
                    Copyright © 2014 by Stephen A. Zajac & Gregory M. Wierzba. All rights reserved..Spring 2014.



                    Copyright © 2014 by Stephen A. Zajac & Gregory M. Wierzba. All rights reserved..Spring 2014.



                    Copyright © 2014 by Stephen A. Zajac & Gregory M. Wierzba. All rights reserved..Spring 2014.



                    Copyright © 2014 by Stephen A. Zajac & Gregory M. Wierzba. All rights reserved..Spring 2014.



                    Copyright © 2014 by Stephen A. Zajac & Gregory M. Wierzba. All rights reserved..Spring 2014.



                    Copyright © 2014 by Stephen A. Zajac & Gregory M. Wierzba. All rights reserved..Spring 2014.



                    Copyright © 2014 by Stephen A. Zajac & Gregory M. Wierzba. All rights reserved..Spring 2014.



            
             Copyright © 2014 by Stephen A. Zajac & Gregory M. Wierzba. All rights reserved..Spring 2014. 1

ECE 480L: SENIOR DESIGN SCHEDULED LAB

DEPARTMENT OF ELECTRICAL AND COMPUTER ENGINEERING

MICHIGAN STATE UNIVERSITY

I. TITLE: Lab IV : Digital Color Organ - Analog-to-Digital Converters and
PWM Output

II. PURPOSE: 

A color organ is a device that takes an analog input, splits it up to
different frequency bands, and controls the brightness of individual
LEDs based on the amplitude of each frequency band. This lab will cover
the concepts needed to implement these functions digitally, and create
a basic single channel color organ. In this lab, you will use the MSP430's
10-Bit ADC to capture a sine wave, and use the amplitude to control the
duty cycle of a single MSP430 timer, which will drive an LED. This
program can be used to modulate all four of the LED banks in unison
based on the amplitude of either the microphone amplifier or the line
input summer. The final project will be to use multiple filters to create
a four channel color organ.

The concepts covered are:
1. Setting up the ADC10 analog-to-digital converter.
2. Sampling a sine wave input continuously.
3. Configuring timers for pulse width modulation output.

III. BACKGROUND MATERIAL:

See Lab Lecture Notes.
MSP430G2553 Data Sheet
MSP430 User's Guide

IV. EQUIPMENT REQUIRED:

1 Your own personal Bound Lab Notebook
1 Agilent Infiniium DSO-9064A Digital Storage Oscilloscope
4 Agilent N2873A 10:1 Miniature Passive Probes
1 Agilent 33250A or 33120A Function Generator
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V. PARTS REQUIRED:

1 MSP-EXP430G2 LaunchPad kit
1 USB cable
1 32.768 kHz crystal
5 Female-Male 6" jumper wires
1 BNC-to-Banana adapter
2 Banana-to-grabber wires

VI. LABORATORY PROCEDURE:

A) Configuring the MSP430 ADC10

1. We will start by setting up the ADC10 analog-to-digital converter to read
the value of the internal temperature sensor in the MSP430, and display
the result in Code Composer Studio. Chapter 22 of the MSP430 User’s
Guide contains all of the necessary information to fully utilize the
features of the ADC10. It would be a good idea to browse through this
chapter before continuing to the next step.

2. Start a new empty project in Code Composer Studio for the
MSP430G2553. Label the project name Lab IV - Part A, and create a new
source file called lab4_parta.c. If you have any difficulty doing this, refer
to steps VI-A-1 through VI-A-6 of Lab III.

3. Copy and paste the following block of code starting at line 8 of your
source file:

#include <msp430g2553.h>

void main(void)
{

WDTCTL = WDTPW + WDTHOLD;

while(1)
{

}
}

4. This will be our starting point from now on. Notice the 4 components
contained within this block of code: a header file, a main function, a line
to stop the watchdog timer, and an infinite while loop. Library files and
variable definitions will be placed after the header line, initialization
lines will be placed after the watchdog timer line, and the program code
will go in the while loop. Interrupt functions can also be added, which are
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functions that only run when requested in the main function. These are
normally placed at the end of the code after the main function.

5. Start by setting up the clock system. Set BCSCTL2 and BCSCTL3 such
that:

ACLK = VLO
MCLK = DCO/8
SMCLK = DCO/8

6. Next, we need to select which ADC10 channel we want to capture. This
is done using the ADC10CTL1 register. The MSP430G2553 has 8 ADC
channels total: 6 external channels, and 2 internal channels
(temperature and voltage). Refer to section 22.3.2 of the MSP430 users
guide to find the pin assignments.

7. Notice that ADC10CTL1 is a 16-bit register instead of the 8-bit registers
that we dealt with previously. This means significantly more
initialization data is stored in the same register, which can make
readability of the code difficult. Luckily there is a very easy way to write
data to these registers.

8. Looking at the table for ADC10CTL1, we have to set bits 15 and 13 of the
register to enable the temperature sensor ADC channel. This can be done
directly in HEX notation, using the BIT notation, or by using the
variables given in the User's Guide. In this example, the variable is
INCHx. The letter x is replaced with an underscore and the decimal value
of bits 15-12 that need to be set, in this case _10.

10. An example of each method for setting this register is given below:

ADC10CTL1 = 0xA000;
ADC10CTL1 = BIT15 + BIT13;
ADC10CTL1 = INCH_10;

11. Select your favorite method, and place this line of code in the
initialization section after the lines you added to configure the clock
systems.

12. We are now ready to start the analog-to-digital conversion process. This
can all be accomplished in the infinite while loop of your code using the
ADC10CTL0 register. Refer to the section on the ADC10CTL0 register
in the User's Guide.

13. First we need to configure the reference voltages for the ADC10. This is
a 10-bit analog-to-digital converter, which means that the resulting
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digital value can be between 0 and 210 - 1, which is 0 to 1023. The
reference voltages will set the minimum and maximum voltages in this
range; any voltage outside of this range will clip either high or low, and
voltages inside this range will be set to a value between 0 and 1023. By
default, the ADC10 uses the power supply voltage (Vcc) as the positive
reference, and ground (Vss) as the negative reference. The power supply
voltage can fluctuate, so it is best to use a more stable positive reference.
The ADC10 has a 1.5V reference that can be selected using the variable
SREF_1.

14. Both the reference voltage and the ADC10 must be turned on now. Since
each of these variables only has one function, we can leave out the
underscore and decimal number. Use the variable REFON to turn on the
reference voltage, and the variable ADC10ON to turn on the ADC10.

15. Finally, we need to set the sample and hold time of the ADC10 to its
maximum value. The temperature sensor voltage isn't very stable, so this
will give us a better conversion result. Use the variable ADC10SHT_3 to
set the sample and hold time to 64 cycles of the ADC10CLK. This is set
to 5 MHz by default (refer to bits 4 and 3 of the ADC10CTL1 register for
information on how to change this).

16. The four variables from parts 13-15 can be implemented in one line of
code. Copy and paste the following line of code at the start of the infinite
while loop:

ADC10CTL0 = SREF_1 + REFON + ADC10ON + ADC10SHT_3;

17. Before the analog-to-digital conversion process can be started, we need
to allow time for the reference voltage to settle. This takes about 30 uS.
Our clock is running at DCO/8, or 125 kHz, so 5 cycles would be 40 uS.
Add this line of code:

_delay_cycles(5);

18. With everything set up, we can enable the ADC10 and start the
conversion process. Copy and paste the following line of code into your
program:

ADC10CTL0 |= ENC + ADC10SC;

19. The conversion process takes 13 ADC10CLK cycles to complete. Since the
CPU is running at 125 kHz and the ADC10CLK is running at 5 MHz,
this won't be a problem in this example. One clock cycle of the CPU (8
uS) is equal to 40 clock cycles of the ADC10CLK. When we are running
the ADC10CLK at a higher frequency in the next section, this will



            
             Copyright © 2014 by Stephen A. Zajac & Gregory M. Wierzba. All rights reserved..Spring 2014. 5

require more attention. To be safe in this section, add a single delay cycle
after the last line of code.

20. We can now turn off the ADC10. This process is the reverse of the
process to turn the ADC10ON; first we need to disable the ADC10, and
only then can we turn off the reference voltage and ADC10. Add the
following lines of code next:

ADC10CTL0 &= ~ENC;
ADC10CTL0 &= ~(REFON + ADC10ON);

21. Notice the use of C programming logical operators in the last two lines;
Bitwise AND (&=), NOT (~). Using a NOT and a Bitwise AND in these
two lines will turn off only the selected variables, without affecting our
previous settings.

22. The conversion result is stored in the variable ADC10MEM. Let's transfer
this result to a temporary variable. Add the following line of code:

tempRaw = ADC10MEM;

23. Remember that any new variable needs to be declared after the header
file. We need to set this as a volatile variable. This prevents the compiler
from removing this line of code when it is not being used. Use the
following variable definition:

volatile long tempRaw;

24. This completes the analog-to-digital conversion process of the
temperature sensor input. In the next few steps, we will want to watch
the conversion result update in real time. Add enough delay cycles at the
last line of the while loop to wait 1 second. Remember that the CPU is
running at 125 kHz.

25. Double check that everything looks good, and debug your code. If you get
any errors, you will have to go back and fix them.

26. Once in the Debug perspective, double click on the variable tempRaw in
your code to select it, right click and select Add Watch Expression. Click
OK, and navigate to the Expressions tab. This will show the value of
tempRaw variable once the program execution has been stopped. Run the
code, and press the yellow pause button labeled Suspend. You should see
the value of tempRaw update at this time.

27. Now we can set up the Debug mode to update the tempRaw variable in
real time. Select the 1 second delay cycle line that you added, right click,
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and select Breakpoint (Code Composer Studio) > Breakpoint.

28. You should see a blue symbol added on the left hand side of your code.
Right click on this symbol and select Breakpoint Properties. In the
Debugger Response > Action line, change the value from Remain Halted
to Update View.

29. Run your code again, and you should now see the tempRaw variable
updating every second. Each time the variable changes, it is highlighted
yellow. Place your finger on top of the MSP430 chip and watch what
happens. Is it responding to the temperature of your finger? Remove your
finger and watch what happens.

30. Add one more line to your code to convert the tempRaw variable to a
temperature in degrees F, and remember to define this new variable:

IntDegF = ((tempRaw - 630) * 761) / 1024;

31. Comment each line in your completed code for this section, and save your
.c file. You will submit this as part of your digital lab report.

B) Capturing a Sine Wave Input with the ADC10

1. Start a new empty project titled Lab IV - Part B, and create a source file
called lab4_partb.c. Copy and paste your code from Part A into Part B.
We will now modify this code to capture a sine wave input continuously.

2. First, we need to select an available GPIO pin to use as an external
analog input. This can be accomplished by modifying the ADC10CTL1
register. Check the pin out for the MSP430G2553 in the data sheet to see
which pin each ADC10 channel is on. Remember that the Launchpad has
two LEDs and 1 push button already installed.

3. The code of Part A was set up to turn on the ADC10, enable it, take one
sample, disable the ADC, and finally turn it off. Each time a new sample
was taken, this entire process was repeated. The ADC10 has four
different conversion modes that can be used to make capturing multiple
inputs or multiple samples easier. Refer to section 22.2.6 of the User's
Guide to see how these four conversion modes work.

4. The CONSEQ variable is set in the ADC10CTL1 register. Modify your
code to select the Repeat Single Channel mode.

5. By default, all of the analog input pins on the MSP430 are turned off to
conserve power. Use the ADC10AE0 register to enable the analog input
pin that you selected in step VI-B-2. Add this line after your ADC10CTL1
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initialization line.

6. The ADC10 is now set up to sample a single input channel continuously.
This means that we can delete the following two lines of code that were
used to turn off the ADC10:

ADC10CTL0 &= ~ENC;
ADC10CTL0 &= ~(REFON + ADC10ON);

7. Another benefit of running the ADC10 in the Repeat Single Channel
mode is that the ADC10 only needs to be setup and started once. Move
the following three lines of code outside of the while loop and into the
initialization section:

ADC10CTL0 = SREF_1 + REFON + ADC10ON + ADC10SHT_3;
_delay_cycles(5);
ADC10CTL0 |= ENC + ADC10SC; 

8. Delete any delay cycle lines that are left over in the while loop, and
rename the tempRaw variable to voltageRaw. You can also delete the
temperature conversion line. At this point only one line of code should
remain in the while loop:

voltageRaw = ADC10MEM; 

9. Removing the delay cycle lines in the while loop, and moving the ADC10
initialization outside of the while loop will ensure that the analog-to-
digital conversion runs as fast as possible. We also need to make some
changes to the ADC10CTL0 register: remove the ADC10SHT_3 variable
to sample and hold for 4 ADC10CLK cycles instead of 64 ADC10CLK
cycles, and add the MSC variable. Refer to the User's Guide for an
explanation of what the MSC variable does.

10. Finally, we'll need to adjust the positive and negative voltage references
to match what the analog stage from Lab 2 outputs. Remember that this
is a 2.5 Vp-p signal with a 1.25V DC offset. By default, Vref+ is set to
1.5V. To set it to 2.5V, use the REF2_5V variable. Note that we could
have also used VCC (3.3V) as the positive reference voltage. This would
give us more range, but would not be a good reference voltage because of
voltage fluctuations due to current draw.

11. Debug your code. If you get any errors, remember to declare any new
variables, and refer to the User's Guide for errors in ADC10CTL0,
ADC10CTL1, or ADC10AE0.

12. Turn on the Function Generator, and configure it to output a 0.1 Hz, 2.5
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Vp-p Sine Wave with a 1.25 VDC offset. If you are using a different
function generator than before, refer to the Lab 2 procedure for help.
Remember to set High Z!

13. The ADC pins on the MSP430 are very sensitive to over-voltage; before
connecting the function generator to the MSP430, measure this sine
wave on the Oscilloscope to make sure that the minimum voltage is 0V
and the maximum voltage is 2.5V. Once you are satisfied that the sine
wave is within range, connect the output of the function generator to
your chosen ADC10 input pin using a BNC-Banana adaptor and two
BNC-Grabber cables. Don't forget to make the Ground connection.

14. In the CCS Debug perspective, double click on the variable voltageRaw,
right click, and select Add Watch Expression. Run your code and then
click suspend. The value for voltageRaw should be some non-zero value.
Run and suspend your code again, and the value of voltageRaw should
change.

15. Add a breakpoint at the voltageRaw line of you code, and set it to Update
View, as in part A. The value of voltageRaw will now update as fast as
Code Composer Studio will allow when you click run: about 4 times per
second. Based on the settings of the function generator, the value should
be sweeping between two values every 10 seconds.

16. What are the minimum and maximum values that you see? Does this
make sense given how you set up the ADC10 reference voltages and the
function generator? 

17. Change the function type from Sine Wave to Square Wave and watch
what happens. Does this make since? Set the Vp-p to zero, but leave the
DC offset. What value do you see for voltageRaw?

18. Go back to the CCS Debug perspective and add one more line of code to
your program to convert voltageRaw to a calibrated voltage reading. Use
the information you gathered in the previous two steps as a guide.

20. Comment each line in you completed code for this section, and save you
.c file. Add this to the folder of files that you will submit for your
digital lab report.

C) Pulse Width Modulation Using the MSP430 Timer A

1. Start a new empty project titled Lab IV - Part C, and create a source file
called lab4_partc.c. Start with the generic block of code given in section
VI-A-3. We will configure the Timer A for Pulse Width Modulation first,
and once this is working, add the code from Part B to use the analog
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input to control the duty cycle of the Timer A output.

2. First, set the DCO to run at 16 MHz. We will use the SMCLK sourced
from the DCO to run Timer A. This will determine our PWM frequency,
so we want it to be the highest frequency that the MSP430 is capable of.

3. The MSP430G2553 has two timers; Timer A0 and Timer A1, and each of
these timers is capable of 2 or 3 PWM outputs. Refer to the device pinout
in the datasheet to see where these outputs are located (TA0.1, TA1.2,
etc.). To make things easier, we can set the timer output to one of the
pins on the Launchpad that is connected to an LED. Pin P1.0 does not
have a timer output, but P1.6 is capable of outputting TA0.1. Refer to
table 19 of the datasheet to find out which registers you have to modify
to make P1.6 output TA0.1, and add this to your code.

4. We can now start to configure the Timer A output. Refer to chapter 12 of
the User's Guide. Table 12-1 lists the four modes of operation of Timer
A. To implement PWM we need to create a triangle wave, which can be
done using the Up/Down mode. In this mode, the timer will start at 0,
count up to the value in CCR0 (Capture/Compare Register 0), count back
down to zero, and repeat. Both the frequency of Timer A and the value
in CCR0 determine the frequency of the triangle wave.

5. Find the section in the User's Guide that explains the Timer A Control
Register. Notice that the name of this register is TACTL. Since the
MSP430G2553 has two timers, we need to specify which one we want to
use; TA0 or TA1. If we wanted to use TA0, the register that needs to be
set is TA0CTL. Refer to Table 14 of the datasheet to see the naming of all
the TA0 registers, and make sure you are using the correct registers
throughout the rest of the initialization.

6. Set up TA0CTL to use the SMCLK for a clock source, and select the
Up/Down mode to create a triangle wave.

7. In Up/Down mode, the timer will count up to a specified value, count
down to zero, and repeat. We can set this specified value in the TA0CCR0
register. Set this to 1023 (decimal), since that is the maximum value that
the ADC10 can return. Calculate the resulting frequency of your triangle
wave given the frequency of the SMLCK and the value in TA0CCR0. Can
you think of a way to raise this frequency if you needed to? What effect
would this have on the PWM output signal?

8. With a value for CCR0 set, we can now use a value in CCR1 to control
the PWM output. Each Capture/Compare Resister has a corresponding
output; for example, the Timer A0 output using CCR1 is called TA0.1.
The available output modes when in Up/Down mode are given in Section
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12.2.5.4 of the User's Guide. Both output mode's 2 and 6 will create a
PWM output, but one will be inverted. Select the one that will create
maximum brightness in the LED when the value in CCR1 is the highest.
The output mode is set in the TA0CCTL register.

9. Set the value of TA0CCR1 to 767 (decimal). Calculate what duty cycle
this should create.

10. Debug your code and take note of the brightness of the LED. Use the
Oscilloscope to measure the output at P1.6. Also measure the frequency
and duty cycle of the PWM signal using the Measurement Toolbar. Is
this close to what you calculated in steps 7 and 9?

11. Play around with the value in TA0CCR1 while observing the brightness
of the LED and the duty cycle on the scope until you understand how this
works.

12. Set the duty cycle to 24%, and make a hard copy of the screen (select
invert waveform colors) including all measurements.

Mark this section letter and number on the plot. Give the plot an
appropriate title. Attach as indicated in the Lab Report.

13. We can now add our code from Part B to use the ADC input to control the
duty cycle of the PWM output. Copy and paste the 5 lines that you used
to start the ADC10 conversion process into the initialization section of
your Part C code.

14. Now, instead of setting the value of TA0CCR1 manually, we can use the
value in the ADC10MEM register to automatically set the duty cycle.
Add the following line of code to your infinite while loop:

TA0CCR1 = ADC10MEM;

15. Debug this new code. Setup the Function Generator to output a 1 Hz, 2.6
Vp-p Sine Wave with a 1.25 VDC offset, and connect this to your analog
input pin. Observe what happens to the brightness of the LED and the
PWM signal on the scope when you change the frequency of the input,
and also what happens when you switch between a sine wave and a
square wave.

16.  Set the input signal to a 1 Hz sine wave, and set the horizontal scale on
the scope to 200 ms/div. Make a hard copy of the screen (select invert
waveform colors) including all measurements.

Mark this section letter and number on the plot. Give the plot an
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appropriate title. Attach as indicated in the Lab Report.

17. This code is now changing the brightness of the LED based on the
instantaneous value of the analog input voltage. For our color organ
application, we want the brightness of the LED to be controlled by the
amplitude of the input signal, regardless of the input frequency. Modify
your code such that the LED is at full brightness (100 % duty cycle) when
the analog input is 2.5 Vp-p, and completely off (0% duty cycle) when the
analog input is 0 Vp-p. The brightness variation of the LED should be
linear in between these two voltage extremes. Hint: It might be a good
idea to remove the DC offset of the input signal in your code.

18. When you are satisfied with the performance of your color organ, connect
it to your circuit from Labs 1 and 2. Don't remove the MSP430 chip from
the launch pad just yet; we'll do this in the next lab once the color organ
is finished. Use the Female-Male jumper wires to connect 3.3V and GND
to the Launchpad, connect the input from the analog stage, and connect
the PWM output to one of the LED banks. For now, use some hookup
wire to connect all of the bases of the 4 transistors in the LED banks
together. This will make all four LED banks flash in unison.

19. Take a color photo of your LaunchPad connected to your solderless board,
and driving the four LED banks. The resolution must be good enough to
see your board number. Email the photo to wierzba@msu.edu. State your
name in the email, the title of the lab experiment and which section of
ECE 480 you are enrolled in. This is due on or before the due date of this
Lab Report.

20. Remember to comment your code to explain the purpose of each line.
This will be the last .c file that is included in your digital lab report.

D) Clean Up

Do not remove the scope probes from the scope. Turn off all equipment.
Put all of your things back into your Storage Box and take it home with
you.

Assemble your lab report, staple it and hand it in as described in the
ECE 480 Lab Syllabus. Please read and sign the Code of Ethics
Declaration on the cover.

Assemble a digital lab report. This report is a collection of files. Rename
your files with your last name, lab number, and title. Format the file
exactly as follows: lastname_lab4_parta.c, where lastname is replaced
with your own last name. You should have three .c files from sections
VI-A, VI-B and VI-C. Place these files in a folder named lastname_lab4.
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Again, replace lastname with your own last name. Not following this
format will result in a lowering of your lab report grade.

Zip this folder by right clicking on it and selecting 7-Zip > Add to
lastname_lab4.zip. Email the resulting file to zajacste@msu.edu.  Make
sure to include the exact terms ECE 480 and Lab 4 in the subject,
otherwise the email might get lost. Add this declaration of ethics to the
email message: All of the attached work was performed by me. I did not
obtain any information or data from any other student. I will not post any of
my work on the World Wide Web.

This is due as indicated in the ECE 480 Lab Syllabus.

VII. ASSIGNMENT FOR NEXT LAB PERIOD

1. Continue to work on your Digital Color Organ Final Report.

2. Listen to the next recorded lab lecture and read the Lab Procedure
portion of that experiment.
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Lab Report

Lab IV : Digital Color Organ - Analog-to-Digital Converters and PWM Output

Name: . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Date: . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Code of Ethics Declaration

All of the attached work was performed by me. I did not obtain any information
or data from any other student. I will not post any of my work on the World
Wide Web.

Signature . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
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VI-C-12

Mark VI-C-12 on the top right side of your plot and attach as the next
page. Give the plot an appropriate title.

VI-C-16

Mark VI-C-16 on the top right side of your plot and attach after VI-C-12.
Give the plot an appropriate title.


