30, 36, 42,
60, 66, 72, 78, 84, 90, 96, 102,
120, 126, 132, 138, 144, 150, 156, 162,
180, 186, 192, 198, 204, 210, 216, 222,
240, 246, 252

noisearray|[] is used to store the local
unsigned int noisearray[43];

void main (void)

{

unsigned char i, j;
unsigned char initialized;
unsigned int xamplitude;
unsigned int yamplitude;
unsigned int zamplitude;

// Setup I/O Port Directions
TRISA = 0x2F;
TRISB = 0xCO;
TRISC 0x00;

/7

PIC definitions
#define statements

To be compiled with Hi-Tech PICC and programmed

Code handled by the interrupt routine
All code dealing with the RS232 Port

Timer for A/D conversions

Flag Indicating that data ready to

send to computer screen
Second timer

Times when data should be sent

Index used to keep track of gainarray[] and noisearrayl[]
gainarray[] is used to keep track of what tap is currently used in the analog filter chains. Only every 6™ tap is used */

48, 54,
108, 114,
168, 174,
228, 234,
noise floor at every gain level of gainarray|[]. */

/7
!/
/7

main routine

dummy variables used in for loops

Flag indicating if system
Received signal amplitude
Received signal amplitude
Received signal amplitude

RA4 Output, Rest inputs

is initialized

from X Channel peak detectors
from Y Channel peak detectors
from Z Channel peak detectors

RB7, RB6 inputs, rest outputs

All PORTC pins outputs
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TRISD = 0x00; // BAll PortD pins outputs
TRISE = 0x01; // REO input, Rest outputs

// Disable all motors
FAENABLE = O;
LRENABLE = 0;
FORWARD =
REVERSE
LEFT
RIGHT

GREENLED = O0; // Turn off green LED
REDLED = 1; // Turn on red LED since system is not initialized

OPTION = 0x0C; // Internal Pull-ups enabled

// TIMER1 SETUP

T1CON = 0x01; // 1:1 prescale, internal clock
TMR1IE = 1; // Enable interrupt
ADCONO = 0x01; // A/D clock = Fosc/2 ; Converter On
ADCON1 = 0x84; // Result Right Justified
// RA3,RA1,RAO0 Analog inputs ; Vref+/- = Vvdd,Vss (5V, 0V)

// USART SETUP

/* BAUD RATE = Fosc/ (64* (SPBRG + 1)) */

SPBRG = 15; // 19776960 / ( 64 ( 15+1 ) ) = 19313.4 (19200)

TXSTA = 0x20; // 8 bit transmission, transmit enabled, asynchronous mode, low speed
RCSTA = 0xDO; // Serial port enabled, 9 bit reception, receiver enabled,

// address detection disabled

PEIE = 1; // Peripheral interrupts enabled
GIE = 1; // Enable global interrupts
setgain(0) ; // Initialize gain to lowest level
gainindex = 0; // Initialize gainindex
initialized = 0; // System is not initialized
cls(); // Clear screen, display welcome

disstring("Rev 1.0 - March 12, 2004.");

// Delay 2 seconds
for (i=0;1<2;i++)
{

sectmr = SECTO; // Initialize sectmr
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}

while (sectmr) {}; //

while (1) //
{
CLRWDT () ; //
if (!sendtmr) //
{
sendtmr = SENDTO; //
xamplitude = getad('x'); //
yamplitude = getad('y');
zamplitude = getad('z');
if (linitialized) //
{ //
cls();
REDLED = 1; //

GREENLED = O;
disstring("Initializing") ;

wait for interrupt routine to decrement sectmr to 0

Main Loop

Clear watchdog timer
Has sendtmr reached 0°?

Reinitialize sendtmr

Read peak detector wvalues

Is system initialized?
If not

Keep red LED on, green off

/* Display Information to user
i4++;
if (i>5)

i=0;
for(j=0;j<i;j++)

disstring(".");
crlf();
disstring ("X A/D = "); tab(); disnumber (xamplitude); crlf();
disstring("Y A/D = "); tab(); disnumber (yamplitude); crlf();
disstring("Z A/D = "); tab(); disnumber (zamplitude); crlf();
disstring("gain = "); tab(); disnumber(gainarray[gainindex]) ; crlf () ;
/*

/* Determine which antenna has highest signal, store that number in noise array.

if ((xamplitude > yamplitude) &&

(xamplitude > zamplitude))

noisearrayl[gainindex] = xamplitude;

else if ((yamplitude > xamplitude) && (yamplitude > zamplitude))
noisearrayl[gainindex] = yamplitude;

else
noisearrayl[gainindex] = zamplitude;

/*

noisearrayl[gainindex] += NOISEPAD;

// Add noise floor

*/

*/

*/

*/

pad
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else

// Display noise floor reading to user

disstring("noise floor stored = "); tab(); disnumber (noisearray[gainindex]) ;
gainindex++; // Increment step to next gain level
if (gainindex >= 43) // Have we reached highest gain level?
{ // If so

for (i=0;1i<5;i++) // Delay 5 seconds

{

sectmr = SECTO;
while (sectmr) {};

}

initialized = 1; // Indicate that system is initialized
gainindex = 0; // Set gain level to lowest
setgain(gainarray[gainindex]) ;

REDLED = 0; // Turn off red led, green on

GREENLED = 1;

else
{ // If not
setgain(gainarray[gainindex]) ; // Set new gain level
}
// I1If system is initialized
/* If all antennas are lower than low threshold, Increment gain */

if ((xamplitude < LOWTHRESH) && (yamplitude < LOWTHRESH) && (zamplitude < LOWTHRESH) )

{

if (gainindex < 42)

gainindex++;
setgain(gainarray[gainindex]) ;

}
}
/* If all antennas are higher than upper threshold, Decrement gain */
else if ((xamplitude > HIGHTHRESH) || (yamplitude > HIGHTHRESH) || (zamplitude > HIGHTHRESH))

{

if (gainindex > 0)

gainindex--;
setgain(gainarray[gainindex]) ;
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/* Display information to user. */
cls();
disstring("System Initialized."); crlf () ;
disstring ("X A/D = "); tab(); disnumber (xamplitude); crlf();
disstring("Y A/D = "); tab(); disnumber (yamplitude); crlf();
disstring("Z A/D = "); tab(); disnumber (zamplitude); crlf();
disstring("gain = "); tab(); disnumber(gainarray[gainindex]) ; crlf () ;
disstring("noise floor = "); tab(); disnumber (noisearrayl[gainindex]); crlf();
disstring ("L/R = "); tab(); disnumber (getphase('y')); crlf () ;
disstring ("F/A = "); tab(); disnumber (getphase('x')); crlf();
/* */
/* If all antennas are less than the noise floor at that gain level, stop motors */
/* and indicate this information to the user. */
if (((xamplitude < noisearray([gainindex]) && (yamplitude < noisearrayl[gainindex]) && (zamplitude <
noisearrayl[gainindex])) || (gainindex > 40))
{
disstring("Noise Floor has been entered");
FAENABLE = O0O;
LRENABLE = 0;
FORWARD = 0O;
REVERSE = 0;
LEFT = 0;
RIGHT = 0;
}
/* */
else
{ // If we are above noise floor
/* If Z signal is 6 times greater than X signal, then transmitter is pointing */
/* directly at receiver in z-x plane - don’t move in the fore/aft direction */
if (zamplitude > (6*xamplitude))
{
disstring ("DM F/A") ;
FAENABLE = 0O;
FORWARD = 0O;
REVERSE = 0;
}
/* otherwise, if Z and X signals are out of phase, then move aft. */

else if (!getphase('x'))
disstring("Move aft");
FAENABLE = 1;
FORWARD = 0;
REVERSE = 1;

else
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/* otherwise, move fore.
disstring("Move fore");
FAENABLE = 1;

FORWARD = 1;
REVERSE = 0;

}

crlf();
/* If Z signal is 6 times greater than Y signal, then transmitter is pointing
/* directly at receiver in z-y plane - don’t move in the left/right direction
if (zamplitude > (6*yamplitude))
disstring ("DM L/R") ;
LRENABLE = O0O;
LEFT = 0;
RIGHT 0;
/* otherwise, if Z and Y signals are out of phase, then move left.
else if (!getphase('y'))
disstring("Move left");
LRENABLE = 1;
LEFT = 1;
RIGHT = 0;
/* otherwise, move right.
else
disstring("Move right") ;
LRENABLE = 1;
LEFT = 0;
RIGHT = 1;
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*

~

* % ok ok %k X X X

Title:
Author:
Date:

Notes:

~

intrpt
Bucky Cole
3.12.04

The interrupt routine. Routine simply reinitializes Timerl,
interrupt serviced is Timerl.

#ifndef INTERRUPT H
#define INTERRUPT H

// Dependencies
#include <pic.h>

#endif

and decrements program timers.

Only
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Title : interrupt.c
* Project : Final Thesis Code
* Author : Bucky Cole
* Date : 3.12.04

#include "interrupt.h"
#include "defines.h"

extern bankl unsigned int sectmr;
extern bankl unsigned char adtmr;
extern bankl unsigned int sendtmr;

void interrupt

intr isr(void) @0x04
// TIMER1
if (TMR1IF==1)

{

/* Reinitialize Timer 1.
/* time = 4*(1/clkf) *pre* (0XFFFF-TMR1H:TMR1L)
/* // 4*(1/19776960) *1* (0XFFFF-0xXECAF) = .001 s

TMR1H = OxXEC;
TMR1L = OxAF;

/* Decrement program counter. If counter is zero,
sectmr = sectmr - (sectmr && 1) ;

adtmr = adtmr - (adtmr && 1) ;

sendtmr = sendtmr - (sendtmr && 1) ;

TMR1IF = O;

// Is Timerl cause of interrupt?
*/

*/
*/

do nothing. */

// reset Timer 1 interrupt flag
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/**

* Title: antennas

* Author: Bucky Cole

* Date: 9.16.03

*

* Notes: All functions dealing with reading antenna information.
*/

#ifndef ANTENNAS H
#define ANTENNAS H

// Dependencies
#include <pic.h>

// Function Declarations

unsigned int getad(unsigned char channel) ;
unsigned char getphase (unsigned char channel) ;
void setgain(unsigned char gain) ;

#endif
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/**

* Title: ads

* Author: Bucky Cole

* Date: 7.31.02

*

* Notes: All functions dealing with reading antenna information.
*/

// Dependencies

#include "antennas.h"
#include "defines.h"

extern bankl unsigned char adtmr;

/**

* Function: getad

* In: type : Which channel to be read.
* X: X Antenna Strength
* y: Y Antenna Strength
* Z: Z Antenna Strength
* out: A 10 bit value (10 of data) corresponding to the voltage on
* that channel.

*

* Notes:

*

*/

unsigned int getad(unsigned char type)
{
unsigned long adresult;
unsigned int intresult;
unsigned char temptype;

temptype = type;

adresult = 0;
intresult = 0;
adresult = 0;

if (temptype == 'x'")
CHS2 = 0;
CHS1 = 1;
CHSO = 1;

else if (temptype == 'y')

{

CHS2 = 0;

/7

//
!/

//
!/

clear out variables

Read amplitude from X channel peak detector

Set A/D converter to read Channel 3, or RA3

Read amplitude from Y channel peak detector

Set A/D converter to read Channel 1, or RAl
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CHS1 = 0;

CHSO = 1;

else // Read amplitude from Z channel peak detector
CHS2 = 0; // Set A/D converter to read Channel 0, or RAO
CHS1 = 0;
CHSO = 0;

ADGO = 0; // Begin acquiring voltage

adtmr = ADTO; // Wait acquisition time (10 ms)

while (adtmr) { CLRWDT () ; }

ADGO = 1; // Start conversion

while (ADGO == 1) { CLRWDT () ; } // Wait for completion

adresult = 0; // Clear result

adresult = ADRESH * 256; // Read result

adresult = adresult + ADRESL;
adresult = adresult & 0b0000001111111111; // Clear any dirty bits
intresult = (unsigned int) (adresult) ; // Typecast result

return intresult;

—

/**
N Function: getphase
* In: type : Which phase detector to read.
* y: Z-Y Phase detector
* X: Z-X Phase detector
*
* out : A "1" if the signals are in phase, a "0" if the signals are out of phase.
*
* Notes:
*
*/
unsigned char getphase (unsigned char channel)
{
unsigned char tmp; // Temporary variable
if (channel == 'x') // 1f reading Z-X phase,
tmp = ZXPHASE; // Result = REO
else if (channel == 'y') // If reading Z-Y phase,

tmp = ZYPHASE; // Result = RAS
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return tmp;

—

/**

* Function: setgain

* In: gain - which tap value to write to the DS1267 digital potentiometer.

*

* Out: none

*

N Notes: See DS1267 Datasheet (MaximIC.com) for timing diagrams.

*

*/

void setgain(unsigned char gain)

unsigned char i; // Dummy delay variable
GIE = 0; // Disable interrupts while writing DS1267's
/* Write first DS1267 (U7) */
CSX = 1; // Pull CSX High
SSPEN = O0; // Disable SPI port to gain access to SPI pins directly
/* DS1267 requires a start bit which is always a 0. However, the SPI port only writes 8 bit values. */
/* So, SCK must be manipulated to clock in the first 0. */
SCK = 1; // Pull SCK High
for (i=0;i<15;1i++) { CLRWDT () ; } // Slight delay
SCK = 0; // Pull SCK Low
/* Setup SPI Port with following options: Serial port enabled */
/* Idle state for clock is low level. */
/* SPI Master mode, clock = Fosc/64 (312.5kHz) */
/* Data transmitted on rising edge of SCK */

SSPCON = 0b00100010;
SSPSTAT = 0b01000000;

SSPBUF = gain; // Write tap value to DS1267
while (! (SSPSTAT & 1)){} // Wait for transfer to complete

SSPBUF = gain; // Write again for second potentiometer
while (! (SSPSTAT & 1)){} // Wait for transfer to complete

SSPEN = 0; // Disable serial port

CSX = 0; // Pull CSX low again

SCK = 0; // Reset SCK and SDO Low to write initial 0

SDO = 0;
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/* End of writing first pot.

/* Write second DS1267 (U9)

/* See above comments for detail.
Csy = 1;

SSPEN = 0;

SCK = 1;

for(i=0;1i<15;1i++) { CLRWDT () ;
SCK = 0;

SSPCON = 0b00100010;
SSPSTAT = 0b01000000;

SSPBUF
while (
SSPBUF
while (

= gain;

! (SSPSTAT & 1)) {}
= gain;

! (SSPSTAT & 1)) {}
SSPEN = 0;

CSY = 0;
SCK = 0;
SDO = 0;

GIE = 1;

// Re-enable Interrupts

*/
*/
*/
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/**
* Title: USART
* Author: Bucky Cole
* Date: 9.16.03
*
* Notes: All functions dealing with sending information to computer display through USART.
*/

#ifndef USART H
#define USART H

// Dependencies
#include <pic.h>
#include <stdlib.h>
#include <string.h>
#include <stdio.h>

// Function Declarations

void disstring(const char *string) ;

unsigned char decimaltoascii(unsigned int data, unsigned int place) ;
void disnumber (unsigned int number) ;

void crlf (void) ;

void cls(void) ;

void tab(void) ;

#endif
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/**
* Title: USART

* Author: Bucky Cole

* Date: 9.16.03

*

* Notes: All functions dealing with sending information to computer display through USART.
*/

#include "USART.h"
#include "defines.h"

/**

* Function: disstring

* In: *string - string to be written to screen. String can be any reasonable length.

*

* Out: none

*

* Notes: Displays a string to the screen.

* A transmit to the screen through the USART is done by loading the character to be sent
* into the TXREG (transmit register). At this time TRMT will go low. When the transmit
* is complete, TRMT will return high.

*

*

~

void disstring(const char *string)

{

int slength = 0; // String length - initialize to 0
int i; // Dummy counter variable
slength = strlen(string) ; // Get string length
for (i=0;i<slength;i++) // Until all characters are sent
TXREG = stringl[i]; // Send character to screen
while (I TRMT) { CLRWDT() ; } // Wait for completion
/**
* Function: disnumber
* In: number - Integer from 0 to 65535 to be displayed on the screen
*
* Out: none
*
* Notes: Displays a number to the screen.
* A transmit to the screen through the USART is done by loading the character to be sent
* into the TXREG (transmit register). At this time TRMT will go low. When the transmit
*

is complete, TRMT will return high.
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*

*

/

void disnumber (unsigned int number)

{

—

E IR R I

*

*

if (number >= 10000) // Isolate digit in the ten-thousands place
{
TXREG = decimaltoascii (number, 10000) ; // load character
while (! TRMT) { } // Wait for completion
}
if (number >= 1000) // Isolate digit in the thousands place

TXREG

decimaltoascii (number, 1000) ;

while (! TRMT) { }

if (number >=

TXREG

100) // Isolate digit in the hundreds place
g p

decimaltoascii (number, 100) ;

while (!TRMT) { }

if (number >=

TXREG

10) // Isolate digit in the tens place

decimaltoascii (number, 10);

while (! TRMT) { }

TXREG = decimaltoascii (number, 1); // Isolate digit in the ones place

while (! TRMT)

*

Function:
In:

Out:

Notes:

/

{

}

decimaltoascii
data : integer which is to be sent
place : Placeholder belonging to particular digit to be sent.

char representing ASCII value of digit of importance.

Returns an ASCII representation of a single digit of a large decimal number.
Example call : decimaltoascii (12345, 3) would return the ASCII representation of 3, or 51.

unsigned char decimaltoascii (unsigned int data, unsigned int place)

{

unsigned char retbyte = 0;
unsigned int temp = 0;

temp = data;

// ASCII Character to Return
// Temporary Variable

// Get entire integer passed
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if (place < 10000)

temp = data % (place * 10); // Clear digits higher than number of interest
}
temp = temp / place; // Shift number down to one's place
retbyte = temp + 48; // Convert to ASCII character

return retbyte;

—

/**
N Function: crlf
* In: none
*
* Out: none
*
* Notes: Displays a carriage return/line feed to the screen.
* A transmit to the screen through the USART is done by loading the character to be sent
* into the TXREG (transmit register). At this time TRMT will go low. When the transmit
* is complete, TRMT will return high.
*
*/
void crlf (void)
{
CLRWDT () ;
TXREG = 13; // Load carriage return
while (! TRMT) { } // Wait to transmit
CLRWDT () ;
TXREG = 10; // Load line feed
while (! TRMT) { } // Wait to transmit
}
/**
N Function: cls
* In: none
*
* Out: none
*
* Notes: Clears the screen.
* A transmit to the screen through the USART is done by loading the character to be sent
* into the TXREG (transmit register). At this time TRMT will go low. When the transmit
* is complete, TRMT will return high.
*
*/

void cls(void)

{



80T

—

E o S R

*

*

CLRWDT () ;
TXREG = 12;
while (! TRMT)

Function:
In:

Out:

Notes:

void tab(void)

{

CLRWDT () ;
TXREG = 9;
while (! TRMT)

{

{

// Page down
} // Wait to transmit

tab
none

none

Displays a tab to the screen.

A transmit to the screen through the USART is done by loading the character to be sent
into the TXREG (transmit register). At this time TRMT will go low. When the transmit
is complete, TRMT will return high.

// Load tab
} // Wait to transmit
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APPENDIX K —Parts/PriceList

Transmitter Components

Electrical
Component Manufacturer Man. Part Number | Price
PCB Advanced PCB N/A $30.00
FETS Vishay-Siliconix S19928DY $2.42
PIC16F876 Microchip PIC16F876A-1/SO $7.05
MAX756 Maxim MAX756CPA $4.80
TPS2814 Texas Instruments | TPS2814D $2.15
REF198 Analog Devices REF198ES $5.51
Antenna N/A N/A $5.00
Tuning Capacitor Elpac PM1A184F-1 $2.35
Misc. Passive Components | Misc. Misc. $10.00
Total $69.28
M echanical
Component Manufacturer Man. Part Number Price
Battery Tube N/A N/A $15.00
Battery Cap N/A N/A $9.50
Plastic Tube N/A N/A $1.07
Endcap N/A N/A $2.00
Misc. N/A N/A $5.00
Total $32.57
Total Transmitter Cost : $101.85
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Receiver Components

Electrical
Component Manufacturer Man. Part Number | Price
PCB Advanced PCB $30.00
Modular Connector Hirose Electronics TM5RJ2-66 $2.34
DB9 Connector Amp 747250-4 $2.72
LEDS Misc. Misc. $0.63
PIC16F877 Microchip PIC16F877-20/PT $12.13
OPAMPS National Semiconductor LM6134AIM $17.00
INAMPS National Semiconductor INA118U $24.90
Programming Switch ITT Industries GT11MSCKETR $4.18
Master Switch NKK Switches of America | M2032ES1WO01 $11.70
LM7805 Fairchild Semiconductor LM7805CT $0.57
LM7905 Fairchild Semiconductor LM7905CT $0.57
FETS Vishay-Siliconix S19958DY $4.84
Logic Gates Misc. Misc. $2.00
DS275S Maxim DS275S $2.66
DS1267 Maxim DS1267S-050 $16.64
Antennas N/A N/A $10.00
Misc. Passive Components | Misc. Misc. $10.00

Total $152.88
M echanical
Component Manufacturer Man. Part Number Price
Wheels Misc. Misc. $82.00
Belts Misc. Misc. $6.05
Pulleys Misc. Misc. $27.20
Motors/Gears Tamiya LXHA26 $27.98
Misc. Parts N/A N/A $20.00
Total $163.23
Total Receiver Cost : $316.11
Total Project Cost: $417.96
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This thesis explores a unique system and method to control the position of a remote
vehicle. A handheld cylindrical transmitter generates an alternating dipole field at a specific
frequency. A sdf-contained robot utilizes three loop antennas mounted in each of the
Cartesian axes to continually determine its position in the dipole field. The vehicle then
maneuvers to maintain a specific positional relationship along the transmitter's axis. Since
the robot's movement is determined by magnetic field sensing, there is no line-of-sight
requirement. The robot's position can be maintained in the dark and behind walls as easily as
in a bright open room.

The system can be divided into four subsystems. the transmitter, the receiving
electronics, the microcontroller and its decisions, and the mobile platform, with the latter
three comprising therobot. The transmitter radiates the dipole field by passing an AC signal
through a solenoid antenna.  This field is detected, filtered, and amplified using a
mi croprocessor-based automatic gain control. The microcontroller uses field information to
control robot movement. Each subsystem is discussed in length, with detailed theory
presented in the Appendices.

The control methods presented in this thesis are proven not only by the underlying
theory but also by operation of a successful embodiment. The embodiment employs simple
electronics to peform al necessary processes while avoiding the use of expensive
components. Example photos, schematics, software source code, and mechanical design are
discussed in such detail that the reader may reproduce the working system. Suggested
improvements and alternative embodiments are presented to encourage extension of this
technology to more practical applications.
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