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TEMPERAT URE (exact degrees)
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cubic meters 1.307 cubic yards yd®
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FORCE and PRESSURE or STRESS
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*Sl is the symbol for the International System of Units. Appropriate rounding should be made to comply with Section 4 of ASTM E380.
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Executive Summary

The main purpose of this project was to design and build a prototype of an interface board
between an MRC temperature probe (thermistor array) and a personal laptop computer. This interface
board is expected to replace and significantly improve the capabilities of an existing MRC RD100 readout
instrument.

The project was successful in developing a prototype of the device that is functional, has been
tested, and performs as expected.
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1 INTRODUCTION

The purpose of this project was to design a PC interface for the Measurement Research
Corporation (MRC) thermistor probe. This interface would replace the model RD100 temperature
readout and provide a modern interface to existing field installations throughout Alaska.

The first step of the research was to characterize the probe and RD100. We tried to contact the
Measurement Research Corporation, but without any success. We concluded the MRC was now defunct
and that we would have to develop the interface without any support from the manufacture.

The second step was to observe the operation of the probe and the RD100. To do this, we first
had to determine the correct connections between the RD100 and the probe, because wrong
instructions were sent with the devices. After observing the system in action, we began the electrical
characterization of the system using various electrical instruments.

Finally, a series of three prototypes were designed, the required parts specified, the printed
circuit boards (PCB) designed, and sent to the PCB manufacturer (except for the final prototype). While
waiting for the PCB’s to arrive, the students worked on improving the embedded software. When
prototype boards would arrive, we would populate and test the prototypes.

Using the results from each prototype, additional tests on the probe and RD100 were developed
and conducted. Information gained from these tests was used to design the next prototype.

Testing of the third prototype was successful and marked the completion of the project.

2 CHARACTERIZATION OF THE MRC RD100 TEMPERATURE READ OuT

NOTE: Some of the discoveries were made after the first or second prototype was made. This
section summarizes all of the findings.

The purpose of characterizing the MRC Probe was to determine the electrical characteristics of
the probe to allow us to develop an interface to it.

The first step was to attempt to connect the RD100 to the probe through the electrical hub
provided to us by ADOT and see if the system worked properly. Since the wires from the RD100 and the
probe did not coordinate we had to make assumptions as to the correct wiring, following the
instructions received with the device. We assumed the red and black wires from the RD100 were power
and ground respectively. This step was unsuccessful since the RD100 failed to display a reasonably valid



temperature. Our next step was to open the RD100 case and determine the correct color-coding of the
wiring. Our assumption was proved to be false after examining the wires entering the RD100’s PCB. The
signal names were silkscreened onto the board as described in Table 1. This was later confirmed by
Howard Helkenn, ADOT highway data manager. He explained that they had had problems with the MRC
inconsistently color coding their devices from version to version.

Figures 1-4 show the details of the RD100 readout device.

Figure 1. RD100 readout device, displaying measurements for channel 2

Figure 2. Front of the RD100's circuit board, showing different components

Figure 3. Back of the RD100's circuit board, showing the four wire connections



The RD100 performs four main functions.

1. Powering the thermistor array
Selecting channels: Channels are selected in an ascending order consecutively from channel 1 to
the last channel available. This function is controlled by the SELECT CHANNEL button.

3. Resetting: The reset function clears the reading and sets both the RD100 and the thermistor
array to the initial state ready to take a measurement from channel 1. This function is controlled
by the RESET button.

4. Processing data and displaying measurements: The RD100 takes measurements from the
thermistor array, process the signal and display the measurements on the LCD screen. The
display consists of the channel number followed by a corresponding temperature given in
Fahrenheit, from -99.9 to 99.9.

The RD100 is powered by two 9 V batteries. After an unsuccessful attempt to characterize the
RD100 by tracing and examining its printed circuit board and components; the RD100 was examined as a
black box where its electrical behavior was analyzed by applying specific inputs.

The RD100 has an ON/OFF switch button which obviously turns on and off the RD100 device. It
also has CHANNEL SELECT and RESET buttons that perform the select channel and reset functions as
described above.



The RD100 uses a four-wire interface described in Table 1.

Wire Color

Red

Tan/White

Black

Green

Signal Name/function

Power

Ground

Channel select

V_analog
(Temperature signal)

Description and behavior of identified signals

Power (Red wire): The red wire provides a constant 5 V power supply to the thermistor array
whenever the RD100 is turned on. The current drawn by the thermistor is in the order of micro Amperes

(HA) and varies depending on the temperature; the peak current detected was 18.0 uA at 97.8 F.

Ground (Tan/White wire): This is the common ground for both the RD100 and the thermistor

array.

Channel Select (Black wire): The channel select signal is initially O V. As soon as the Channel
Select button is pressed, it generates a pulse of 5.66 V and stays high as long as the select button is held
down (binary signal active high). The select channel button has to be held down for at least 100 ms for a
channel to change (for reference, a normal push of a button with neither hurry nor prolonged holding
lasts about 200 ms). Figure 5 shows the channel select signal when the CHANNEL SELECT button is

pushed.

When the CHANNEL SELECT button is held down for an extended time (approximately more
than 1.25 seconds), it cycles through more than one channel with a frequency close to 1 Hz. Initially, our
prototypes followed the same timing that RD100 uses, approximately 220 ms off, 880 ms on. Later we
switched to a 50-50 signal, which can be emulated by a clock signal with frequency of 1 Hz and the




Channel Select signal. The channel changes on a rising edge of the clock whenever the Select Channel is
high (AND logic). Figure 6 illustrates the scenario when the CHANNEL SELECT button is held down.

channel select

held down clock signa at 1Hz

1 1 )

change of channel

Figure 6. lllustration of the scenario when SELECT CHANNEL button is held down

V_analog (Green wire): The V_analog signal which is proportional to measured temperature is
an input signal to the RD100 readout device. However, it has an offset voltage of 3.4 V that can be
measured when the RD100 is turned on with no thermistor array connected. This fact greatly affected
the design of Prototype #3.

When the RESET button is pressed, all the signals are shut down. After the button is released,
the power signal goes back to 5V, the V_analog signal goes to 3.5V, and the Select channel signal stays
at zero until the CHANNEL SELECT button is pressed. Figure 7 and Figure 8 show the behavior of
different signals when the RESET button is pressed.

Figure 7. Power (green) and Select channel (yellow) signals when RESET is pressed and then released



Figure 8. Power signal (green) and V_analog signal when RESET is pressed and then released

In Figure 8, V_analog signal was initially around 4.5 V measuring room temperature (~ 69F) and
after the reset, V_analog went to 3.5 V.

The next step was to determine the calibration of the RD100. To do this, a variable voltage was
applied to the RD100 V_analog wire using a DC voltage supply and the corresponding temperature
readout was determined. Figure 9 shows the RD100’s Temperature vs. Voltage profile and linear
regression with a reduced set of data points.

RD100 Temperature profile

'y
\°)

(0]

/*/’

0.0096x + 3.8979
R*=10.996

Voltage (V)
W< |\
\

N

[iEy
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-150 -100 -50 0 50 100 150
Temperature (2F)

Figure 9. Read out temperature vs. voltage profile



The RD100 is capable of reading temperatures from 99.9 F to -99.9 F with V_analog ranging
from 4.852 V to 2.909 V. Its temperature profile is linear with voltage indicating that there is hardware
linearization of the thermistor implemented within the probe.

Based on the results from this portion of testing, the set of following requirements for the
prototypes were developed. These requirements were adjusted after later testing on the probe and
again after testing on the 1 prototype:

e Power must be supplied at 4.98V £ 0.04 V

e The chip select signal is 0.0V while reading channels and must pulse to 5.5 V for at
least 0.125 ms to cycle through the channels and held low 220 ms between channel
switches.

e The prototype must sample analog voltages ranging from 4.852 V to 2.909 V.

These results were later relaxed based on additional tests performed, especially after the
characterization of the MRC thermistor probe was completed.

3 CHARACTERIZATION OF THE MRC THERMISTOR PROBE

The objective of this portion of the project was to electrically characterize the MRC Thermistor
Probe to allow us to adjust and relax our requirements in order to use available power sources (5.0 +
0.25 V USB power) and microcontroller-level signals (3.3 V on TI’'s MSP430). Also, we needed to verify
that a 4.5 V pulse could change the channel instead of the 5.66 V normally generated by the RD100.

The current thermistor array is 185 cm long and has fifteen thermistors that can be visually
identified, with the first thermistor (Channel 1) being the closest to the wire connection. This
identification allows generating different temperatures at specified channels for testing purposes. The
following image shows the thermistor array and its long connection cable.



The thermistor array has four wire connections described in Table 2. Notice that the color

coding of the thermistor differs from the RD100’s color coding.

Wire Color

Red

Black

Orange

Blue

Signal Name/function

Power

Ground

Channel Select

V_analog
(Temperature signal)

Description and behavior of identified signals

e Power (Red wire): The Vcc for the thermistor array

e Ground (Black wire): The common ground for both the RD100 and the thermistor array

o Channel Select (Orange wire): A control signal (input, binary, active high) that controls the

sequencing of channels.

e V_analog (Blue wire): The V_analog signal which is proportional to measured temperature can

be viewed as an output signal from the thermistor array. When there is no readout device

connected to it, it measures slightly less than the value of the Vcc applied to the thermistor

array.

Figure 11 shows the correct physical connections between the RD100 device and the thermistor

array. From top to bottom, the signals are as follows: V_analog, Channel Select, Power and Ground.
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The first step was to try to identify the components in the probe. Because the entire probe is
encased in semi-clear resin material, the only method we could use was observation through a
magnifying glass. The integrated circuits (IC) in the probe were identified as various analog multiplexers
and switches. Table 2 lists the IC’s we were able to identify and their brief descriptions. The data sheets
for these IC were examined and it was found they could all operate at lower voltages. We choose 4.5 V
because that allowed us to regulate the USB power, with a minimum voltage of 4.75V, to 4.5 V, using a
low dropout voltage regulator.

IC model number:

CD4051BC

SN54HC393

SN54HC393

Description:

Analog Multiplexer
Vss Range: 3-15V

Data Selector
Vss Range: 2-6 V

Binary Counter
Vss Range: 2-6 V

We took current draw readings for the power signal. The probe drew 0.923 mA while switching
channels, and approximately 13.4 pA otherwise.

The next step was to determine if the channel select could be sourced directly from the
microcontroller general-purpose input output (GPIO) which generates 3.3 V digital signals. Attempts to
toggle the channel by touching the channel select wire to 3.3 V were unsuccessful due to the lack of
debouncing. When a debounced switch was used, voltages as low as 3.0 V consistently resulted in a
channel switch. Voltages of 2.5 V produced more inconsistent channel switching.

Further characterization of the analog signal was also conducted. For the first prototype, we
were working under the assumption that the probe contained the circuitry as shown in Figure 12.

11



PROBE Interface Analog Portion

Viemp MEP430
Analog front end Anlzg-Dig-Conv

The Rprobe was assumed to be constant and the Vtemp was the temperature dependent
component. The analog front end had the task of transforming the elevated voltages from the probe to
the lower voltages the MSP430 could accept. This model was proved to be incorrect after testing the
prototype #1. The Vtemp was found to be constant at the probe supply voltage and the Rprobe was the
temperature dependent component. Nevertheless this model was the basis of the prototype #1. The
Rprobe was measured as approximately 75.0 kQ and used for the design of prototype #1.

The expected analog voltages with the reduced 4.5 V power supply were determined by
subtracting 0.5 V from the 5.0 V power supply. So, for prototype #1 expected analog voltage range with
the reduced 4.5 V power supply was expected to be between 4.352 V and 2.409 V.

Testing on the probe after the analog portion of the first prototype failed showed the Vtemp
was actually the constant parameter set at the probe supply voltage and the Rtemp was actually the
temperature dependent thermistor that obeyed the Steinhart-Hart Equation given in Equation (1).

Tl: a+bIn(R) + cIn(R):

T is absolute temperature in Kelvin, (1)
R is thermistor resistancein Q,
a, b, and c are thermistor coefficients

The thermistor coefficients were determined by taking three independent data points and
creating a system of equations. Table 4 shows the three data points used. Using these data points, the
coefficients were calculated and a model for the Rprobe in Equation (2) was developed.

1
T=
4.561x107° —271.35x10°°In(R) +1.473x10° In*(R)

(2)

Figure 13 shows this temperature vs. resistance profile. Since the profile is non-linear, the most
efficient way of analyzing circuits with the thermistor is numerically.
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Table 4. Data points

Temperature (F) 41.9 69.0 84.4
Temperature (K) 278.65 293.71 302.26
Resistance (Q) 72,506 34,306 20,505

Thermistor Resistance Profile
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Temperature (2F)

Figure 13. Thermistor resistance profile

A common practice suggests a shunt resistor paired with the thermistor for linearization. We
had to assume that the designers of the thermistor probe did the same. The testing results proved that
the current thermistor array has a linear relation between voltage and temperature. The results are
shown in Table 5 and Figure 14.

Table 5. Testing results of linearity between voltage and temperature

Temperature Voltage
Reading (F) Measured (V)
Channel 1 84.8 4.69
Channel 2 90.6 4.74
Channel 3 86.5 4.70
Channel 4 78.3 4.62
Channel 5 72.4 4.56
Channel 6 69.3 4,53
Channel 7 68.2 4.52
Channel 8 67.7 4,52
Channel 9 67.2 4.51
Channel 10 67.2 4.51
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Linearity between Voltage and temperature
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Figure 14. Temperature v. voltage for Prototype #3

Consequently, it was concluded that the thermistor probe is internally linearized, and there was
no need to include a linearization module in the design process.

4  IMPLEMENTATION - PROTOTYPE #1

4.1 Objective

The main objective of the first prototype was to test the following components and sub-circuits:

e (CP2102 UART-USB Bridge

e REF5045IDGKT 4.5V Reference

e Probe Power Switch (AND gate implementation)

e 20 kQ Precision Voltage Divider

e Analog channel low pass filter and voltage divider.

4.2 Design Procedure and Justification

The CP2102 UART-USB bridge was chosen because we had previous experience with it in other
projects. This chip provides USB connectivity to the interface and has an added bonus in a form of its
onboard 3.3 V regulator that could be used to power the MSP430 board.

The REF5045IDGKT 4.5 V reference was chosen because it had a very tight 0.05 % tolerance and
low 3 ppm/°C temperature coefficient. It also had a low dropout voltage of less than 0.25 V provided the
load current is less than 2.5 mA. These specifications made this component ideal for our application.

14



The probe power switch was designed with an AND gate to allow the MSP430’s 3.3 V GPIO to
control the power switch. The AND gate (Part Number: SN74AHCT1G08DBVR) was chosen because it
had an appropriate gate threshold voltage. It was thought the AND gate would supply the output
current from its power terminal. We hoped this implementation would limit the amount of components
we would have to layout and solder.

The analog portion of the interface consisted of a % ratio voltage divider and low pass filter. The
voltage divider would transform the analog voltage range to 2.176 V to 1.205 V. The 20 kQ precision
voltage divider was used to create the ADC reference voltages that would allow greater precision
reading the probes analog voltage line. The reference voltages ranged from 2.25 V to 1.125 V giving the
ADC a precision of 275 uV/bit. A voltage divider was chosen to create the reference voltages over
precision voltage references because they allow greater flexibility in choosing the generated voltage and
because it created a dependence on the 4.5 V reference generator, so inaccuracies in the 4.5 V
reference would be compensated in the ADC references.

Initially, 6-pin RJ11 phone connectors were selected to make connecting the interface to the
probe and MSP430 microcontroller easier. This option was later abandoned in favor of other means of
connection.

REF5045IDGKT 4.5 V reference tested at 4.5023 or 0.051% error. This is close to the specified
tolerance. The error in the voltage divider circuit was also within specifications; expected voltage range
of the ADC positive voltage reference given the 4.5023 V reference was 2.2509 V to 2.2514 V. The
measured value was 2.2512 V, almost directly in the middle of the expected range.

The CP2102 UART-USB bridge worked as expected with no external components.

The analog portion of the circuit failed to operate correctly because the internal resistance was
taken with the RD100 connected (it was assumed the RD100’s analog end had a high and therefore
negligible impedance). A test with the RD100 disconnected was conducted. The open circuit voltage was
quite very nearly the supply voltage; the small voltage drop was probably the effect of meter loading.
This result indicated the probes analog portion followed the topology presented in Figure 12 with Vtemp
equal to the supply voltage and the Rprobe equivalent to the thermistor profile presented in Figure 13.

The AND Gate power switch did not work as intended. Upwards of 30 mA on the power control
pin was required to turn the output on. The MSP430 is not capable of supplying this current so an
alternate power switch was designed for prototype #2.

The implementation and testing of prototype #2 provided some very important results. The
prototype helped us confirm that the CP2102, REF5045, and RNCF precision resistor chips are suitable
for continued use. However, the power switch and analog front end did not function as intended.
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The surface mount capacitors and resistors were originally chosen to be 0402 SMD packages and
later modified to 0603 SMD packages. These resistors proved very small and hard to solder requiring the
time consuming use of a pick and place machine. Further prototyping should use 1206 SMD packages.
The extra expense of board space and larger parts is smaller than the expense of time required to place
and solder the smaller parts.

We also concluded that the second prototype should include more test points to ease testing
and to allow later modification of the prototype.

5 IMPLEMENTATION - PROTOTYPE #2

The objective of the second prototype was to make the improvements to prototype #1,
incorporate the MSP430 onto the interface board, and to fit the board to the Sparkfun (sparkfun.com)
project box (Sparkfun Part Number: #WIG-08601).

The first failure of prototype #1, the power switch, was redesigned using a PMOS and NPN
transistor (see Figure 15). The NPN transistor was used to transform the MSP430’s 3.3 V GPIO intoa 5V
GPIO signal. The PMOS transistor acts as the actual switch and is activated when the power control pin is
toggled high. It is expected to create a ~0.2 V voltage drop to the power voltage. This should be
negligible.

The analog portion of the interface was the second failure of prototype #1 and was redesigned
as shown in Figure 16. One opamp is used as a unity gain buffer to ensure the second opamp circuit,
acting as a level shifter, without disturbing the voltage divider. The level shifter circuit was tested with
the probe using a power supply as the reference voltage. This circuit worked well and was incorporated
into the second prototype to correct the error that arose from the inaccurate probe model used in the
prototype #1.
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The voltage divider circuit was redesigned to use resistor arrays. These components offer the
advantage of requiring fewer components while providing adequate precision.

The SMD capacitors were chosen in the 1206 package and resistors were chosen in through hole
packages to facilitate easier soldering. It is hoped the time-consuming pick-and-place machine should
only be used for placing the 4.5 V reference generator, the CP2102 UART-USB bridge, and the
MSP4305438A.

Additionally, numerous test points were incorporated in the second prototype. The test points,
octagonal shaped, are distinguished from routing vias, square shaped. The test points are silk screened
on the bottom of the board. The components names are silk screened on the top side of the board.
LED’s were incorporated into this prototype to show the status on various power signals. Three
additional LED’s were laid out to be wired at a later time if desired.

The board outline was laid out to fit the Sparkfun project box specified in the objective. The USB
port, the JTAG access point, and the probe access point were laid out to lay in the project box opening.
The board outline from prototype #1 came from the manufacture, OSH Park, cut 0.07” off on the sides
so an additional buffer of 0.1” was added to each side of the outline to ensure errors at the manufacture
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could be corrected in house. It will be required to adjust the outline with a coping saw and/or belt
sander. It is advised that a clamped rail, as used on a table saw, be utilized on the coping saw when
making these adjustments. The belt sander should be used for finishing the trimming and making more
fine adjustment of the outline size.

Contingency components were also laid out. 1.5 V and 2.5 V reference generators were laid out
in case the voltage divider circuits proved ineffective. These would have to be manually wired in should
they become required. Several MSP430 GPIO pins were also broken out in case additional control pins
were required.

As planned, the board was partially populated using a pick-and-place machine. The machine was
operated by a different student, trained to use it, but he unfortunately made a number of errors, which
resulted in additional time spent on fixing those errors.

6 IMPROVEMENTS AND IMPLEMENTATION - PROTOTYPE #3 (THE FINAL PROTOTYPE)

6.1 Simplified System Model

Figure 17 illustrates a simplified model of the RD100 connected to the thermistor array. Testing
results and calculations proved the value of the resistor inside RD100 to be around 77 KQ.

Figure 17. Simplified model of the RD100 and thermistor array system

From the Steinhart-Hart Equation’s observation, it is clear that the temperature is inversely
related to the thermistor resistance value. From examining this model, it is obvious that for high
temperatures the thermistor resistance will be close to zero, resulting in V_analog being close to Vcc.
However, V_analog will never be equal or greater than Vcc. For extremely low temperatures, the
thermistor resistance will increase, consequently increasing the voltage across the thermistor. However,
V_analog will never drop below or be equal to the offset voltage (3.4 V in this case). Consequently,
V_analog will always be contained between Vcc (5 V) and the offset voltage (3.4 V).
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In this final prototype, the system was simplified and the design was improved. Figure 18 shows
the new model.

The new MSP430-based interface design has five principal modules:

- MSP430 Microcontroller: Used for control and processing (UART communication, Channel
Select and Reset functions, ADC processing, etc.)

- USB interface: To accommodate physical connection between the board interface and a
personal computer. The MSP430 based interface board gets powered and also
communicates with a personal computer (UART Communication) through the USB interface.

- Signal adjusting: This module is composed by different components serving the purpose of
adjusting the analog signal before it reaches MSP430’s ADC. As discussed, V_analog is
always contained between Vcc and the offset voltage. For this specific design, V_analog is
contained between 4.5 V (Vcc) and 1.8 V (note the change from the original design).
Adjusting this signal by subtracting 1.5 V gives a signal ranging from 3.0V to 0.3V suitable for
the MSP430F5438A microcontroller.

- Voltage regulations: Voltage regulators provide necessary voltage for specific tasks. 4.5V is
used for both powering the thermistor array and to generate the Select Channel signal. 1.8V
is used to generate the offset voltage required for temperature measurement.

4.5 V was chosen to avoid inaccuracies that could be caused by the use of different personal
computers. Although the standard voltage expected out of a USB connection from a
personal computer is 5 V, this value can slightly change from one computer to another,
consequently affecting the accuracy of conversion. The voltage of 4.5 V was chosen
assuming that even the computer providing the lowest voltage through USB will still provide
more than 4.6 V, which would be high enough to generate 4.5 V using our low dropout
voltage regulator.
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Two constraints have dictated the choice of 1.8 V for the offset voltage:

0 Firstly, a wide range of V_analog was favored. With V_analog ranging from 1.8 V to 4.5
V, it gives a range of 2.7 V for the measurement span versus the original system ranging
from 3.4 to 5 V yielding a range of only 1.6 V.

0 Secondly, considering the V_analog adjustment, the offset voltage had to be high
enough so that when V_analog is adjusted by subtracting 1.5 V, the adjusted signal stays
within a practical range of the MSP430’s ADC (0 to 3.3V).

- Reference voltage generation: This module consists simply of a series of high-precision
voltage dividers that generate various reference voltages used throughout the design.

Notice that there is neither a module for linearization (since it is already done inside the
thermistor array), nor a separate module for calibration (since the calibration is mostly achieved through
the software).

Texas Instruments MSP430 F5438A microcontroller was used for this project. The
microcontroller is powered by 3.3 V generated by the USB interface (CP2102). One of the reasons
MSP430 was selected is because the system can be implemented using a very small number of external
components — a JTAG connector for programming, a 32768 Hz crystal for the clock, and several
necessary pins for UART (USCI_A1) and ADC12 modules. Few other pins are also wired for diverse
functions including Reset, channel select, power control, and few others for debugging purpose (clocks,
several signal test points, etc.). More details about the MSP430 F5438A microcontroller hardware
implementation of the microcontroller can be viewed in the schematic diagram in Appendix E.

The USB interface is mainly composed of a USB-B shield connector and a CP2102 USB to UART
bridge chip. The USB-B shield connector enables physical connection between the MSP430 based
interface board and a personal computer, with a USB-B connector on the board’s side and USB-A
connector on the computer side. More details about the hardware implementation of the USB interface
can be viewed in the schematic diagram in Appendix E.

The objective of the voltage regulation components is to generate constant voltage desired for
diverse purpose. Constant 4.5 V is used to power the thermistor array and to generate a timed pulse
that serves as Channel Select signal. Both the power and Channel Select signal are controlled through
analog switches by 3.3 V signals generated from MSP430 (also a part of a new design). Constant 1.8 V is
used for calibration purposes, to enable accurate measuring of the V_analog signal.

During testing, a single bilateral analog switch (SN74LVC1G66) was used, while the 1.8 V and
4.5V were generated from an external power supply. When the final board (prototype #3) is populated,
all of these voltages will be generated by the interface board.
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MIC5219 Adjustable Regulators in a SOT23-5 package were used in the PCB design to generate
both 4.5 V and 1.8 V voltages. They were selected based on their low dropout voltage, typically 10 mV
for lout less than or equal to 100 pA, and for a convenient package for soldering. They can provide up to
1.5 A of current, which is way more than enough for our design. Figure 19 shows the circuit schematic
for the MIC5219 Adjustable Regulator and the formula for output voltage configuration.

For the switches, we used the SN74LVC1G66 Single Analog/ Bilateral Switch in a SOT23 package.
Figure 20 shows the logic diagram for the switch. Although not mentioned in the data sheet a pull down
resistor is required for these switches to work in our design.

As discussed above, V_analog is contained between Vcc and the offset voltage which in this case
are 4.5 V and 1.8 V respectively. The adjusting circuitry subtracts 1.5 V from V_analog to obtain a signal
that ranges from 0.3 V to 3.0 V, which is a voltage range suitable for the MSP430 ADC’s module using a
3.0 V external reference. Figure 21 shows the implementation of the signal regulation using a difference
amplifier. (Note: In Figure 21, with R1 = R2 = R3 = R4, V_analog (adjusted) =V_analog—1.5V)
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Figure 21. Circuit schematic implementing a difference amplifier used for signal adjusting

For the PCB design, ORNTV25K/25K Vishay 5-reistor (25 kQ each) Voltage divider SO08 package
was used for more precision, while the OP2727 Dual Rail-to-Rail OPAMP chip was used for the op_amp.
It is powered by 5 V while the highest input signal is expected to be less than 4.5V; consequently it is
assured that the device will not chop off the signal.

The signal adjusting module is preceded by a voltage buffer which prevents the resistors of the
signal adjusting module to load the V_analog signal.

6.2.2.5 References Voltage generation (not shown on the simplified model)

Another important part of the current design consists of generating different reference voltages
for diverse purposes. This consists mainly of providing 1.5 V used for V_analog adjustment and the 3.0 V
reference voltage for the MSP430’s ADC module. The configuration used is shown in Figure 22.

3.0V 1.5V
4.5\
R3 R4
25 k0 25 kO
R5
25 kQ

Figure 22. Voltage divider to generate reference voltages

For the PCB design, ORNTV2.0K/10K and ORNTV25K/25K Vishay 5-resistor Voltage dividers in
S008 package were used.
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7 EMBEDDED SOFTWARE DEVELOPMENT

The objective of the software development was to create a simple program to allow the
following functions:

e  UART communications with the CP2102 UART bridge

e Sample and average the output of the interfaces analog front end on command from the
UART and at time intervals specified through the UART communications.

e Send the calibrated temperature data to the connected computer through the UART

interface.

o Allow the MSP430’s real time clock’s (RTC) date time group to be set through UART
interface.

e Control the probe with the digital signals power control (POWER_CTL) and channel select
(CH_SEL).

The embedded program running on the MSP430 interface board was written in C, using
CrossStudio 2.1 programming environment from Rowley. The program uses USB-based UART
communication between a personal computer and the interface board. The baud rate is currently set to
9600, 8-bit, 1-stop bit, no parity, but it can go as high as 1 Mpbs if needed. In the current state of the
project, the user needs to install any terminal program on the PC to enable a serial communication with
communication ports.

In order to reduce measurement error, a Sequence-Of-Channels mode is used to collect 8
consecutive samples from each of the channels; the average of those measurements is calculated and
used in calculations. The sampling time is set to 30 us. The program uses an external reference voltage
of 3.0 V. The PCB was designed with an option of changing the reference voltages by placing a jumper to
an appropriate connection. Other available reference voltages are 1.5 V and 2.0 V if the range of
temperatures to measure or the instrument calibration change in the future.

The channel select pulse width is set to 150 ms (wide enough to ensure the change between
consecutive channels), and an idle time of 200 ms before taking measurements. This delay prevents the
measurements to be affected by a possible flickers occurring during channel changing. The idle time
after each reset signal is 250 ms. If needed, these delays can be easily changed in the code.

Please refer to Appendix A for a complete code block diagram for the embedded program,
including the ISR’s.

Figure 23 shows a screenshot of the program running on a PC, with user input.
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Testing the ADC code with an analog signal generated by a DC power supply and the actual
probe subjected to different temperatures proved the external reference was correctly set.

UART communications and command parsing routines worked as expect. The string library
functions greatly simplified the code.

Since it was proven that there is a linear relation between V_analog and the temperature
measurements; the calibration consisted in solving a straight-line equation y = m x + b, with x being
the V_analog processed value, and y being the corresponding temperature.

To solve a straight-line equation, two points of the line are needed. To find the coordinates of
these points, the process consisted in generating different temperatures by either positioning an ice
packet or blowing hot air using a hair dryer to a specific thermistor and wait for short period of time (3
minutes approximately).

Subsequently, the original RD100 device was used to measure and record the temperature.
With the least delay possible, we would swap our interface board and the RD100 to measure and
compare the temperatures and voltages. After recording the measurements from two different
temperatures, the equation could be solved. Finally, to ensure the linearity of the relation, a third point
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of temperature (room temperature) was taken to confirm that it lies on the line joining the two points
previously measured. This experiment was repeated for various temperatures.

Based on measured data, the slope (m) was solved to be 56.1043 whereas the y-intercept (b)
was found to be -52.8635. These values are the only change that could be made after the PCB for
prototype #2 was already fabricated.

Because the PCB for the final design was not produced, the testing consisted of using the heavily
modified prototype #2 PCB, with additional components added using a breadboard. Although this
testing should provide results very similar to the ones that would obtained using the final board, some
refining might be required in software for the final calibration because of possible slight difference in
components values and last-minute changes. Figure 24 shows the testing of the system consisting of a
modified prototype #2 board and additional components on a breadboard.

The testing did not cover the entire range of temperatures where the product might be used.
The initial testing was done for temperature ranging from 44 F to 98 F. The testing was hindered the lack
of time and by limited possibilities of generating desired temperature, especially temperature below 40
F. As discussed in Section 8, additional testing in a cold room would be required.

However, for the testing performed the prototype worked flawlessly.

The printed circuit board was designed using EAGLE 6.4.4 software. The selection of
components was based on availability, size and practicability in soldering. All the capacitors used are
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surface mount with C1206K packaging; all the resistors used are surface mount with M1406 packaging.
Figure 25 gives a big picture of the PCB layout. More details can be found in Appendix E.

Some details such as the spacing between connections or the connection width might be
changed depending on the manufacturer selected to produce the final board.

8 FUTURE WORK

The research performed in this project allowed us to become familiar with the equipment used
for temperature monitoring on Alaska roads. While challenging in the beginning, because of the age of
the equipment used, we managed to create a solid knowledge basis for future research. These are the
main proposed topics for further research and development:

- Further testing of Prototype #3, using either a cold room at the Geophysical Institute or the
temperature-controlled chamber in Duckering building.

- Final implementation of the device, which would include populating the final board, placing
it into an enclosure practical for the filed work, and developing a more user-friendly PC
software.

- Developing a cheap wireless device that can be left on various sites throughout the state, to
allow for easier data readouts.

- Improving the interface to allow real-time or near-real-time long-distance monitoring
through a combination of cellular, WiFi, and wired connections, where infrastructure
permits.
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Appendix A — Embedded Software Block Diagram
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Figure A. 1 Embedded software block diagram
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Appendix B— Command List

1.) Send microcontroller time

2.) Set microcontroller time

3.) Send interface physical ID (Location descriptor)

4.) Setinterface physical ID

5.) Set real time clock sample rate (i.e. 6 times a day at 4 hour intervals)
6.) Send data from Time 1 to Time 2

7.) Sample and send current temperatures

8.) Resetthe probe

9.) Reset the interface

10.) Set interface dependent calibration fudge factor

29



Appendix C — Prototype #1 Eagle Drawings
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Appendix D — Prototype #2 Eagle Drawings

Figure D. 1: Prototype #2 schematic diagram
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Appendix D — Prototype #2 Eagle Drawings
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Appendix E — Prototype #3 Eagle Drawings
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Figure E. 1: Prototype #3 schematic diagram - microcontroller
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Appendix E — Prototype #3 Eagle Drawings
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Figure E. 2: Prototype #3 schematic diagram — communication, signal conditioning, and power
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Appendix E — Prototype #3 Eagle Drawings
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Figure E. 3: Prototype #3 Board Layout
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