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Preface

Experimental physics is the art of testing our physical models to see if they really work.
Thousands of measuring devices have been designed and built to make the detailed mea-
surements needed to perform this testing. We would like to interface these measuring
devices to computers so data collection is all digital. Then the data can be analyzed, and
displayed on our computers. To do this we need to understand computer interfacing.
Computer interfacing is a bit of engineering. We need to either design and build, or
purchase instruments, and then get data from those instruments into a computer. But
even though it is an engineering task, it is a necessary skill for experimental physicists.
It is this skill that we wish to take on in this laboratory class. Of course we can’t learn
all that there is to know on computer interfacing in one semester. But we can make a
good start.

We will use the open source Arduino microcontroler board as our computer interface
and we will use Python and the Arduino C++ languages to write controlling software.
Students should leave this class with confidence that they can build a simple computer
interface that will read in sensor data and save it on a computer.

Students in this class will also spend time investigating physical models from introduc-
tory electricity and magnetism theory.

Instrumentation is sometimes difficult, sometimes frustrating, but also a lot of fun. I
hope you will find these lab experiences both informative and entertaining.

I would like to acknowledge Tyler Miller who has spent countless hours testing the codes
and writing the Mac versions and helping to improve the text.

BYU-I R. Todd Lines.
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Introduction

As a PH250 student, you are probably taking PH220 concurrently with PH250. This
lab course is designed to spend time learning electronics and computer skills while your
PH220 professor teaches electromagnetic field theory. Once you have a little bit of
electric field theory under your belt from PH220, then our experiments designed to test
out models of electric charge and electromagnetic fields begin in earnest. While we
are waiting we will spend some time learning about how to control experiments with a
computer, and how to import data from an experiment to a computer.

You should read the material for each lab before the lab begins. There will sometimes
be practice problems to do to make sure you will be effective in lab. By preparing before
lab you will have the full 2 hours and 45 minutes to make sure you can finish the lab
work. Some labs may go fast, but most take the entire lab period. I also suggest you
practice your computer and electronics skills a little. Build some blinky lights for your
apartment, or measure how loud your roommates are, or something. The Arduino can
be the data collection and control part of thousands fun projects.

This class is sometimes frustrating. We only meet once a week and it is hard to develop
skills with a one-in-seven-day refresh rate. But it is also a lot of fun. You will be
introduced to computer instrumentation and will be able to perform an experiment that
you and your lab group design. The student designed experiments are only limited by
your imagination and our ability to find equipment. If you have concerns during the
semester, don’t hesitate to find your instructor or TA and ask.
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2 Introduction to the Arduino
and Computer Control

In PH250 we have a goal of getting our computers to talk to our physics experiments
(see the course syllabus). This comes in two forms. One is to have the computer control
the experiment. For example, we could have the computer turn on our apparatus, or turn
it off. The second form is having the experimental device provide data to the computer
that we can later analyze. In both cases, we need a piece of electronics that goes between
the experimental measuring devices and the computer. These electronic pieces are often
called Data Acquisition (DAQ) boards. There are many different forms of DAQ’s. They
can cost anywhere from a few dollars to many thousands of dollars.

We will use a DAQ developed for learning. It is low cost because it’s developers placed
the plans for it in the open-source world so that no one would get royalties (including
themselves) for the design. Thus board manufacturer’s pay less, so we pay less. It is low
cost, but not low quality. They named their DAQ “Arduino.”

The Arduino is fragile, like all DAQ’s. We will need to be careful with our Arduino’s.
They will be destroyed by putting too large a voltage (something we will discuss as we
go) or electrical current (also something you will study in PH220) into the input pins.
They also can be destroyed by being dropped or squashed, so some caution is warranted.

Let’s start our study of computer control by controlling something simple with our Ar-
duino DAQ. Earlier we though about turning an apparatus on or off. We can practice
doing this with any device. While it might be exciting to try this with a nuclear reac-
tor, it will be easier (and safer!) to start off simple. Let’s turn on and off Light Emitting
Diode (LED) lights.

First Computer Control: LED blink (Step-by-step)

Your instructor will provide you with a light emitting diode (LED) light, a resistor, some
wires, and a prototyping board. This last item helps hold the other things in place so we
can make electricity go through them. Here is what we will build for our light blinking
experience:
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To Computer

You are probably familiar with words like “voltage” and “current” even though you have
not yet studied these in PH220. You have been plugging in things for many years now.
And so you know that “voltage” has something to do with electrical energy. That is
enough for now. Our voltage source is just a source of energy to make our circuits work.

A resistor is kind of what it sounds like. It tries to stop or slow down the electricity in the
circuit. The LED is just a circuit element that lights up when electricity goes through it.
You see them on computers and cell phones as indicators that something has happened.

Let’s assemble our system one step at a time.

Prototyping boards

Let’s start with your prototyping board.

You might notice that the LED and the resistor in the diagram seems to be stuck in some
strange board full of holes. This is our prototyping board. You should have one in your
Arduino kit. Your instuctor will have several that you can borrow if you need another
one.

We will connect a lot of electrical wires together. We have devices to make this job
easier. Our porototyping board is one of these. They are officially called prototyping
boards, but you might hear them called proto-boards, or even “breadboards.” They are
designed to allow you to put an electronic element on the board and then connect other
things to that element. The boards look like this.
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Notice that in the center of the board there are sets of five holes. Under the board surface,
these holes are connected together as shown by the red lines in the next figure.
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All 32 holes in the row connected as a unit
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All 32 holes inthe row connected as a unit

Any wire that goes in one of the connected holes is therefore connected to any other wire
that goes in the set of five connected holes. So you can connect up to four other wires to
the first wire. In the next figure, you can see an example of a resistor that is placed on

the proto-board and is connected to two yellow wires. _
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Notice that each end of the resistor is connected to a wire by placing the end of the
resistor in one of a set of five connected holes and by placing a wire in another of the set
of five connected holes. This would be a silly circuit to build. There is no connection to
a source of electrical energy. But this gives the idea of how the prototyping board works.

There are also two long rows of holes on the side of the proto-board. These are usually
all connected along the whole row.
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Usually used
for positive
and negative
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Not all proto-boards are alike when it comes to these long rows. But most are connected
along the whole row. These long rows are often used as a convenient way to make input
power available all along the whole board. Of course, once you know how the board
is wired underneath, you can use the connections any way that is consistant with that
design. We could skip using proto-boards and just connect everything with wires and
alligator clips. But proto-boards often make holding everything in place much easier.
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In today’s lab experience, let’s start by using the long rows as a place for electrical
energy to be used. We have long rows on the top and bottom of the proto-board. For our
first experience, we will use just 0V and +5 V. Let’s make these voltages available on
both the top and the bottom of the board by wiring the two sets of rows together.
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Looking at our wiring diagram for the inside of the proto-board we can see that how the
top row and the second from the bottom row have been connected with a wire (it is red
if you are reading this in color) and the second from the top and the bottom row are also
wired together (the wire is blue if you are seeing this in color). And we know that these
entire rows are wired underneath.

Some proto-boards even have red and blue lines to indicate that these rows can be used
for electrical power. Some of ours do.

Next let’s add our LED light and our resistor.
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Notice that the LED spans the gap between the top and the bottom of the board.

In the next figure I have included our red connection lines so we can keep in mind which
parts of the proto-board are connected underneath.
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We placed one LED light wire in one column. On the other side of the board we place
the other wire. The wires that come out of an electronic device are often called “leads”
and [ will use this term. So one LED lead goes in a group of five holes on one side of the
board and the other lead goes into a group of five hole on the other side of the board. If
you look closely, you will see that one side of your LED is [‘at. The lead on the [at side
should be toward the bottom (toward our 0 V connection that we will make). LED lights
only work one direction. So when using LED’s, if they don’t work, turn them around.

Notice that the way we have done this one LED lead and one resistor lead are connected
in one group of five holes. The resistor is connected to the very bottom row. The top of
the LED is not connected to anything yet. It is in a set of five holes that are connected
together, but we need another wire to connect the top of the LED to the +5 V. Let’s
choose the top of our power rows to be 45V and add the wire to connect the LED.

LEEL L
'LELL]
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Now we can wire our light to our Arduino. This will take two wires. One should be
wired to pin13. The pin numbers are given on the side of the wiring areas.

Pin 13 Ground

This pin 13 is a digital output. That means it will either have 5V or it will have 0 V.
The 5V will be our “on” value that could turn on an instrument. In our case it will
turn on our LED light. The 0V is the “off” value. When pin 13 has a value of 0V our
light will go off. We know that voltage is related to electrical energy. We will study
voltage more next week. But for now we need to know that voltage is a comparison. So
we need to know “5 'V compared to what?” We compare to the voltage of the ground.
This is literal. Most buildings have a large copper rod pounded into the ground. All of
the plugs in the building have one of their three wires connected to this rod. Thus they
are all “grounded.” This is our reference. Our computer is connected to a plug so it is
grounded. Our Arduino is connected to the computer so it is grounded. And one of our
pins is a connection to the ground. It is marked “GND.” This will be our 0 V. So we need
to connect pin 13 and the GND pin to our +5V and our 0 V rows on our proto-board.
The next figure shows one way to do this.

To Computer

We now have hour “hardware” built for blinking a light. But we need to give instructions
to our Arduino that tells it what to do with pin 13 and pin GND so our light will blink.
Our Arduino has a small computer on board, and we need a computer program to be
uploaded to the Arduino for this small computer to run. We will write and upload that
program next.
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LED light blink Sketch

You wrote computer programs in Python in PH150. Our Arduino programs are similar.
They have loops and mathematical statements. There are some differences as well.
Our Arduino programs have special code “objects” for controlling our Arduino. Most
Arduino programs are very short. We just need instructions to tell the Arduino what to
turn on, turn off, or what data to collect. For today’s lab, we just need to address the
digital output pins.

Let me introduce the commands we will use. Each digital output has a number. The
code defines a variable of type integer (int) and sets it equal to the pin number. That pin
can be HIGH or LOW with HIGH = +5V and LOW = 0 V. Each digital pin needs to
be set up for output or input. This is done with a pinMode statement:

pinMode(ledPin, OUTPUT)
The variable ledPin is the pin number (for us 13). And the key word “OUTPUT” sets up
our pin 13 to turn things on or off.

To set the pin to HIGH use a digital Write command

digital Write(ledPin,HIGH);
and finally, to let the light be on for a while, use a delay command where the delay time
is given in milliseconds (ms)
delay(100);

These would not be normal Python commands. They are part of a specific code library
for use in making things with Arduino’s.

We have a special development environment for programing our Arduino as well. It
looks like this.
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Upload to Arduino

@ blinkLED_Lines_2017-01-20 | Arduino 1... — (] X
- Edit Sketch Tools Help
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blinkLED_Lines_2017-01-20
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Compile oS et e bl
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We will need to install this development environment. To do so we go to https://www.arduino.cc/en/Guide/HomePage
and choose to instal the Arduino IDE for your computer. IDE stands for “integrated de-
velopment environment.” This is the environment that you see in the last figure. It has
two unusual buttons on its toolbar. One is the “compile” button. When you used Python
in PH150, you could run your code by pushing on a green arrow button in most devel-
opment environments. If you used Jupyter scripts, they also had a function to run your
code. But our Arduino is not big enough to be able to run code this way. We need to con-
vert our human-understandable code that looks mostly like Python into a digital format
that the Arduino can understand. The compile button does this. As the code is con-
verted, the Arduino software looks for errors in the code. If there are errors, it will tell
you at this point. This is different than Python which only told you about errors as the
code ran. But remember we don’t want to run our program on our computer. We want it
to run on our Arduino. So this check is good before we send the translated code to the
Arduino.

We also need a way to send our code to our Arduino and that is what the upload to
Arduino button does. Once the code is compiled without errors, connect the USB cable
to the Arduino and push the upload button.

There are also some syntax differences between the Arduino computer language and
Python. If you have taken CS124 or know the “C” language, you will recognize some
of these changes.

e Everything in a function needs to be in curly braces { }
e Indenting is a good idea, but not required
e comments can be started with two slashes //

e cvery line needs a semicolon at the end;
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Arduino LED light blink sketch (program)

We are ready to write code to blink our LED light. Here is an example code. We write

this code right in the Arduino development environment main window.

L1177 7777777777777 7777777777777 7777777777777777777777777777777777777777
//Arduino Sketch to blink one LED light

// Written by Brother Lines (place your name here in your code)

// Feb 6, 2017

//
// Define our Arduino Variables
// We will call pin 13 "ledPin"

[17077777777 777777777777 7777777777777777777777777777777777777777777777777777
int ledPin=13;

[IT177 7777777077777 770777707777 7777777777777777777777777777777777777777777777
// Arduino setup function comes next
// Every Arduino sketch needs a setup function
// We will set up our ledPin (pin 13) as an output pin
void setup() {

// put your setup code here, to run once to set up:

pinMode (ledPin, OUTPUT) ;

}

LI 7777777777777 7777700000777 7777777777777

// Arduino loop function

// Every Arduino sketch has a loop function

// This is where we put what we want the Arduino to do
// The Arduino will do whatever is in the loop function
// until the Arduino is unplugged.

void loop () {
// put your main code here, to run repeatedly:
// turn on the LED
digitalWrite (ledPin,HIGH) ;

// leave in on for 100ms
delay (100);

// turn off the LED
digitalWrite (ledPin, LOW) ;

// leave in off for 100ms

delay (100);

}
L1107 0777777770777 7777777777777 777777777 77777777777777777777777777777
L1107 0777777770777 7777777777777 777777777 777777777777777777777777777777
Notice that we used a lot of comments. There are only ten lines that are actually required
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to make the sketch run.

int ledPin=13;
void setup () {
pinMode (ledPin, OUTPUT) ;
}
void loop () {
digitalWrite (1ledPin, HIGH) ;
delay (100);
digitalWrite (ledPin, LOW) ;
delay (100);
}

The comments are not required for the sketch to work, but they help us remember what
we did later. In our class, comments are required for full credit. So don’t leave out
the comments. In fact, you can add any comments that might help you remember why
the code works.

Also notice that Arduino programs are called “sketches.” Most of the commands are
special Arduino commands. And luckily, they make sense when we read them. Try
it out. Type in this sketch including the comments and compile and upload it to your
Arduino. If all goes well, the LED light will begin to blink. If all did go well, go on to
the next section. If it did not, call over an instructor.

Save your sketch and maybe take a photo of your hardware set up. Place both in your
lab notebook along with notes on how you got it to work. We will build on this sketch,
so spend some time documenting what you did in your lab notebook so you can refer to
it later.

Second Computer Control: Two LED blink

Now let’s see if we can apply what we have learned. Let’s change our hardware so that
it has two LED lights. Most of the hardware setup will be the same. But We will wire
them to two Arduino pins, say 12 and 13 (along with GND of course) and have them
blink, but blink independently.

We will have to abandon our nice +5 V top row as our connection to pin 13 because we
need two pins, 12 and 13. The two pins must work independently. In fact, let’s have one
LED on when the other is off.

This is why we can’t wire both LED lights to the top row and wire the top row to pin 13
as we did last time. That would make both lights blink at once, but would not let one
be off and the other on. Instead, let’s wire the top lead of one LED directly to pin 13 of
our Arduino, and let’s wire the top lead of the other LED to pin 12. The two resistors
can share a connection to the GND pin, so let’s keep using the 0 V bottom row of the
proto-board. Your hardware should look something like this.
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We will need to modify our sketch (save the old one first so you have a separate copy for
reference). Here is a suggestion of what the new sketch might look like.

[1T177 7777770707777 777777707777 7777777777777777777777777777777777777777777777
//Arduino Sketch to blink one LED light

// Written by Brother Lines

// Feb 6, 2017

//

// Define our Arduino Variables

// We will call pin 13 "ledPinl"
// We will call pin 12 "ledPin2"

L1177 7777777777777777777777777777777777777777777777777777777777777777777777
int ledPinl=13;
int ledPin2=12;

[17177 777777707777 7777777777777 7777777777777777777777777777777777777777777777
void setup() {

// put your setup code here, to run once:

// set both pins to OUTPUT

pinMode (ledPinl, OUTPUT) ;

pinMode (ledPin2, OUTPUT) ;

}

L1777 7777777777777777777777777777777777777777777777777777777777777777777777
void loop () {

// put your main code here, to run repeatedly:

// turn on one LED and turn off the other

digitalWrite (ledPinl, HIGH) ;

digitalWrite (ledPin2, LOW) ;

// wait

delay (100);

// now switch so the first LED is off and the second is on
digitalWrite (ledPinl, LOW) ;

digitalWrite (ledPin2,HIGH) ;

// wait

delay (100);
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}
LI 777777777 77777777777 777777777 7777777777777777777777777777777
LI 777777777 77777777777 777777777 7777777777777777777777777777777
Again save your sketch and maybe take a photo of your hardware set up. Place both in
your lab notebook along with notes on how you got it to work. Make sure others at your
table are able to get their setup to work.

Third Computer Control: Two LED blink using math

Let’s leave our hardware alone in the two LED setup from the last section. And let’s
make the LED’s blink the same way. But this time, let’s calculate when they should be on
or off. Why would we do this? Because sometimes in computer control of experiments
we need to turn something on or off based on a calculation. You may have your computer
watching to make sure the experiment doesn’t get too hot or cold. The Arduino can bring
in temperature information, but you would have to write the code to tell it to turn off the
heater when your experiments gets to hot and to turn it on when it gets too cold. This
could be done with a mathematical comparison. We will use such a comparison in the
next sketch.
Suppose we want to know if a number is even or odd. Even numbers are evenly divisible
by 2. We could divide a number by 2 and see if the remainder is zero. Our Arduino
language has a good set of mathematical functions. The remainder function is a “%”
sign. For example
3%2 = 1
6%2 = 0

Let’s have one light turn on if a number is even, then switch to the other light if the
number is odd.
In our code we will introduce a variable, ¢, that we will increment (add one to) every
time the loop runs. So the first time the Arduino loop runs it will be zero (even) and the
next time 1 (odd) and the next time 2 (even) and the next time 3 (odd) and so on. If you
studied Python you would call such a variable an “integer” and might even know to call
it a “loop counter.”
In our Arduino sketch we will test to see if ¢ is even in an if-statement. If-statements go
like this

if (test condition ) {

do something;
}
else {
do something else;

}
Notice that the parts of the if-statement need curly braces. Our condition to test is
i % 2 ==
Note that there are two equals signs. That makes it a test for equality rather than an
assignment. So we will have an if-statement like this
if (1 % 2 == ) Ao

digitalWrite (ledPinl, HIGH) ;

digitalWrite (1ledPin2, LOW) ;
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delay (1000) ;

}

else {

digitalWrite (ledPinl, LOW) ;
digitalWrite (ledPin2,HIGH) ;
delay (1000) ;

}

One last addition, our Arduino language has a shortcut for the statement
i=i+1

It is simply

i++

We will use this to make ¢ increase by one each time the loop runs. The whole code
might look like this.

[IT177 7777777077077 7777077777777 7777777777777777777777777777777777777777777777
// code to blink two LED’s using a mathematical expression to

// determine when they should light. Note that the Arduino code

// 1s closer to C++ than python.

[I7177 7777777077077 7777777777777 7777777777777777777777777777777777777777777777
int ledPinl=13;

int ledPin2=12;

int 1=0;

L1177 7777777777777 7777/77777777777777777/777777777777777777777777777777777777
void setup () {

// put your setup code here, to run once:
pinMode (ledPinl, OUTPUT) ;

pinMode (ledPin2, OUTPUT) ;

}

[IT177 7777777077077 7777777777777 7777777777777777777777777777777777777777777777
void loop() {
// put your main code here, to run repeatedly:
//1f the integer, i, is even light one light, if odd light
//the other light
if (1 % 2 ==0) {
digitalWrite (ledPinl, HIGH) ;
digitalWrite (ledPin2, LOW) ;
delay (1000);
}
else {
digitalWrite (ledPinl, LOW) ;
digitalWrite (ledPin2,HIGH) ;
delay (1000);
}

i++;



18

Chapter 2 Introduction to the Arduino and Computer Control

}
LI 777777777 77777777777 777777777 7777777777777777777777777777777
LI 777777777 77777777777 777777777 7777777777777777777777777777777
Again save your sketch. You should probably say in your lab notebook that you used
the previous hardware setup. You might want to describe in your lab notebook how the
mathematical algorithm works.

Fourth Computer Control: Two LED blink in the Fibonacci sequence

Suppose instead of LED lights we had large radio transmitters. And suppose we were
part of the Search for Extra-Terrestrial Intelligence (SETI). We wish to send a message to
any intelligent life that they would understand. Intelligent life probably would be able to
do mathematics and would understand how mathematics occurs in nature. One sequence
of numbers that occurs over and over again in nature was discovered by Fibonacci. Let’s
blink our LED lights (representing those powerful radio transmitters) in the Fibonacci
sequence.
We need to know now to calculate the Fibonacci sequence. One method is to know that
the sequence goes like this
0,1,1,2,3,5,8...

and that we can find the next number in the sequence by choosing f; = 0 first, then
f2 = 1 then using the formula

fle=1) + f(z-2)
Let’s see that this works. For the first of the sequence, we just write the 0. For the second
we just write the 1. Then for the third

fs = Lot h
= 140
= 1
So far so good. Let’s try the next in the sequence
fa = fa+tfo
= 1+1
= 2
Again it worked. For the next one
fs = fat /s
= 241
3

and though we won’t prove it, it works for every member of the sequence. See if you

can figure out how to write this code. An example is given below, but see if you can

figure out what the code should be.

This example is a much more complex version of a mathematical based computer con-

trol.

L1177 0777777777077 777777777 7777777777777 777777777777777777777
// code to blink two LED’s using a mathematical expression to

// determine when they should light. Note that the Arduino code

// 1is closer to C++ than python.
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[I7177 7777777777777 7777777777777 77777777777777777777777777777777777777777777
int ledPinl=13;

int ledPin2=12;

int i=0; //loop counter

4
int fib count=0; // number of blinks based on Fibonacci
int i max=10; // maximum Fibonacci number before

// starting over

[17170 7770777777777 777777777777777777777777777777777777777777777777777777777
void setup () {

// put your setup code here, to run once:

pinMode (ledPinl, OUTPUT) ;

pinMode (ledPin2, OUTPUT) ;

}

int fib (int x) {
// calculates the Fibonacci sequence using recursion

if (x==0)
return 0;
if (x==1)

return 1;
return fib(x-1) + fib(x-2);
}

L1770 7777777777777 777777777777777777777777777777777777777777777777777777777
void loop () {
// put your main code here, to run repeatedly:
// blink the LED’s with the number of blinks being
// the Fibonacci sequence.
fib count=fib(i);
if (1 % 2 ==0) {
// turn off one light
digitalWrite (ledPin2, LOW) ;
// now blink the second light fib count times
for (int n=0; n<fib count; n++) {
digitalWrite (ledPinl, HIGH) ;
delay (100) ;
digitalWrite (ledPinl, LOW) ;
delay (100) ;
}
}
else {
// turn off the other light
digitalWrite (ledPinl, LOW) ;
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// now blink the first light fib count times
for (int n=0; n<fib_count ; n++) {
digitalWrite (ledPin2,HIGH) ;
delay (100);
digitalWrite (ledPin2, LOW) ;
delay (100);
}
}

// increment i

i++;

// limit our blinks to the first i max Fibonacci numbers

if (i>i max) 1i=0;

}

}

L1100 7777777707777 7777777777777 777777777777 77777777777777777777
L1177 0777777777777 7777 777777777 77777777777777777777777777777777
Again save your sketch. You should probably say in your lab notebook that you used

the previous hardware setup. You really should describe in your lab notebook how the

mathematical algorithm works.
For next week, you should read the lab before coming to class. So your assignment is to

read Lab 2.



3 Introduction to Electrical
Measuring Devices (Not Step-
by-step)

Last week we tackled very simple computer control, but we said we also want to transfer
data from our experiment to our computer. In order to understand how to do that, we
need to know what things we can measure with electronic devices. We will take on
this question today, but we will get practice making these measurements with special
equipment designed just for making these measurements. These devices won’t send the
data they measure to our computers, but they will display it so we can see the data.
Once we know how to make some basic measurements with these stand-alone instru-
ments, then we can consider how we would make a new instrument to measure some-
thing else. We will build a current measuring device, an ammeter out of electrical com-
ponents and a voltmeter. This will be something we do over and over again. We will
build a new instrument using instruments we already know and some electrical equip-
ment.

This lab consists of a large pre-reading section that will give you background informa-
tion, and then at the end an assignment where I will ask you to practice making these
measurements with our equipment. Notice this is different than last week’s lab read-
ing. Last week the reading went step by step through the assignment. This week the
assignment is at the end and you will have to think through how to do the problems as a

group.
What we measure: Voltage (and Current)

The two easiest electrical measurements to make are voltage and current measurements.
So physicists try to turn all other types of measurements into voltage or current mea-
surements. You may want to measure relative humidity. But to record relative humidity
on our computer we need to convert relative humidity into a voltage or current! We will
do experiments that do this type of conversion, but first, let’s learn about voltage and
current so we can see how electronic systems measure them.

Voltage is really “electrical potential difference,” which is the difference between elec-
trical potential energy per unit charge at two different circuit locations. Last lab we said
voltage was a comparison, and this is the comparison. We compare the potential energy
at two different circuit locations, only we divide the potential energy by the charge of an
electron.

To get a feel for how this works, think of a change in gravitational potential energy,
AU,. If we wanted to measure the difference in potential energy between the top of a
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hill and the bottom of a hill, we would need to place some sort of device both at the top
and at the bottom of the hill.

High Gravitational
Potential Energy

Low Gravitational
Potential Energy ) \ '

We have to do the same thing in our electrical case. We need two “probes,” one placed
at the high potential and one placed at the low potential. For example, we could have
the circuit that you see in the next figure.

High Electrical
Potential Energy

Voltmeter

Battery —_;F Resistor

Low Electrical
Potential Energy

The positive end of the battery is like the top of the hill. It provides a high electrical
potential energy. So we put one probe at the top of the “hill” or the plus side of the bat-
tery, and the other on the bottom of the “hill” or minus side of the battery. The negative
side of the battery provides a low electrical potential energy. With this we measure how
high our potential “hill” is. The difference between these two measurements is called
voltage. You should ask yourself “what would happen if you got the probes backward?”

In the next figure you can see how to actually perform this voltage measurement with
one of our meters.
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Power
Supply

MULTIMETER

We say we measure voltage “across” a circuit element. This makes some sense if you
consider that we very seldom stand batteries up so their electric potential is greater in
the same direction as their gravitational potential. Batteries, resisters, capacitors, etc.,
often lie down, and we measure “across” them by putting the positive probe on the high
potential side and the negative probe on the low potential side. Even though the battery
is lying down, we are still measuring a higher and lower potential energy difference.
Knowing a little about voltage, let’s look at our devices that produce voltages and then
the devices that measure voltages.

Stand-Alone Experimental Hardware

In today’s lab we will study four hardware devices. A power supply, a signal generator,
a multimeter,and an oscilloscope. We will call these “stand alone” instruments because
they are independent boxes that do their job of measuring or generating signals without
a computer connected to them. The power supply and the signal generator make voltage
signals. The other two devices measure them. Let’s look at the power supply and signal
generator first, then take on the measuring devices.

Power Supply

A power supply is like an adjustable battery. Batteries have fixed voltages. But a power
supply may have an adjustable voltage.
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Rough Voltage
Rough Current Indicator

Indicator JAMECO BenchPro DC POWER SUPPLY DRP-303D

Voltage
Course
Adjust

Current Knob

Limiter

Adjust

Kinoh Voltage
fine
Adjust
Knob

Power Switch Negative Positive

Voltage Out Voltage Out

(GND)

Usually a power supply takes electrical energy from the wall outlets and converts that
energy into the specific voltage range that we want for our experiment. So it is like a
battery, but must be plugged into the wall. Our power supplies are designed to keep us
safe. They are current limited, meaning that they try not to give too much charge [ owing
through our wires. Sometimes this is a problem because they are too limited. There is
a current limiting knob that you can turn to allow a little more current. Be careful when
you use this. The voltage may jump wildly when you turn the current knob! It is best
to turn all the knobs down as low as they will go before you turn on the power supply.
Then, after turning on the power supply, increase the current knob about half a turn
and then slowly turn the voltage knob up to your desired voltage. If the voltage stops
increasing, turn the voltage knob back down a bit, and turn up your current limiter knob
some more. Then try your voltage knob again.

Some of our electrical devices are quite delicate, and will literally burn up if you apply

too much current or voltage. In today’s lab, we will practice using our power supply so
we are prepared when the delicate components come out later.

Signal Generator
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Output
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Frequency Adjust Amplitude Adjust

The signal generator is a fancy power supply. It makes changing voltages. It can make
voltages in sine, square, and triangle patterns. These time-varying signals have a max-
imum voltage (called the amplitude) . We will use both the wave output and a timing
signal that the wave generator creates. Each has their own Bayonet Neill-Concelman
connector (usually just called a BNC connector) on the front of the signal generator.
You will need a cable with BNC connectors on one end (and maybe alligator clips on
the other end) to use this device. There is an amplitude knob on the front of the sig-
nal generator. Because the signal generator makes a voltage that changes in time, the
amplitude of the signal must be in voltage units. We should be careful not to set the sig-
nal amplitude (voltage) too high or we run the risk of destroying our measuring devices.
Again turn the amplitude (voltage) down before you connect the box to our electrical
components. Then turn up the voltage to what you want in a safe way.

There are frequency range buttons (using the shift button) near the middle of the device
panel. To change the frequency, you use the shift and range buttons to set which digit
you are adjusting, then turn the frequency knob to make the change. An annoying fea-
ture of our frequency generators is that you must push the “output on” button or they
don’t output a signal. When everything is set up right, we get a sine wave (or square
wave, or triangle wave) out. Here is a signal from the signal generator displayed on one
of our measuring devices, the oscilloscope.
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Of course, simple batteries are sources of voltage, and so are many other things.

Voltmeter

Our first measurement device is voltmeter. It measures the electric potential (voltage)
between its two leads (sometimes called “probes”). Here is a picture of one of our multi-
meters set to measure voltage.

Probes in the
COM and
VQHz
connections

Dial Set
to DC

voltage

The display is set to read voltage by turning the dial to the V position. There are often
two voltage settings. The one that has a wavy line next to it is alternating voltage. The
one that has a straight line with three dots under it is the direct current (DC) voltage.
These words might not mean much to you yet because you are just starting PH220.
So for now, we will just use the DC voltage setting. As you learn more, we may use
the alternating voltage setting. The leads (probes) should be connected to the COM
(common) and V {2 Hz connectors. Note that connecting your probe leads to the wrong
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position can blow the fuse (or worse) in your meter and make subsequent readings very
wrong. You should make sure you don’t do this, and watch to make sure someone else
has not done this before you. If the meter seems crazy, it just may be. We have several
different voltmeter models. Here is a picture of a different model.

Probes in the
COM and
VQHz

” connections

Dial Set
to DC
voltage

You will notice that there are other settings besides volts. Our meters are all multi-
meters. That means that they can measure more than one thing. We will use several of
the settings throughout the semester.

Oscilloscope

Our next device, the oscilloscope, is just a fancy voltmeter. Unlike the multimeter, it
usually just measures voltage. But it does it with [are!

The oscilloscope can measure changing voltages very accurately and usually has a way
to graph the changing voltage. The standard is a voltage vs. time graph. A sinusoidally
varying voltage should look something like this when plotted.
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And that is what our oscilloscope does. We should see something like this on the oscil-
loscope screen. From our discussion of the signal generator, you know that this is just
what we see.

If the changing voltage is periodic, the oscilloscope has a way to use this fact to stabilize
the graph so you can see the details more clearly. This stabilization is called “triggering”
and on our oscilloscopes there are buttons and knobs on the right hand side of the os-
cilloscope that adjust the triggering to make the graph more stable (or less stable). The
photograph of the sine wave above was taken by stabilizing a sine wave from our signal
generator. The oscilloscope starts plotting at the same part of the wave each time, so the
periodic signal seems to stand still. To do this we must “trigger” the graph at some good
starting point. Our oscilloscopes have a build-in circuit that can watch for the same part
of a signal and start the graph in the same place each time. One of the knobs adjusts the
trigger point.
Time Graph
Plotting Scale Adjust
Screen

Triggering
Controls

Voltage Graph
Scale Adjust

Signal Input
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The other controls adjust the horizontal and vertical axes. The vertical axis is voltage,
and the voltage axis control is next to the signal input toward the bottom middle of the
front panel. To the right of this is the horizontal axis control, which is time. You can
choose how many volts per division with one knob and how many seconds (or fractions
of seconds) per division you have on your graph with another knob. In the next figure
you can see a signal on the oscilloscope screen.

Voltage scale
for Channel 1
(red) says 2V

In the bottom left-hand corner there is a red dot and a voltage given. This is the volt-
age displayed across the whole screen. Since when this photo was take the voltage knob
was set to 2V, this means that the bottom of the screen represents —1 V and the top of
the screen represents +1 V.

Power Button Plotting Screen Channel Select

l Button

WON"Sm0s 7102y Hi H2 i H Hs' B

L ——WWWWWWW

There are two signal inputs because our oscilloscopes can look at two different voltage
signals at the same time. Each signal input is called a “channel.” Each channel has it’s
own voltage scale knob and voltage scale indicator in the bottom left-hand corner. They
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share the same time scale.

The channel inputs each have a BNC connector. We use oscilloscope probes connected
to these connectors. Notice that since there are two channels, an oscilloscope can mea-
sure two voltages at once. But that means we may need two probes!

To check that our oscilloscope is working correctly we can measure a known voltage,
say, the voltage of a regular battery.

+ 5V
1
|
1.5 Vsignal a
from a !
battery 1OV
1
1
1
1
1
1
Voltage scale S : i .
for Channel 1 s T - —1"/
(red)says @uov- s-00di_vepch 10k {HNERYEPSNY ) | A

1ov

Notice that I changed the voltage scale knob position so that now the oscilloscope screen
has a 10V total potential change. That means that we have 5V at the top of the screen
and —5 'V at the bottom of the screen. The screen is divided into little boxes. There are
five rows of boxes from the bottom to the top of the screen. Each box represents 1/10
of the total voltage. Since we have AV = 10V, each box represents AV = 1V. So our
battery voltage should give us one and a half boxes. And that is just what we got.

But sometimes the oscilloscope does not get the right voltage. If this happens we need to

calibrate the oscilloscope. Every time we use an Oscilloscope it is a good idea to check
it to make sure it working well. Our oscilloscopes have a test voltage to use just for this

purpose.

Calibration source
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The calibration source makes a 5 V square wave (try it to see what that looks like!). If
we use this calibration source we should get something like what you see in the next
figure.

5V signal
from O-scope
Calibration
Source

-

Voltage scale
for Channel 1 = | s scoR Wt
(red) says

20V

--10V

If you don’t get 5V, then some thing is wrong and you will need to go through the
oscilloscope’s calibration procedure. That is in the oscilloscope manual and you can
find the manual on-line.

Our multimeters have a current setting as well as a voltage setting. Current is a [ow of
charge. This is like a water current, which is a [ow of water. Only we have a different
thing [owing. We have a [ow of charge. In the wires in our Arduino, the moving
charged things are (mostly) electrons. We can write the [ ow of something as

AQ

At
where for us AQ is the amount of charge that has gone by in the time A¢. Physicists use

the letter I for electrical current.

We should take a minute to think about what to expect when we allow charge to [ow.
Think of a garden hose. If the hose is full of water, then when we open the faucet, water
immediately comes out. The water that leaves the faucet is far from the open end of the
hose, though. We have to wait for it to travel the entire length of the hose. But we get
water out of the hose immediately! Why?

P

The new water coming in causes a pressure change that is transmitted through the hose.
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The water at the open end is pushed out. You can tell this is the case because the water
immediately leaving the hose is warm and tastes like plastic hose. After a while, the
water is colder and cleaner.

Current is a little bit like this. When we [ip a light switch, the electrons near the switch
start to [ow. But there are already free electrons in the wire. These experience a push
that makes the light turn on almost instantly. But the electrons that turn on the light are
not the ones that just went through the switch.

Measuring Current

Because current is a [‘ow, to measure current we must put a meter into that [ow. In a
house, if you want to measure how much water is used, you connect the pipe from the
city water system to a meter. The water [lows through the meter and then goes into the
pipe that brings water to the house. That way, the meter can’t miss any of the water (and
the city can’t miss any of your payment!). The same is true for electrical current. To
measure electrical current, we need to remove part of our circuit, and replace it with the
meter to force the [ow of electrical current to go through the meter. A schematic dia-
gram of this might look like this:

High Electrical
Potential Energy

Battery —_;F Resistor

Low Electrical
Potential Energy

~—_ %N,
ORI
~2 ~.

~.

™ Break in the original wire
Ammeter

In this diagram, you can see that the electric current must go through the current meter.
In fact, it couldn’t go anywhere else because part of the original circuit wire is missing.
This is just what we want. To actually perform this measurement with one of our multi-
meters you could set up a circuit like the one in the following figure.
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Power
Supply

There is one more important thing to do to make this work. We need to change the meter
settings. And there are two separate changes. The first is to switch the probe connec-
tions. One probe stays in the COM or common connector, but the other needs to move
to the connector marked with an “A.” Here is an example showing the changes with two
kinds of multimeters.

The “A” stands for the standard unit of electrical current, the Ampere or Amp. With the
multimeter set up like this we would call it an ammeter. Ammeters measure electrical
current.

Building a New Instrument

We said before that physicists like to change any measurement they can into a voltage
measurement. That is because we have devices like our Arduino boards that measure
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voltage. We build new instruments by finding ways to turn the measurement that we
want to make into a voltage.

In order to build a new instrument, we need to understand the quantity that we really
want to measure. We will need to understand the physics of the quantity to make a good
new instrument design. Let’s take an example. Suppose we wish to measure current, but
suppose we don’t have a current setting on our Arduino (because we don’t). Could we
still make a current measurement?

The secret of instrument design is to understand the physics of the measurement we want
to make (current) and then see if we can turn that measurement into a voltage.

Start with the Physics:

Let’s keep thinking of current like water in a hose. Will there be any friction associated
with the water traveling through the hose? Of course there will! We usually call friction
in [uids viscosity. But it is a form of friction, and we can use our PH121 intuition about
friction to see how it would work. Think of having two hoses, one twice as long as the
other. Which would you expect to have more friction?

3

>

Short Hose Long Hose

Our friction experience says that the longer the path, the more the friction. The current
has longer to interact with the hose, so it experiences more friction. Electrical currents
are like this. Longer wires give more friction.

George Simon Ohm noticed that with long metal wires, there seemed to be a linear
relationship between the potential difference (voltage), the current, and the length of the
wire. The longer the wire, the less the current. His work was confirmed and expanded
on by others, who found that not only length mattered, but also the diameter of the wire
mattered. The relationship is now expressed as

AV =1R

AV is our old friend, voltage, and we know I is the symbol for current, and R is the
slope of the AV vs. I curve. The experiments showed this constant R depended on the
material. It is like our viscosity in hoses. It is the friction. The more the friction, the
harder it is to get the current through the wire. But like we don’t call viscosity “friction,”
we also don’t use the word “friction” for this friction-like term. We call it resistance.

We could solve for this resistance
AV

R
1
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or we could plot AV vs. I and the slope of this line would be the resistance.

DeltaV 2

1

0 t } t }
0.0 0.2 0.4
I

Either way, this relationship tells us that it takes more potential energy to get the same
current if there is more resistance.

This is called Ohm’s law. The relationship holds well for metals and many materials,
but, like Hook’s law, this “law” does not always hold. Devices that do provide a constant
resistance coefficient, R, are called resisters. We will use this symbol

ﬁ/\%

for resistors, but they often look more like this

Notice that this is important! We have found a way to relate our new quantity that we
want to measure, current, to a voltage. We know how to measure a voltage! Our Ohm’s
law equation even tells us what extra part we need to convert our voltmeter into a current
measuring instrument. We will need a resistor.

Resistor Code
Let’s pause in our new instrument design for a moment and ask, “how would you know

the resistance of a resistor?”” Our multimeters have a resistance measuring setting, so
you could measure the resistance directly using the meter. But many commercially pro-
duced resistors come conveniently marked with a color code that helps you identify their
resistance. The basics of the color code are given in the following figure

Il_l
COLOR ist 2nd 3rd Multiplier Tolerance
S 0 0 0

Orange 3 3 3 1K

Yellow 4 4 4 10K

Grey 8 8 8 0.05%
White 9 9 9 0.1Q2

Gold 0.012 5%
Silver 10%
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To use the code:

1.

Find the tolerance code band. This band is usually brown in our kit resistors and
often is set off from the others a little more.

. Read the first color band from the side opposite the tolerance band. This will be the

first digit of your resistance. I think the example resister on the chart has a yellow
first color band, so the first digit of our resistance is 4.

. Read the second color band. This will be the second digit of your resistance. I think

the second band of our example resistor is orange, so the second digit would be a 3,
making our resistance so far 43

. Read the third color band. This will be the third digit of your resistance. I think the

second band of our example resistor is red, so the second digit would be a 2, making
our resistance so far 432

. Read the forth color band. This is a multiplier. You multiply the first three digits by

this amount. For our example resistance, I think the third band is black. Then we
multiply 432 by 1 to get 432 €2. This is our resistance.

. The tolerance band gives the uncertainty in this value. Our example resistor seems

to have a brown tolerance band, which tells us our value is good to +1%. For our
example resistance, 1% would be 0.01 x 432Q = 4.32Q, so our resistance is
(432 +4Q).

We won’t memorize the resistor code, but you should be able to find a resistance using
the code.

If you are in doubt about what color you see on a resistor, our multimeters can measure
resistance directly.

Dial set to
Q scale

Red probe
in the VQ)
connection

Place the red probe in the connector with a €2 marked on it and turn the dial to the Q2
setting. Place the probes on either side of the resistance to be measured. Be careful/ You
are a resistor too. If you touch your hands to the probes (common mistake while you try
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to hold the resistor on the probe ends) you may measure your resistance instead of the
resistor’s! You have a resistance of around half a megaohm. This is a general concern,
every time you measure resistance with a meter you need to take the circuit element
(resistor, light bulb, whatever) out of the circuit and measure it on it’s own. Otherwise,
you might be measuring the resistance of the rest of the circuit. Alligator clips are useful
for this.

Direction of current [low

There is a historical oddity with current "ow. That is that the current direction is the
direction positive charges would [‘ow. This may seem strange, since in good conductors
electrons are doing the [bwing and they are negative! The electrons go the opposite way
the current goes.

Current Flow Direction

o o4 o = o
=] o & (=]
© © Electron Flow Direction © =

The truth is that it is very hard to tell the difference between positive charge [ow and
negative charge [ow the other direction. In fact, only one experiment that I know of
shows that the charge carriers in metals are electrons. And mathematically, the [‘ow of
electrons one direction is equivalent to the [ow of positive charges the other direction.

Case 1: Negative charges flow to the right
© o
=]
& S
Result: Left side is more positive than before,
Right side is more negative than before

Case 2: Positive charges flow to the left
: @ @@
@

Result: Left side is more positive than before,
Right side is more negative than before
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Worse yet, in biological things it is positive ions that [ow. So for biology a positive
charge carrier is just fine.

Ben Franklin chose the direction we now use. He had a 50% chance of making it easy
for our electronics lab. But he got it backwards for us (but right for biology—and how
many electronic things did Ben Franklin have anyway?). All this shows just how hard it
is to deal with all these things we can’t see or touch that we study in PH 220.

And even more importantly, in semiconductors—special electronic devices in all com-
puters and in our Arduinos—it is positive charge that [ows. In many electrochemical
reactions both positive and negative charges [ow. So Mr. Franklin was not really so
very wrong. We will stick with the convention that the current direction is the direc-
tion that positive charges would "ow regardless of the actual charge carrier motion.
If you are like me, this will seem a little backwards, but we all get used to it.

But what makes the electrons or positive charges want to [ow in the first place? We
know the answer to this from earlier in this lab reading. It is potential energy. When we
connect a metal wire to the terminals of a battery we know that the charges in the metal
wire ends will experience a difference in potential energy. The potential energy differ-
ence will set up an electric field inside the conductor.

. v N
— <= = >
s > L V
High V vy - > ow
= ;
Conductor

This field makes the free charges move! It causes a force on the little electrons. We
won’t have to measure any fields in our lab today, but you should know they are there.
The important thing is to realize that voltages produce currents. And the amount of
current is proportional to the amount of voltage. This is just Ohm’s law!

AV =1R
The constant of proportionality is related to how much friction there is for the charges
in the wire. 1
I=—=AV
R

It is just the resistance, R.

Knowing the Physics, Design the new instrument

Now that we understand electrical current, we have some hope of figuring out how to
build an instrument to measure that electrical current. From what we learned, consider
adding in an additional small resistor in our circuit. If we take a small resistance, one
that is small compared to all the other resistances in the circuit, and we put it in the
circuit it will slow down the current, but not by very much. If the resistance is small
enough, we won’t even notice the change. Then if we measure the voltage across that
small resistor with a voltmeter, we could mathematically calculate how much current
we have. Notice that this instrument design has two parts. The first is adding some new
hardware to our voltmeter (a resistor) and the second is adding in some calculation to
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get our voltmeter reading converted into current.

1
I =—=AV
R
Let’s give this additional small resistor a name. Let’s call it the “shunt resistor.”
I = Avaete’r‘
Rshunt

Today we will have to do the calculation part by hand. In future labs, we would carefully
plan for this calculation in our Arduino sketch code.

Measuring Current
As a Voltage

Power
Supply

Shunt Resitor

BEIEKEE

Measuring Current
With a Multimeter

When we are done wiring our new instrument, we will have done something really cool.
We have turned our current measurement into a voltage measurement. We measured
something new in terms of a measurement we already knew how to make. We will
generally try to do this for any type of measurement. That is because we are very good
at measuring voltage, and not so good at measuring other things electronically.

Testing the new instrument

We will need a way to test how good our new instrument works. And fortunately we
know our multimeters can also measure current. So we can build our new instrument an
compare it to the measurement made by a multimeter.

\%

A=
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Recall that to use an ammeter (the new instrument we build, or the one in our multime-
ter), you must break the electric circuit by disconnecting a wire. Then you replace that
wire with the ammeter. Notice that in the diagram below that the bottom wire is now
broken.

Where a wire was, I have drawn an ammeter. The current must [ ow through the ammeter
for us to measure it.

Remember, to use our multimeters to measure current, we must turn the dial to the 10 A
setting AND move the red probe to the 10 A connector. Failure to do this may result in
the fuse blowing. Our meter does not warn you that it lost a fuse, it just pays you back
by giving really wrong answers. You should be careful to connect it right, and be sure
it is working (that someone else has not blown the fuse before you). Since we have dif-
ferent kinds of multimeters, a second is pictured to the right. For this type of meter, put
the red lead in the connector marked A and turn the dial to the A setting. If the currents
you are measuring are very small, you might have to switch settings once again. Tiny
currents can be measured by moving the dial to the mA setting AND changing the red
probe to the mA connector.
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Red probe
in the 10A
connectio

Our multimeters really measure current in much the same way we are talking about for
our new Arduino ammeter. They have a series of shunt resistors inside of them. When
we choose a current measurement setting we are choosing a shunt resistor to put in the
circuit (inside the meter, but the meter is in the circuit). Then the voltmeter will measure
the voltage across that resistor and use that voltage to calculate the current.
If we create the current meter ourselves, we have to know the resistance that we used!
That allows us to use the voltage meter to calculate the current,

I = A‘/meter

Rshunt

but our multimeters are programed to know their own shunt resistances and to do this
calculation for us.
If you have time (and some won’t) in today’s lab, we will build the new Arduino instru-
ment to measure current , and we will test it with a multimeter set in ammeter mode. We
will put both in the circuit at the same time (see figure ??) so we get readings from both.
Then we can compare and see how well our new instrument works!

Calculating uncertainty, a review

That is all the new material for today’s lab. But I wanted to remind you of something
you already know.

Back in PH150 you should have gotten a good deal of experience in making measure-
ments. We will be going back to experimentation soon, and we will need to remember
what we learned in PH150 to take the measurements so that we can interpret our experi-
mental results. You will remember that every measurement has an uncertainty. We have
to estimate that uncertainty. It turns out that our voltage measurement schemes will in-
troduce a new source of uncertainty! And we will have to include this in our uncertainty
calculations. We will take that on next lab, but in this lab let’s review how to calculate
uncertainties.

This is a “review.” How much of a “review” it is may depend on where and when you
took PH150 or its equivalent. If you are a chemist, you will note that our treatment
of uncertainty goes beyond what you learned in Quantitative Analysis. Let’s start by
reviewing what a derivative is.
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For our purposes, a derivative is a slope of a line. You should recognize the equation of
a straight line as
y=mx—+b
The slope m can be written as p
Y

dz
This is nothing magic (or new). It is just a strange way to write m. With the slope written
this way, the equation of the line could be written as

_dy
y= dwx+b

But why dy/dx? Think of how we find a slope of a line. Back in junior high school we
called the slope the “rise over run.” That is, the change in y-value divided by the change

in the z-value.
_ Y2 U
L2 — L1
In physics, we write the change in a variable using the greek letter delta, A. So we could
write the slope as

m

moY2TU Ay
Cwp -z Az
Just to jog your memory, let me write out Ay

Ay =1y —

and Az.
Ar = x9 — 11
So our straight line equation should be written

Ay
= b
Y= A" +
but if we take Az to be very, very small it is customary to write the Ax as just dx (I
guess a “d” is smaller than a “A”). If this is not familiar from Math 112, is should be by

now from PH121.

In PH121 you learned that the velocity is the slope of the plot of x vs. ¢, for example,

1m
y=—-—t+1m
2 s

is an equation giving the y position of an object as a function of time. Note that it is a
straight line on a y vs. ¢ plot.

y (m) "]

8 10
t (sec)
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The slope of the line is
dy 1m

dt  2s
We can verify that this works by looking at the plot and noting that for every two units
of time, we go up one position unit. The slope is 1/2-3.
But not all curves are straight lines. What do we do with curves that, well, curve?

One idea is that we could split up the curve into little line segments, each with its own
slope. We can think of dy/dt as an instantaneous slope, a slope of one of the tiny
line segments that make up our curve. This is the sort of speed measurement that your
speedometer gives. The speed might be different a short time later. But right now the
speed is, say, 0.5m/ s.

nl: n‘.1 ujl.l u:r' i:n tl?.-‘ []‘I.\ I)Il'U I?il

\t time (s)

Really, in defining an instantaneous slope we have assumed that the slope near our point
on the curve is essentially a straight line if At is small enough.

We can use this idea to interpret our error calculations. Suppose I throw a ball in the air
with a initial speed of 4m/ s straight up starting from y, = 0. From PH121 you have
learned that the equation for predicting how high the ball will go is

L o
y:y0+v0t+§at

It says that starting at v, the ball will go higher depending on the initial velocity, v,, and
the acceleration, a. That makes sense.

At a time, ¢, the ball should be at
1
y=0+42¢— = <9.8%> 2
S s

2
where a = —9.83 is the acceleration due to gravity. So, knowing this, I could predict
how high the ball would go if I pick a particular time, say, 0.15 s. The result should be
m 1 m 2
= 0+42(01 f—<.—> 1
Y 0+ S'(0 58) 5 9832 (0.15s)
= 0.48975m

This is shown in the next figure with a black line. Solving the equation for y is equiva-
lent to drawing a line up to the curve, then from our spot on the curve over to the y-axis
to find the position.



44  Chapter 3 Introduction to Electrical Measuring Devices (Not Step-by-step)
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For our case, we plot a line upward from 0.15s to the curve, and then plot a horizontal
line from the intersection to the y-axis. We can see that we get 4.9 m. Suppose I try
to verify this by taking a picture of the ball in [ight at 0.015s, but my stop watch is
only good to £0.005 seconds. I try to take the picture when the watch is at 0.015 s, but
I might have taken the picture at 0.01s or at 0.02s or anywhere in between. My time
has some uncertainty. What does the uncertainty in my stop watch time mean for the
uncertainty in my y value?

We can get a good approximation by graphically drawing vertical lines up from Zmin
and ¢, to the curve, and then extending horizontal lines from the intersections to the
y-axis. This gives us a ymin and Ymax. Our actual height could be anywhere in between
these. This is a way to view our uncertainty in y.

LoT
y

Vogw 00 Foemmmmm=

Ymin

. 2 K . . 0.8 0.9 0
¢ time (55

min t tl‘mx

0.0

We can use this idea to find a general way to calculate uncertainties. We could define
At = tpmax — tmin. If our At is small enough (so we can write it just dt), the curve is
essentially a straight line in the region between ¢,,;;, and ¢,,,«. So if we knew the slope
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of that line (the derivative dy/dt) we could easily figure out the ymax and ymin points to
get our uncertainty range, at least if we stay near our ¢,, part of the curve. Recall that
our uncertainty in y is about

5y = Ymax — Ymin _ %

2 2
Remembering that
dy
=—t+b
Y=t
then
Ay =  Ymax — Ymin
dy dy
= —tmax +b— —tmin —b
at "m0 g
dy
= —At
dt
From PH150, you will recognize this as almost the uncertainty in a function of one

variable! But even if you don’t recognize it, we can show that this is true using our
definition of dy above. The quantity At is

At = tmax — tmin
so our uncertainty in ¢ would be

then

SO

So our uncertainty in y is just the slope at our point on the curve multiplied by our
uncertainty in ¢.

But what if we have more than one variable? Say, we have a function y(z, z), we
essentially have a two dimensional slope. Think of a hill, you can go down a hill in
more than one direction. So we need slope parts for each direction we can go.
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Down Hill in the

- Down Hill in the
z direction

x direction

But there is a fix we need to make to this equationzthat you won’t learn for several math
classes to come. We want to have a slope in the « and z direction, but we want the slopes
to be independent (if you have already taken PH121, think of two dimensional motion
problems, we split the problem into components). The notation for this is

dy
Ay, = %x
_ 9
Ay, = %z
where
dy

means the component of the slope just inatﬁe x direction. We take a derivative of the
function y, but assume only z is a variable (treat z and all z terms with no «’s as con-
stants). This lets us separate the  and z parts. A special, one variable derivative like
Oy /0 is called a partial derivative because you only take one dimension of the deriva-
tive at a time. So, if we wish to find the error in some general function z (z, y) the error

is given by
dy ? Jdy ?
2 2
oy ( x) ox +< z> 0z

This looks a lot like our slope equation. What we are doing is to assuming the function
y (z, z) is [at in a small region around the point we are studying. then the function has
a slope Jy/0z in the z-direction, and Jy/0z in the y-direction. Each term like

9y

— | dx
gives how far off we could be in that direction (the z-direction in this case). Remember
that we have assumed that y (x, z) is essentially [ at near our point of interest. The square

root may be something of a mystery, but remember what you have learned about adding
vectors in PH121. We add components of a vector to find the magnitude like this

N

This comes from the Pythagorean theorem. The x and y parts of the vector form two
sides of a triangle. We want the remaining side. So we use the Pythagorean theorem to




Calculating uncertainty, a review 47

find the length of the remaining side.

We are doing the same for our small uncertainty lengths. We are just adding the « and
the y components of the error. We could write our error formula for the general case of
a function f, that depends on NV different variables.

N 2
of
of = dx?
= \% ()
We will use this formula a lot, so make sure you understand what it means (ask your
instructor for help if it is not clear).

How do we find the slope?

But now we have an equation in terms of slope written as dy/0x or Qy/0z, but how
would we ever find these slopes? Your calculus class has or will teach you how to take
a derivative. They might not have yet taught you how to take this type of derivative.
The symbol 0 means that our derivatives are “partial” derivatives. This means that we
assume all the variables other than the one that shows up in the derivative symbol are
constants for our derivative.

Let’s take an example. What is the slope of the function iy = 52237 if we calculate the
slope only going in the z-direction (that is, if we take a partial derivative with respect to
x) we get

0
% (522°) =52 (3)2* ! = 15227
x
notice that we treated z as a constant! That is what we mean when we user the symbol

0 and when we say “partial derivative.” Let’s try another. How about finding the slope
of f = Tyx? — 2x + z with respect to the z-direction.

0

5 (Tya® — 2z +z) =Ty (2) a' —2(1)a” + 2 (0)
The last term illustrates that the slope of a constant is zero, and as we go just in the
x-direction, z is constant. That makes sense. So the change in f just due to the last term
(2) should be zero. We also remember 20 = 1. So we are left with
0
— (7yw2 —2x 4+ z) = ldyxr — 2

ox
We could also find

0
— (Tya® — 2z + 2) = Ta?
oy (7Y )
and

9 2

P (7yw —2x—|—z) =1

z

In our equation for calculating uncertainties, we want to find the uncertainty in each
dimension (for each variable) and to add these uncertainties like components of vectors,
so this partial derivative is just what we want, the slope of our function in just one
direction.

Tie to statistics
Back in PH150 you should have learned that for experiments where we repeat the same
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experiment over and over again, our outcome can be given by the mean value an our
uncertainty can be given by the standard deviation. We need to tie our statistical ideas
into what we have learned about error propagation. Lets go back to our function f (z, 2)

the error is given by
B of 2 5 af 2 9
6f_\/(8x) oz +(8z 0

but now we know we could express this in terms of standard deviations (provided you
don’t need to ensure every bit of your data are within your uncertainty range). We can

write our uncertainties as
af\? af\?
— et 2 vJ 2
i \/(w) %zt (82 oz

So one way to get an estimate of uncertainty like dx or Jz above is to make many
measurements, and use the standard deviation o, as an estimate for éx and o, for dz.
This is usually not too far off (we will refine this analysis in PH336 for those lucky
enough to take the course).

We can use connection between dx and o, to show that the standard deviation of the
mean (the best estimate of our uncertainty) is given by

Oz

Oz —

N
(a result you should have learned back in PH150). Think of calculating a mean value
1+ T2+ TN
N
We can find the uncertainty in this function oz

N T
v Ox1 1 Oxs v2 Oxn o

You see we just take the partial derivative of our function = with respect to each of the
variables z; and multiply by the uncertainty in that variable written now as a standard
deviation o;.

For this special case, all of the x; are the same (we are measuring the same value over
and over in taking an average) and all of the o; are the same so we just have

oz \*
o o 2
Oz N (3x1) o3,

and we can take the derivative using our rule. Only z; is a variable, so we can write the
average T as

T Tp+- TN

This is a polynomial! The first term is %xl and the whole second term is a constant if
we take a partial derivative with respect to x1. The derivative is

D0 (m e
821}1 o 821}1 N N

1

1

N
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so our statistical error function is just

1 2
Oz = N(N) O'%l

o2
N
Oz,
vN
or, since all the o, are the same, we can just write this as
Oz
VN
Notice that in this example we had many z; and that to find the uncertainty we just
extended our equation from two variables

2 2
o () () -

a

&I

to IV variables

In this special case, we were trying to show a special result, but we can do this for any
function with any number of variables. If your function is complicated, you just need to
take more partial derivative terms under the square root.

Practice Measurements

Use a Multimeter

1. Measure the voltage of a D-Cell battery with a voltmeter. Report the value you get
from the measurement and the uncertainty.

2. Set up the circuit described in section (3.1). The figure is repeated below. Measure
the voltage with a multimeter. The indicator on the power supply is not very ac-
curate, but it can serve as a check to see if we are way off. So compare the power
supply voltage indicator to the meter indicator. Are they the same (you should think
of the uncertainty in both meters and answer using the uncertainties)

High Electrical
Potential Energy

Battery —Lt Resistor

—— Voltmeter

Low Electrical
Potential Energy
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3. Modify your circuit described in section (3.1) and change the settings of your mul-

timeter so that you measure the current in the circuit. Compare your ammeter mea-
surement to the current shown on the power supply indicator.

Use an Oscilloscope

1.

Predict what you will see on an oscilloscope if you measure the voltage of a D-Cell
battery. Make sure your lab table agrees on your prediction before you go on.

. Use the oscilloscope to measure the voltage of a D-Cell battery.

. Practice interpreting oscilloscope screens

a. Figure out what the markings on the Oscilloscope screen mean.
b. Figure out what the voltage scale is and how to change it
c. Figure out what the time scale is and how to change it

. Generate a sinusoidal signal using the stand alone Function Generator.
. Measure and display this signal using the stand alone digital oscilloscope.

. Report the amplitude and the frequency (and their uncertainties) of the measured

signal and compare to the signal generator settings.

Build a new instrument from an old instrument

1.

IF THERE IS TIME, choose a resistor in the 20 k{2 range (say, from about 10 k2 to
about 30 k(2). Choose a shunt resistor in the 200 €2 range. Then set up the circuit to
measure a current.
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Measuring Current
As a Voltage

===

Power
Supply

St Resstor

BEERKvE

Measuring Current
With a Multimeter

Use an additional multimeter set to measure current to check our voltage-current
measurement. Calculate a percent difference to see how well this worked.







First DAQ Measurements:
Voltage

Let’s review what we learned last week. In physics equipment, we try to measure volt-
ages. If your data is not a voltage, we try to convert it into a voltage. Already we
converted current into a voltage (using a shunt resistor). But what is a voltage? We said
last week that it is a measure of electrical potential energy. It is also likely that you know
the word “voltage” because we live in a world that has electricity everywhere. You prob-
ably know that your house or apartment has wires in the walls that carry “110 Volts.”
And you probably realize that “voltage” is a measure of how much energy there is in the
wires.

Soon your PH220 class will explain that “voltage” is proportional to the electrical po-
tential energy difference. But for us, now, we just need to know that we are measuring
something proportional to energy and we need to learn how to measure it.

Because voltage is proportional to a difference in electrical potential energy, a voltage
measurement really is a combination of two measurements. Think of gravitational po-
tential energy. If we ask for the potential energy difference as Super Guy jumps from
the bottom of a building to the top

FATVIING YIIL‘* U

* g top
AUg = Ugtop' Ug bottom
¢ Ug bottom

we need two measurements, one at the bottom and one at the top. Then
AU, =Ug,, —U

— Y Gtop Gbottom
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We will do something very similar in measuring voltages. We will measure the poten-
tial energy at two places. For example, suppose we have an electric circuit as shown in
the next figure.

rrrrrrrrr o
+ S |
Battery =mmm-  Resistor 3 AV =V - Visttom
""""" e bottom

The circuit is very simple, just a battery and a resistor. You have experience with bat-
teries, and resistors now. A resistor is just a piece of material that has lots of electrical
friction, or “resistance” that makes it hard for electrons to go through it. If we want to
measure the voltage across the resistor, we have to measure on the top and bottom of the
resistor. That will give us a measurement proportional to the potential energy difference
from one side to the other of the resistor.

Most meters that measure voltage have two “probes” and do the difference calculation
internally. These meters are called voltmeters and we used them last week.

Probes in the

COM and

VQHz
, connections

Dial Set
to DC v
voltage — — .

In today’s world, voltmeters are usually just one part of a device that can measure many
things. We call these devices multimeters. To measure voltage we will set the multimeter
on the DC Voltage setting. Notice the two probe wires in the figure. We need two probes
to make the two measurements and the device does the subtraction for us.

We learned to use a sand-alone voltmeter in the last lab. But we also need to read in
voltages in a way that the data shows up on our computer. To get the data into our
computer we will use a different set of pins on our Arduino board. They are called
analog pins.

Even before we begin, we need a warning. We absolutely must not wire up the analog
pins on our Arduino backwards! This can (and probably will) destroy the pin circuitry
inside our Arduino. So we will need to be careful in wiring for this part of our lab.
Where this could be a problem a warning sign will appear in the text, just to remind you
to be careful!
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R

WARNING

If done wrong this step can
destroy your Arduino

7

T,

7

T

7

A AR

You may see quite a few of these in this lab.

Building a voltmeter

Our Arduino has what we call and Analog to Digital converter (ADC). That is, it takes
analog voltage signals that could have any value, and it maps them into a set of discrete
values and sort of rounds to the nearest whole discrete value.

The word “analog” might not be familiar. Think of our power supply. It has a knob that
adjusts the voltage. The knob can produce any voltage from 0 to about 30 V. This is an
analog signal. The voltage can take on any value in a range. So we represent an analog
signal with real numbers and we might have a voltage of exactly

4.3276854325532573457V

and this would be perfectly valid for an analog signal.

A battery, on the other hand, is not this way. It has a fixed voltage, say, 1.5V like the D-
Cell batteries that we used in our last lab. Two D-Cell batteries could be used together
to make 3 V. But you can’t use D-Cell batteries to get 2.25 V. The batteries come in
discrete units.

Our Arduino analog pin is designed to measure voltages in the range 0 to 5 V. Don’t set
your power supply to more than 5 V! But there is more to the ADC than just a voltage
range. The Arduino chops the voltage range into 1024 discrete voltage divisions. Each

division is then 5y
A'Umin = ﬁ =4.9mV

5V

1024 divisions
Each division

Is 4.9V

This means that changes in voltage that are less than 4.9 mV won’t be seen, since it takes
a whole 4.9mV to get a different division. So if we give our Arduino 8 mV this is not
enough to fill the second 4.9 mV division, so our Arduino would still read only 4.9 mV.
If we gave it 11 mV it would then read 9.8 mV because 9.8 mV = 2 x 4.9mV and 9.8
is the closest whole unit of 4.9mV.
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This is called “discretization” or more commonly “digitization” or even “quantization.”
We have taken a signal that might have any value between 0 to 5V and we output a
signal that will be rounded to the nearest n x 4.9 mV.

As a second example, 3.793 V would be reported as 3.792 6V since

3.793V
= T774.
4.9mV 774.08

but we need even units of Avy,i,, so the 0.8 would be dropped by the A2D converter
giving

774 x 4.9mV = 3.7926 V
and our first voltage from our power supply, 4.3276854325532573457 V would be re-
ported as 4. 326 7V (make sure you can see how we got this result!).

This means that we can be off in our voltage measurements as much as 4.9mV! In
dividing up our voltage range into 1024 pieces we have introduced some error, but we
have divided our 0 to 5V into numeric values that we can use in our computer, so it is
worth the cost of some error.

The amount of error depends on how many different values the ADC converter has.
Since breaking an analog signal into discrete values is called quantization, we call this
source of error quantization error. 1t is the source of much of the error we see in elec-
tronic measuring devices. We could say that our new voltmeter has an uncertainty of at
least the voltage resolution

6‘/;ig7lal = AVmin =4.9mV
but of course it could be larger if there are other sources of error.

The ADC sends the measured value through our USB cable to our computer’s serial
port. But it doesn’t send it in units of volts. It sends it in ADC units. If we have a
signal voltage of 9.8 mV we don’t get out 9.8, we get 2 because 9.8mV = 2AV ;.
The ADC units are the number of AV, sized units that are in our signal voltage. To
get back to voltage units, we need to multiply by AV,;,. In our code we will do this
before reporting the value.
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Of course we would like to see the voltage that we measure. There is a simple way to
do this. The voltage values we calculate can be sent to our computer through the serial
cable. We will need an Arduino sketch with some additional setup and some additional
loop commands. One of these commands will turn our ADC units into volts.

Before we look at the entire sketch, let me introduce the new commands that we will
need. To get the Arduino to communicate with the computer we use the command

Serial.begin();
and in the loop function we use the command
Serial.print();

We also need to know that computers make a distinction between integer and real num-
bers. Our voltages will be real numbers, so we need to tell the Arduino that we want a
real number. The command for this is the word “[‘oat.” For example,

[pat delta v_min=0.0049;

defines a variable named “delta_v_min” and sets it to the value 0.0049. If we want an
integer number we use the word “int.” For example

int value = 0;
defines a variable named “value” and sets it equal to 0. All this is a little like listing your
variables back in PH121. Only here if you don’t do it, it doesn’t just cost you points, it
confuses the Arduino software and the Arduino software will give you an error.
We also need special commands to read our Arduino analog pins. The special Arduino
command

analogRead()
will do this.
The whole Arduino sketch might look like this:
LI 777777777 77777777777 777777777 7777777777777777777777777777777
// very simple voltmeter
// will measure 0 to 5V only!
// Voltages outside 0 to 5V will destroy your Arduino!!!
// Don’t wire this backwards!
LI 7777777 7777777777 7777777777 7777777777777777777777777777777
// define a variable that tells which analog pin we will
// use
int AIO = 0; //AI0 stands for analog input zero
// define a variable that holds our Delta v min
float delta v _min=0.0049; // volts per A2D unit
// define a variable for our A2D version of our signal
int ADC value = 0;
// define a variable for our voltage version of our signal
float voltage = 0.0;

LI 777777777 7777777777 777777777 777777777 7777777777777 777777777
void setup() {

// put your setup code here, to run once when your Arduino starts up:

//

//Initiate Serial Communication, so we can see the voltage
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// ~on our computer
Serial.begin (9600) ; //9600 baud rate
}

L1777 777777777777 7777000007777 7777777777777

void loop() {
// Read in the voltage in A2D units form the serial port
// remember that AIO is the pin number to read from
ADC value = analogRead (AIO);
// Let’s print out our A2D version of our signal
Serial.print (" A2D ");
Serial.print (ADC_value);
// Now convert to voltage units using delta v min
voltage = ADC value * delta v min;
// And print out our voltage version of our signal
Serial.print (" voltage ");
// Print the voltage with 4 significant figures)
Serial.println(voltage, 4);

}

L1777 7777777777777 7777700007777 7777777777777
LITTITT 7777777777777 7777700000777 7777777777777

Make sure you understand every line of this code. Write it in the Arduino IDE and run
it to help see what the lines do. Lines that begin with two slashes, “//,” are comments.
The Arduino will ignore these lines. But you shouldn’t! The comments tell you, the
programmer, what the code is doing. I will ask you in lab to input comments for every
line. If there is any part of this sketch that is mysterious, work with your group to resolve
the mystery and if it is still mysterious, call your instructor over to discuss the sketch
with you.

Wiring the simple voltmeter

WARNING

If done wrong this step can
destroy your Arduino

You knew that was coming, didn’t you! We must be very careful to wire our Arduino
correctly. Our Arduino can measure 0 to 5 V. But if we switch the 5V and the 0V by
plugging them into the wrong pin, our Arduino will be damaged and will never work
the same way again (probably won’t work at all!). So wire first, then before you connect
the Arduino have group member check your wiring, then check the wiring with a stand-
alone meter (that is why we learned to use them last week). Also remember, more than
5V will damage the Arduino. So only put in voltages in the range 0V to 5 V.
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We need one wire attached to the pin marked AO. We need another wire attached to one
of our Arduino ground pins marked GND. And we connect the first wire to the positive
output of our signal source (say, our power supply) and the GND wire to our negative
output of our signal source (say the negative or ground connection on our power supply).
That is all there is to it!

Seeing the data

Once the code is compiled and uploaded, the Arduino will send data to the serial port.
The serial monitor can display the data. The serial monitor is found under the Arduino
Software Tools menu.

| @ firstvoltmeter_simple_Lines 2017 01 2. — o x|
| File Edit Sketch Tools Help

Auto Format Crri+T
Archive Sketch

Fix Encoding & Reload

Serial Monitor Ctrl+Shift+M
Serial Plotter Ctrl+Shift+L

WiFi101 Firmware Updater

Board: "Arduing/Genuino Una™ >
Port: "COMG (Arduino/Genuine Uno)" >
Get Board Info
] Programmer: "AVRISP midl >
«

Burn Bootloader

You should see something like this:



60 Chapter 4 First DAQ Measurements: Voltage

& COMS6 (Arduino/Genuino Uno) - O X

f Send

.3230 Ca
.3132
-3181
.3132
.3279

A2D 270 veoltage 1

A2D 268 voltage 1

A2D 269 voltage 1

A2D 268 veltage 1

A2D 271 veltage 1

A2D 268 wvoltage 1.3132
A2D 269 voltage 1.3181
A2D 270 voltage 1.3230
A2D 269 voltage 1.3181

A2D 269 wveoltage 1.3181

A2D 268 wvoltage 1.3132

A2ZD 270 voltage 1.3230

A2D 268 voltage 1.3132

A2D 270 wveoltage 1.3230

A2D 269 veoltage 1.3181

A2D 269 voltage 1.3 o

[~] Autoscroll No line ending ~ 9600 baud v

The Arduino Software can also plot the data from the serial port. Here is a plot of the

same data that we saw on the serial monitor.

& COM6 (Arduino/Genuino Uno) - m] X
500.0 [ 1 1]
400.0

200.0 4

c00.0 %

100.0 7

0.0 - T T T T T
3114 3197 3zso 3383 344€ 3529
9500

Notice that it plotted our voltage values and it also plotted our ADC values. This makes
the voltage values hard to see. We could fix this by commenting out the lines that print
the ADC values (putting “//” at the beginning of the line). Then those lines won’t be
executed by the Arduino. Then we get just the voltage.

& COMS6 (Arduino/Genuino Uno) - [m] X

8.0

e 3 3sz 477 BS
19600 baud__| v

Notice that the horizontal axis is not exactly time. It is just the data point number. We
could convert this to time with some calculation if we know how often the Arduino sends
us a data point. I will leave this as an exercise.
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Extending our voltmeter with a voltage divider

This Arduino-based voltmeter that we have built is great, but will only let us measure
voltages in the range 0 to 5 V. That seems a little restrictive. We would like to extend
our voltmeter to a larger range, say, 0 to 20 V. To do this, we will need to add some
electronic components and think about what we have learned about voltage, resistance,
and current. Let’s consider this circuit.

A

ANV
X

v

I

Av =

A

We have a battery, That will make the current Low much like a pump makes water move
through pipes.

Upper Tank

Turbine
Pump | AU

Lower Tank

The water in a pipe system gains potential energy as it moves up. In our circuit we will
find that electric charge gains potential energy as we move it across a battery. Then the
charge will move down the wire like water moves down a pipe until it is out of potential
energy. Notice that the water in a pipe system will lose all the potential energy that it
gained when the pump raised it to the upper tank (see previous figure). That is true of
electric charge too. The electric current travels from the battery through the resistor, but
in doing so it loses all the potential energy that the battery gave it by the time it returns
to the battery.

Now suppose we have two resistors in a circuit.
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"+

Av =

R,

Our water analogy can still help us understand what will happen. Suppose that we have

two turbines in our pipe system.
Upper Tank

Turbine
Pump AUgq

Turbine

Lower Tank

The water leaves the high potential energy part of the pump, and is put to work turning
the first turbine. The resistance of the turbine will slow the water current. So when the
water leaves the turbine, it will have lost some potential energy. Since we have a second
turbine the current will again be slowed and more potential energy will be lost. How
much potential energy do we lose as the water falls? All of the potential energy that the
pump gave it! We must end up with the water at the bottom back at the low potential
energy. We will find this to be true for our electric circuit as well. We will loose some
potential energy as the electrical energy “falls” from the high electric potential “down”
the first resistor. After the second resistor, we can guess that we must be back at the low
electric potential we started with.

R,

We know that electric potential is a potential energy per unit charge. And energies just
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add up. If

AV =RI
is satisfied, then we would expect that adding two resistors would just linearly add the
effects of the two resistors together

AViptar = AVI+ AV,
= RiI+ Rl
Note that the same current must [ow through each of the resistors, since the current
leaving R; is the current [bwing into Ry. Then
AViptar = (R1 + R2) I

Our current will be
_ A‘/total

N Ri+ Ry
But suppose we measure the potential change across just resistor Rs.

>
>
PRl

AAA,

A\

AAA

4 R, | Measure
what would we expect to get? We lost voltage across both AV; and AV so
A‘/total = A‘/1 + A‘/Z
because we must loose all the AV;,.; given to the current by the battery. And
AVo = 1R,

from Ohm’s law. So

AV:‘.otal
AVy = Rt R Ry
This is only part of the total voltage. And if we have two different resistors so that
Ry # R then we can choose for AV5 to be nearly as much as AV} or nearly as little
as 0 by carefully choosing our two resistances. We call a set of two resistors like this a
“voltage divider” because it divides the battery voltage between the two resistors. If R;
is bigger than Ry then AVj is bigger than AV5.

Remember that the input can only withstand 0 to 5 V. More than that can destroy the
board! But we want to measure a voltage that varies from 0 to 20 V. We now have a
way to do this. We will use a voltage divider. The voltage across both resistors will be
as much as 20 V, but we will measure the voltage across only one of the resistors. And
we will choose our resistor so that when the total voltage is 20 V but the voltage across
our resistor is 5V (or less). Since we will know the resistances, we can use a little math
to calculate what the total voltage was using the voltage measurement from just one of
the resistors.

This is like what we did to measure current last lab. We used a voltmeter and a resistor
and some math to make an ammeter. Today we will use two resistors, our Arduino
voltmeter, and some math to make a new voltmeter that can measure higher voltages.
We just need to choose our resistors so that we map our 0 to 20V to 0 to 5V. Once
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choice might be

Ry = 40kQ
Ry, = 10kQ
Let’s try it. We would get
20V
AVemax = <MkQ+JOkQ)(ka)
= 4.0V
when AVipter = 20V and
AVZ min  — <L> (10 kQ)
40k 4+ 10k
= 0V

when AViser = 0V. Notice that this really didn’t work. We only got a maximum
voltage of 4 V. But this gives us a margin of safety. If we give our Arduino more than
5V we can burn it up. If we plan our circuit so we don’t get to close to 5V we are safer.
So this set of resisters is not a terrible choice.
To report out our voltage we need to do this conversion backwards. Say we have
AViotar = 10V that we are measuring with our new instrument. Then
10V
AVe = <40kQ + 10kQ> (10k)
= 2V

The 2V is what we actually measure at the A0Q input. But we know that this represents
10V across both resistors, so we want the Arduino program to print out 10 V. So we

report
AVs
A‘/reported = RT; (Rl + RZ)
or for our case, since we measured 2 V across our resistor,
2V
10V =—— (40k + 10k2
101y (10K + 10K

We will have to write this math in our code. There is a further complication. The
Arduino A0 input is giving us a number that represents 0 to 4 V for our setup. But that is
not what we see on the serial port. We see a number from 0 to 1024. We know the 1024
represents 5 V and the 0 represents 0 V. So we need to multiply the number that comes
from our Arduino by §V = 4.9mV once again to get our Arduino output into voltage
units. So our reported voltage equation is something like this.

1
A‘/;'epov'ted = A2D x (5‘/2 X R_ (Rl + RZ)
2
All this calculation to get our reported voltage must do something to our measurement
uncertainty. We could do our usual math to find the reported uncertainty, but instead,

let’s think. Every small voltage AV5 would be multiplied by (RLQ (R1 + Rg)) to map
it into our original 0 V to 20 V range. That should work for our smallest voltage that we
can detect, namely 6V = 4.9 mV. That is the smallest value AV; could have. So in our
0V to 20V range the smallest value this can map to is

1
5Vreported == (5‘/) (E (Rl + RZ))
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The first term in parenthesis is essentially 1 digitizer unit multiplied by AV5 and the
second term in parenthesis converts the AV, value into actual volts measured across
both resistors.

The quantity 0V, eportea gives us our quantization error value for our new instrument.
Our output will be in multiples of

V;’eported =nX 6‘/7’eported
Putting in numbers gives

1
— -3
Vieportea = (4.884x1073V) (—ka (40kQ+10kQ))
— 0.02442V
24.42mV

This is much bigger than our 4.9 mV uncertainty for the simple voltmeter. And this is
the cost of using a voltage divider to extend our voltage range. For the bigger voltage
range we get a bigger uncertainty.

Let’s try another example. Suppose we wish to measure 0 to 20 V and we look in our
case of resistors and find we have the following two resistors to use:

R = 98k
Ry = 15kQ
We would expect that our 0 to 20 V would be mapped to a smaller range. Let’s find that

range.
20V
Ao = (98kQ+15kQ)(15kQ)

= 2.6549V

So our voltage range at the Arduino A0 input will be 0 V to 2. 65 V. This set of resistors
won’t use the full Arduino 0V to 5V range. But it will measure 0 to 20 V. The minimum
detectable voltage for this new instrument design for our 0 to 20 V source will be

1
(5‘/;'ep07'ted = (5‘/2) <E (Rl + Rg))

1
(15kQ2)

= (4.8803x107°V) ( (98kQ + 15kQ))

= 3.6765x 1072V
= 37mV

This uncertainty is much bigger than the uncertainty for our last choice of resistors. So

98 k2 and 15 k{2 are not great choices even though they technically work.

For your version of the voltmeter in lab, you will choose the resistor values to use. Here

is an Arduino sketch to implement this extended volt meter. In it are the not-so-good
98k and 15k, but of course you should change the sketch to have your resistor
values.

LI 777777777 77777777777 777777777 7777777777777777777777777777777
// Extended Voltmeter

// This voltmeter with the values given below

// 1s designed to measure a 0 to 20V range with 1024 discrete
// values of with an uncertainty of about 0.02V
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[I7177 7777777077077 7777077777777 7777777777777777777777777777777777777777777777
int AIO = O; //set up a variable to represent Analog Input 0

float R1 = 98000.0; // Resistance of Rl (put in your actual value here)
float R2 = 15000.0; // Resistance of R2(put in your actual value here)

int ADC value = 0; // Place to put the A2D values

float voltage = 0.0; // calculated signal voltage

float delta v_min = 0.0049 //mV our Arduino minimum detectable voltage

o O

[17777777777 777777777777 7777777777777777777777777777777777777777777777777777
void setup() {

//Initiate Serial Communication

Serial.begin (9600) ; //9600 baud rate

}

L1777 777 7777777770777 777777777/77777777777/777777777777777777777777777777777777
void loop() {
// read the serial data from AIO
ADC value = analogRead (AIO);
// if you want to, print out the channel A2D values. Uncomment if you want
//Serial.print ("analog channel value ");
//Serial.print (ADC value);
// calculate the signal voltage
voltage=ADC value* (delta v min)* (R1+R2) /R2;
// print out the signal voltage
Serial.print (" voltage ");
Serial.println(voltage, 4);
}
L1117 7777777777777 7777777777777 7777777777777777777777777777777777777777
L1117 7777777777777 7777777777777 7777777777777777777777777777777777777777

Of course you will want to have another person check your math and wiring, and you
should check your output voltage with a stand-alone meter before you plug into your
Arduino.

Practice Problems

Here is an example for you to work out on your own before class. Do this and compare
your result to the results of the other people in your lab group as you come into class on
lab day.

Suppose we wish to measure 0 to 15V and we look in our case of resistors and find we
have the following two resistors to use:

Ry 43.2k
Ry = 15.2kQ

What range of voltages would we see at the Arduino, and what is the quantization error
for our measurement?
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Lab Assignment

1. Simple Arduino Voltmeter

a. Build a circuit with our power supply and a resistor like we did in our last lab. You
can choose any resistor.

A

AN
]

hd

LI

Av =

A

(see section (3.1).

WARNING

If done wrong this step can
destroy your Arduino

This time write the simple voltmeter sketch, wire it up, and measure the voltage
across the resistor using our Arduino and the serial monitor. Be careful to stay in
the 0 to 5 V range!

b. Calculate the uncertainty due to quantization error for your Arduino simple volt-
meter

c. Compare your calculated uncertainty to the measured uncertainty that you see in
your device output. (This is tricky, does the power supply give a truly constant
voltage?)

2. Extended Voltmeter Using a Voltage Divider

a. Build the voltage divider using two resistors as described in section. (4.2). You
will have to think about which resistors from our set will work best. Discuss
this with your group, or have group members try the calculations with different
combinations.

b. Use a multimeter to verify that the output of the voltage divider is never more than
5V and never less than 0 V. Take your power supply all the way from 0V to 20V
and watch the multimeter to ensure it stays in the 0 to 5 V. Range. Do this with a
multimeter before you hook up your Arduino. You are making sure everything
works so you won’t destroy your Arduino!
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WARNING

If done wrong this step can

destroy your Arduino

LI

Av =

| Measure

0O GND

Your voltmeter should now be set up. Compile and load the sketch and use the Se-
rial Plotter to watch the voltage values as you take the power supply from 0 to
20V using the serial monitor or plotter. Don’t go over 20 V!

d. What is the quantization error for this voltmeter? Check to see if this matches your
values on the serial monitor.

e. Design a voltage divider that will allow the full 0 to 30V range of our power
supply to be measured using the Arduino’s 0 to 5V analog input. What would the
quantization error be for this new circuit?
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We now have voltage data coming from our Arduino into the computer serial port, and
we can see that data with the Arduino serial port monitors. But suppose we want to an-
alyze our data in another program. How would we get the data into Excel or LoggerPro,
or SPSS or even our beloved Python that we learned to use in PH150?

There are lots of ways to do this, but an easy way is to use our Python skills and write a
simple code using the Python serial port library. That is what we are going to do in this
lab.

How to get Python

But wait, you might say, I didn’t use snakes in PH150. What are you even talking about?
Or maybe you got rid of Python because you never thought you would use it again.
Whatever the case, Python is another way to make computer code like our Arduino app.
Only, this code is designed to work on our computer, itself. This is just what we want for
getting the data ready for analysis on our computer. If you already have Python, that is
fine, you could skip ahead. If you don’t, the next steps show how to get Python on your
computer and how to get the Python serial library so you have the commands to read the
serial port. Our physics department uses two different distributions of Python. Canopy,
and Anaconda. Canopy is a little bit more “civilized” with more dialogue boxes and little
command line work. Anaconda is a little bit more “linux-like” with more command line
work. But both work fine. Instructions for getting both are in the sections below.

Getting Anaconda Python

The Anaconda distribution of Python is designed for scientific work (so it has most of the

science libraries of functions already installed) It can be found at https://www.continuum.io/downloads.
There is an install link for Windows, Mac, and Linux. Choose the one for your operating

system'.

When you click on a link, it is likely a dialog box will come up telling you that you are

downloading something. In windows it looks like this

' If you have a Linux computer, it is likely that you will want to actually see if Anaconda is in your

distribution’s repository. If you are not a Linux user, you have no idea what that means and can ignore it.



70  Chapter 5 Getting data to the Computer

Opening Anaconda3-4.3.1-Windows-x86_64.exe X

You have chosen to open:

[®] Anaconda3-4.3.1-Windows-x86_64.exe

which is: Binary File (422 MB)
from: https://repo.continuum.io

Would you like to save this file?

Save File Cancel

Choose “Save File” and when the file is downloaded open it to start the installation. You
should see something like this:

2 Anaconda3 4.3.1 (64-bit) Setup - X

Welcome to Anaconda3 4.3.1
(64-bit) Setup

. Setup will guide you through the installation of Anaconda3
J 4.3.1 (64-bit).

AN ACO N DA Itis recommended that you dose all other applications

Powered by Continuum Analytics before starting Setup. This will make it possible to update
relevant system files without having to reboot your
computer,

Click Next to continue.

Next > Cancel

Choose “Next” and follow the installation instructions. If all goes well, you should have
a new set of apps. Here is what mine looked like on my Windows 10 computer.
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Adobe Creative Cloud
Adobe llustrator CC 2015
Adobe InDesign CC 2015
Adobe Lightroom
Ps| Adobe Photoshop CC 2015
Alarms & Clock
Anaconda3 (64-bit)
Anaconda Cloud
Anaconda Navigator
Anaconda Prompt
ﬂ IPython
Jupyter Notebook
Jupyter QTConsole
. Reset Spyder Settings
45 Spyder
&' Apple Software Update

& Back

Microsoft Office 2016

X8

Excel 2016

¥

Publisher 2016

Utility

The list of the apps has an app called Spyder. Let’s launch it to see what it does.

Push Run

OS2 E0 PEBGCE NEEEHE BX F & € 5 [Cussine Ve~
Enter : i
commands
T—8#rint("hello new python users!®); g
h ere Vel wpiorer
e -
03 Console1/a 8 ma .
et ~ Result is

Permissions: AW End-ofines: GRIF  Encoding: VTF-8

IPython 5.1,0 -- An enhanced Interactive Python.
|2 -> Introduction and overview of TPython's

Features
|%auickref -> Quick reference.

help -> Python's own help system,
object?
|extra details.

|1n [1]: runfile(c:/u:
Users/rtlines')
hello new python usersl 4~

|1n (2]

-> Details about “object’, use ‘object??’ for

s
Nells oy waire'C:1
/9’

__ here
///

Python console | Hitoylog_ Bython eansole

Une: 8 Columm 2 Memory: 57 %

What we get is something like the Arduino program that we have been using to write
Arduino sketches. Spyder is a place to write and run Python commands. Only this time
there is no checking and uploading the code, because the Python code will run on our

computer, not on an Arduino.

In the figure above, the command just says to print “hello new python users!” and that
is all. When it runs, it prints our message on the small window to the right. But of
course Python can do much more than print silly messages in little windows. We will
have our Python system read a serial port and save our data to a file. But we need an
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additional piece of Python to do this. We need functions that can handle serial ports.
These functions are already written by someone, and put together in a package called a
“library.” But this library isn’t included in what we have downloaded. So we need to fix

this next.

Getting the PySerial library for Anaconda.

Now that we have Python, we need to update it with the PySerial library so that we can
read our data from the computer serial port. If you have installed the Anaconda package
as your Python distribution, follow along here. If you have Canopy, see the instructions
below (section 5.2.1). If you have a different distribution entirely, ask your instructor for

help.

We will use the Anaconda prompt to get the PySerial library. The Anaconda prompt is
an app that let’s us modify the Python libraries that we have installed. The Anaconda
prompt is found in the list of apps that were installed in Anaconda. If you are using
Windows, you might find it in your app list like this.

Anaconda

Prompt ey

23 Adobe Creative Cloud
Adobe llustrator CC 2015
Adobe InDesign CC 2015
Adobe Lightroom
Adobe Photoshop CC 2015
Alarms & Clock
Anaconda3 (64-bit)

Anaconda Cloud

Anaconda Navigator

Anaconda Prompt
@ rytnon
Jupyter Notebook
Jupyter QTConsole
. set Spyder Settings
5 Spyder
& Apple Software Update

& Back

Microsoft Office 2016

x3

Excel 2016

g

Publisher 2016
Utility

Friday

21

Once you launch the Anaconda prompt it just looks like a big black box.
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M Anaconda Prompt - (] X

We can type commands in that box that will modify the Anaconda Python programs
that we installed. In our case we want to type in the command conda install
pyserial.

B conda install pyserial e 0 %

1lation in environment

vill be UPDATED:

Notice that the Anaconda prompt app responds to our command. What it responds will
depend on your computer and your Python distribution. You need a network connection
to install new libraries, so if you get an error, you may just not be connected to a network.
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M conda install pyserial - O X

If you already have PySerial installed, you will be told so, or asked if you wish to update
it if an update is available. If you don’t have PySerial, it will ask you if you want to install
it. Answer “yes” and PySerial will be installed. If any error messages are generated, ask
for help from your instructor. Hopefully you will see a happy end result like this

B Select Anaconda Prompt = ] X

(C:\Users\rtlines\AppData\Local\Continuum\Anaconda3) C:\Users\rtlines>conda install pyserial
Fetching package metadata
Solving package specifications: .
Package plan for installation in environment C:\Users\rtlines\AppData\Local\Continuum\Anaconda3:
The following packages will be UPDATED:

conda: 4.3.15-py36_1 --> 4.3.16-py36_0
Proceed ([y]/n)? y

conda-4.3.16-p 10 [ | Time: 0:00:00  3.48 MB/s

(C:\Users\rtlines\AppData\Local\Continuum\Anaconda3) C:\Users\rtlines>

(C:\Users\rtlines\AppData\Local\Continuum\Anaconda3) C:\Users\rtlines>

and you will be all ready to start writing code to get data from the serial port.
Getting Canopy Python

If you choose the Canopy system, follow these instructions. You may already have the
Canopy distribution of Python. If so skip down to adding PySerial in the next section.
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Canopy is a little more polished in it’s setup. And it works well. So let’s see how to
install this version of Python and enhance it with the Pyserial library. We will start at
the Canopy home site https://www.enthought.com/products/canopy/. Partway down the
page there is a blue “Download Canopy” button.

& it 4
i O e v Jeesi
S P
CENTHOUGHT P ——

v Somaan

This will take you to the download page where you can choose the version for your
operating system. When you click the proper download link, it will ask you for some in-
formation.
|

[ Dowsicacs x

& @ Secure | hitpsy/itoreenthaught com/downicad o @ W ¢

?,Et-;THDuGHT

Thanks for downloading Canopy!

While the download |s In progress, please provide ws your contact
Info to get updates abour the lavest Canopy features, useful
Pythen tips & ncks, special discounts, and more.

First Name

Last Name

Emad Addrass [requined)

Oirganization

Phona Mumber

B ot e
TRAMECME 17 oect bt

Once the download completes, install Canopy. When you run the program, you will see
something like this
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@ Welcome to Canopy - m] b4
file Edit Tools Window Help
S Hi, welcome to Canopy!
CANOPY Login to your Enthought account or create one.
Editor Doc Browser
¢
N~
Training on Demand Data Import Tool
Recent files
Norecentfiles, Restore previous session G
Openanedstingfile
Version: 1.7.4.3348
No updates found.

The editor lets us write Python programs. If you choose this you get a window like our
Arduino program.

Push Run

8 Editor - Canopy = o X
File Edit Yiew Search Run Jools indow Help
Preld B LD s R
Fibe Browser X =untitied-1 £3
[Fioor: [N s (%) = 1 print{"Hello Canopy Python World")
rHlines
Recent Files

Enter

| IPython 4.1.2 -- An enhanced Interactive Python

| -» Introduction and overview of IPytfion's features

|¥quickref -> Quick reference.

|help -» Python's own help system.

|object? -> Details about 'object’, wfe ‘object??’ for extra details.

!Ir\ [3): %run “c:\users\rtlines\afipdatatlocal\temp\ tmp4tffsp, py”

|Hello Canopy Python wWorld

1o [42: | v
Cursor pos 1:35 Python =

The editor is a place to write and run Python commands very like our Arduino softare.
Only, this time there is no checking and uploading the code, because the Python code
will run on our computer, not on an Arduino.

In the figure above, the command just says to print “Hello Canopy Python World” and
that is all. When it runs, it prints our message on the small window at the bottom of the
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Editor window. But of course Python can do much more than print silly messages in
little windows. We will have our Python system read a serial port and save our data to a
file. But we need an additional piece of Python to do this. We need functions that can
handle serial ports. These functions are already written by someone, and put together in
a package called a “library.” But this library isn’t included in what we have downloaded,
so we need to fix this next.

Getting the PySerial library for Canopy

Now that we have Python, we need to update it with the PySerial library so that we can
read our data from the computer serial port. If we go back to the Canopy main win-
dow we will see a “Package Manager.” The Package manager lets us add new parts of
Python, and that is just what we want to do. Choose the Package Manager and in its
search box type in “pyserial.”

@ Package Manager - Canopy

Package Manager < Refresh * ot

ot logged in
enTHouGHT
CANOPY Install, update or remove your Python packages

Package Name Latest Available Version

Installed 3
pyserial 273

Available

Updates 0/73

History

Settings

No package selected.

It won’t initially find pyserial because it is not yet installed and we are, by default, look-
ing at what is installed. But choose the “Available” tab. Now we see pyserial in the
package list. Select Pyserial
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@ Package Manager - Canopy

Package Manager =inafitah Notlooy

Install, update or remove your Python packages

Latest Available Version

Package Name

Installed :
pyserial 213

Available

Updates 0/73

History

Settings

pyserial

encapsulation the access the serial port

Installed: Currently not installed.

Available on store: 273 v Installv2.7-3

(enthought/free)

Python module that module encapsulates the access for the serial port.

and choose the install button that appears. If all goes well, you will see a red “uninstall”
button appear.

@ Package Manager - Canopy - a X

~ Package Manager S Refresh -

CANOPY Install, update or remove your Python packages

Package Name Latest Available Version

Installed 1/100 2
© pyserial 273

Available 1/564
Updates 0/72
History
Settings

pyserial e ®

encapsulation the access the serial port

Available on store: 2.7-3 hd Re-install v2.7-3

fenthought/free)

Python module that module encapsulates the access for the serial port.

Now we can go back to the editor and write our code to read the serial port.
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@ Editer - Canopy

Cursor pos 35: 24

b -1 | L DL
File Browser x
Filter:  All Files (*) -
rtlines
Recent Files

Eile Edit View Search Run Iools Window Help

ak p- (1]

“untitied-1 £

24 import serial
25 import time
26 # defin i
27 sleepTime -
28 ] ¢
31 #Fto v f
32 fileObject=open(
33 2f .
34 Fthe r "
35 ser=serial.Serial('COM
36 e
37 # . p
38 print("getting started...')
39 # set x to ze

40 i=¢

41 2 A £

42 while (i<N):
Python
524

524
524

524

done with data collection, closing the file

In [9]

Python

Getting data from the Arduino

\\Users\\rtlines\\L

. baudrate

uments\\canope_data. txt”, "w")

, timeout=1)

v

C:\Users\rthnes ¥ X

It might help to know how a serial port works. The serial port in the computer takes in
data from the serial cable. It stores the data in a temporary place in memory called a

buffer. Whatever data comes into the port goes into that memory location.

Suppose that we set up our Arduino to send data to the port. The Arduino sends data
every few milliseconds. But, suppose we only want data every few seconds. We only
want some of the data that the Arduino has sent.
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The computer has placed every data point sent by the Arduino into it’s buffer, and the
buffer must be read in sequence. You can’t skip data values. But this is just what we
want to do, skip some data values and take a value every few seconds. A way to do this
is to continuously read in data, but only store it every few seconds. We will use this
technique in the code that follows.

Just for fun, let’s think of an actual data collection. Suppose we want to measure a
voltage from our Arduino, but we want to measure it many times, each time five seconds
apart. This way we are looking at how the voltage changes over time. We might want
10 total measurements.

You might be an expert Python programmer, and if so you can probably see how to write
this code. If so, go ahead and do so. But if not, let me introduce some of the Python
code elements we will need, and then give an example code.

The first new code piece is making files for our data. We create a file with a line like this
(see the actual code below):

fileObject=open ("C:\\Users\\rtlines\\Documents\\data.txt", "w")

The “fileObject” is a variable that contains all the file information like the path and file
name. It is way easier to type than to include all that information each time we use a file.
So we will use fileObject variables. In the code below I named the fileObject variable
“dataFile.” Of course, you will have to choose your own path where you will place the
data file (you can’t use mine, because you don’t have my computer!) and you will need
to choose your own file name. Notice the weird double slashes “\\.” These are a Python
thing and you need to write the path this way.

The other new code piece is dealing with serial ports. Like with our Arduino code, we
have to set up the serial port. We do that with the line like the this (also see the actual
code below).

ser=serial.Serial ('COM6’, baudrate = 9600, timeout=1l))

Note that when I was using this code my Arduino was in COM6. But that might not be
true for you. Use the Arduino app to find out where your Arduino is connected.



Getting data from the Arduino 81

& Blink | Arduino 1.8.1

File Edit Sketch Tools Help
Auto Format
Archive Sketch
Fix Encoding & Reload
Serial Monitor Ctrl+Shift+M
Serial Plotter Ctrl+Shift+L

Blink

WIiFi101 Firmware Updater

Board: "Arduino/Genuino Uno" 4
Port: "COM®6 (Arduino/Genuino Uno)” Serial ports
Get Board Info + COMS6 (Arduino/Genuino Uno)

Programmer: "AVRISP mkil*
Burn Bootloader

Arduino/Genuino Uno on COME

The COM port number must match. This looks a little uglier on a Mac, but is much the
same. Once the serial port is set up, a line like

arduinoData=ser.readline () .decode ('ascii’)

will read data from the serial port and “decode it” so that it is text that we can use in
another program. The rest of the code writes the data point to a file. I have it calculating
the time since the beginning of our data collection (we might just need that in a future
lab) and outputting that into the file as well.

We are going to want a name for the amount of time in between data points. In the
example code, the amount of time to delay in between data points is named sleeptime
and the number of data points is named N.

At the end of the program we close the file

fileObject.close()

and close the serial port
ser.close()

so that it will be ready to use next time. Your complete code might look something like
this.
FHAHA A H AR R R R
# Python Code to read a stream of data from the serial port
# and save it to a file
B i i i i

# The idea is to read a series of voltages from an Arduino
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connected to the serial port where the Arduino is being
used as the Analog to Digital converter. Both the voltage
and the time the voltage was taken are sent to the serial port.

We will use two libraries, serial and time
The serial library is used to read the serial port
The time library is used to space out our data collection by
adding a delay in between data points. The amount of time
to wait in between data points is called "timeBetween."

We may have to install the serial library. If you have the
Anaconda Python for Windows, you can open an Anaconda
window and use the command ’conda install pyserial’

This must be done before the code can run.

Debugging issues: The Anaconda Python distribution tends to
hang on to the serial port even if the program does not run.
If this happens, try sending the python command ser.close()
at the command prompt. If this doesn’t work, You may have to
restart Python.

In windows, closing (after saving) the IDE and reopening it

# might be enough.

FHAF S R

# import libraries

import serial

import time

H oS T o S o S o S S 3 S S o S S S S S S S

# define variables for the delay time we wait between data points
timeBetween=5 #seconds

# define the number of data points to collect
N=20

#the next line opens a file and creates a pointer or handle for that file
to use as a reference. You have to use double slashes in the path.

The pointer, "dataFile" takes the place of all the path and file

name so it is easier to use in the code below

This line worked for Brother Lines, but won’t work for you as it is.
You need to replace "rtlines" with your username at a minimum.
dataFile=open ("C:\\Users\\rtlines\\Documents\\data2.txt","w")

HH= H FH H

#the next line opens the serial port for communication
ser=serial.Serial (COM3’, baudrate = 9600, timeout=1l)

#there will be a delay before the first data point comes from the
# serial port, warn the user so they don’t worry.
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print ('getting started...’)

# set our index to zero
i=0

# Now for N points, collect data and write it to a file
while (i<N) : #Begin data collection loop
#We will take data every "timeBetween" seconds. We need to know
# when we start waiting so we can tell if it is time to collect

# data yet. Use the time.time () to get the current time in seconds
# since Jan 1,1970. Yes that is a weird way to measure time, but
# computers do it this way.

waitStart=time.time ()

#Data comes to the serial port fast. We will continually read
# the data as fast as it comes, but only save it every timeBetween
# seconds. The next while loop keeps us reading in data, but only
# when the current time - waitStart >= timeBetweem will we use
# the data.
while (time.time ()-waitStart<timeBetween): #Begin Data read loop
# Get data from the serial port
# it should have a time and a voltage
arduinoData=ser.readline () .decode ("ascii’)
# end of the Data read loop

# the next line just prints the voltage point on the console so the user
# feels like something is happening.

print (arduinoData)

# This next line writes combines the time since we started and the Arduin
# value from the serial port into one string

writeString=str (arduinoData) #+ " \n"

# The next line writes our time plus Arduino value to the file.
dataFile.write (writeString)

# and finely we increment the loop counter

i=i+1 # end Data collection loop

# Print out a message saying we are done

print ("done with data collection, closing the file and the serial port")

# Close the file

dataFile.close ()

# Close the serial port

ser.close()

FHAF S
FHAF S

Make sure you understand what each line does. Discuss each line with a group member
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or with the instructor. Python code runs one line at a time. That is different than our
Arduino code that must be checked and translated before it goes to the Arduino. Errors
in Python code show up as the code runs. If you use the Spyder IDE, the errors show up
in the little output box to the right. If you use Canopy they show up in the lower box of
the editor.

I modified my simple voltmeter to give the time that the data was taken and to send both
the time and the voltage to the serial port. Here is my sketch (remember since it is a
simple voltmeter it can only handle 0 V to +5V.)

[17177 777777707777 77 7777777777777 77777777777777777777777777777777777777777777
// very simple voltmeter that also returns the time since
// the data collection started with the voltage.
// will measure 0 to 5V only!
// Voltages outside 0 to 5V will destroy your Arduino!!!
[I7177 7777770777777 7777777777777 77777777777777777777777777777777777777777777
int AIO = O;
float delta v _min=0.0049; // volts per A2D unit
int value = 0;
float voltage = 0.0;

[I7177 7777777077077 7777777777777 7777777777777777777777777777777777777777777777
void setup () {
// put your setup code here, to run once:
//Initiate Serial Communication
Serial.begin (9600) ; //9600 baud rate
}

L1117 77 707777777 7777777 7777777777777 7777777777777777777777777777777777777777
void loop () {
// read in the voltage in A2D units form the serial port
value = analogRead (AIOQ);
Serial.print (" time in milliseconds ");
// the millis () function gives the time in milliseconds since the sketc
Serial.print(millis());
// convert to voltage units using delta v min
voltage = value * delta v min;
Serial.print (" voltage ");
Serial.println(voltage, 4);
}
[1T177 7777777777777 7777777777777 77777777777777777777777777777777777777777777
[1T177 7777777777777 7777777777777 77777777777777777777777777777777777777777777
You can’t use the Arduino serial monitor and get data from the serial port using Python
at the same time. So turn off the serial monitor if it is running.
Now that we have our data in a file, we can analyze it. You might try opening the file
in Excel or another spreadsheet program and plotting the data. If you know Python,
you could add more code to plot the data right in the code that takes it from the serial
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port. But, if you are new to Python, you could plot the data in something like a Excel or
LoggerPro. Ask for help if you don’t know how to do this. We will plot data in future
labs.

Getting Pyserial if you have a Mac

Of course, we have a diversity of computers on campus. The instructions I gave above
are for a PC type computer.

Anaconda Mac Users 4.1.2

Go to the Anaconda Prompt and type in: conda install -c anaconda pyserial. This will
install pyserial -v3.4.

If this does not work for some reason, try going to the Anaconda Navigator, on the left
hand side, click Environments. Next, on the right hand side, change the drop-down from
Installed to Not Installed. Then enter serial in the search box. Check the box for pyserial
and click the Apply button. If you have Spyder running, then relaunch Spyder.

Canopy Mac Users 4.2.1

The steps are the same as the Microsoft Version.

Manually install pyserial through the terminal on a Mac.
Coding in emacs/VI

This is kind of a “last resort” approach, so only try this if the other methods above fail.

1. First, go to https.//pypi.python.org/pypi/pyserial and download pyserial-3.4.tar.gz or
the version that correlates with the version of python you are using. If you are using
python 2 then instead of 3.4, you should look for a file that starts with 2.x; however,
if you are using python 3 then 3.4 is the correct version of pyserial you are looking
for (but please consider using python 3.x!).

2. Be sure that you downloaded to your Downloads folder.
3. Go to your search bar and type in ferminal and open that application.
4. Type into the command line cd Downloads then press enter.

5. Next, type in tar -xzf pyserial-3.4.tar.gz then press enter. Type in cd pyserial-3.4,
press enter

6. Then type in sudo python3 setup.py install.

7. If you are using python 2 then only type in python where it says python3.

After that you are ready to use the serial library in python.
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Mac Pathway and Port Notation

Mac computers list paths to files differently than PC computers.

Mac Pathway

In fact, Mac computers don’t make file locations obvious to users at all! But our python
code needs to know where to put the files we build, so we will need to understand how
to do this.

On the line of code that starts with dataFile you will replace it with dataFile = open(*/Users/rtlines/Documents/data.
This is in the form of /Users/username/folder name/(optional if you have a folder within
the previous folder) folder name/file name + extension (e.g. .csv or .txt).

You can find your username by going to your download folder then right click on any
file in there and select Get Info. Next make sure that the arrow to the left of General is
pointing down. Once it is pointing down look at the line that reads, Where: Macintosh
HD — Users — your username will be here — Downloads.

Mac Port

Mac computers also deal with serial ports differently. So we need to change that next
line of code after the dataFile line that begins with ser = serial.... The line of code
will need look something like ser = serial. Serial(‘/dev/cu.usbmodem1411’, baudrate =
9600, timeout = 1). However, yours may vary slightly by a different usbmodem number.
To find out what to place in between the apostrophes is by going to your arduino code,
click on Tools, scroll down to Port and write down what is written there minus what is
in the parenthesis.

Mac version of the python code

B i i i i
# Python Code to read a stream of data from the serial port

# and save it to a file

FHAF S R R
# The idea is to read a series of voltages from an Arduino

connected to the serial port where the Arduino is being

used as the Analog to Digital converter. Both the voltage

and the time the voltage was taken are sent to the serial port.

We will use two libraries, serial and time
The serial library is used to read the serial port
The time library is used to space out our data collection by
adding a delay in between data points. The amount of time
to wait in between data points is called "timeBetween."

We may have to install the serial library. If you have the
Anaconda Python for Windows, you can open an Anaconda
window and use the command ’‘conda install pyserial’

This must be done before the code can run.

H o S S S S S o K S S S S Sk
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Debugging issues: The Anaconda Python distribution tends to
hang on to the serial port even if the program does not run.
If this happens, try sending the python command ser.close ()
at the command prompt. If this doesn’t work, You may have to
restart Python.

In windows, closing (after saving) the IDE and reopening it

# might be enough.

B i i i

# import libraries

import serial

import time

HH= H FH H o

# define variables for the delay time we wait between data points
timeBetween=5 #seconds

# define the number of data points to collect
N=20

#the next line opens a file and creates a pointer or handle for that file
to use as a reference. You have to use double slashes in the path.

The pointer, "dataFile" takes the place of all the path and file

name so it is easier to use in the code below

This line worked for Brother Lines, but won’t work for you as it is.
You need to replace "rtlines" with your username at a minimum.

# PC version next:

#dataFile=open ("C:\\Users\\rtlines\\Documents\\data.txt","w")

# MAC version next

\textit{dataFile = open(‘‘/Users/rtlines/Documents/data.csv", ‘‘w")

}

H= H= H H

#the next line opens the serial port for communication

# PC version next

#ser=serial.Serial (' COM3’, baudrate = 9600, timeout=1)

# MAC version next

\textit({

ser = serial.Serial(‘/dev/cu.usbmodeml41ll’, baudrate = 9600, timeout = 1)

}

#there will be a delay before the first data point comes from the
# serial port, warn the user so they don’t worry.
print (getting started...’)

# set our index to zero
i=0
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# Now for N points, collect data and write it to a file
while (i<N): #Begin data collection loop
#We will take data every "timeBetween" seconds. We need to know
# when we start waiting so we can tell if it is time to collect

# data yet. Use the time.time () to get the current time in seconds
# since Jan 1,1970. Yes that is a weird way to measure time, but
# computers do it this way.

waltStart=time.time ()

#Data comes to the serial port fast. We will continually read
# the data as fast as it comes, but only save it every timeBetween
# seconds. The next while loop keeps us reading in data, but only
# when the current time - waitStart >= timeBetweem will we use
# the data.
while (time.time ()-waitStart<timeBetween): #Begin Data read loop
# Get data from the serial port
# it should have a time and a voltage
arduinoData=ser.readline () .decode ("ascii’)
# end of the Data read loop

# the next line just prints the voltage point on the console so the user
# feels like something is happening.

print (arduinoData)

# This next line writes combines the time since we started and the Arduin
# value from the serial port into one string

writeString=str (arduinoData) #+ " \n"

# The next line writes our time plus Arduino value to the file.
dataFile.write (writeString)

# and finely we increment the loop counter

i=i+1 # end Data collection loop

# Print out a message saying we are done

print ("done with data collection, closing the file and the serial port")

# Close the file

dataFile.close ()

# Close the serial port

ser.close()

FHAF S R
FHAF S R S

Using an SD Card Reader

Now that we have a computer reading our data and saving it, you probably wondered if
we couldn’t just save the data on a SD card using the Arduino and no computer. That
way, we could build a stand-alone data logger! It might be necessary to do this if you
are going to launch your instrument on a high altitude balloon, for example. Then you
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could take the data on the SD card and read it from the card to the computer by putting
the whole card in your computers SD card slot. To do this we will need an additional
piece of hardware that can handle an SD card. This is called a SD card reader “breakout
board.” . s —
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And we will need to wire this to our Arduino. There are six pins on our SD card reader
board. Those six pins need to be wired to the following Arduino pins:

SD Card Reader Arduino

GND GND
vCC +5V
MISO Pin 12
MOSI Pin 11
SCK Pin 13
CS Pin 10

The pin names on the SD card reader board are usually on the back of the card.

—
» (S

M SCk
A10S] McroSD Card Adapter
™ Miso
M UCC

o NI

vi.O0 11,01,2013
¢ at al ex. 130bao. com
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Here is an example:

L1717 0 7777777777777 777777777777777777777777777777777777777777777777777777777
// SD card datalogger

//

// This example shows how to log data from three analog sensors

// to an SD card using the SD library.

//

// The circuit:

// * analog sensors on analog pin 0

// * SD card attached to SPI bus as follows:

// * MOSI - pin 11

// * MISO - pin 12

// * CLK - pin 13

// * CS - pin 10 (This one we can choose. Pin 10 is convenient
// but we could choose any of the digital pins)

// created 24 Nov 2010 by Tom Igoe

// modified 9 Apr 2012 by Tom Igoe

// Modified 26 Apr 2017 by Todd Lines

//

// This example code is in the public domain.

L1117 707777770077 777 777777777777 7777777777777777777777777777777777777777777

#include <SPI.h>
#include <SD.h>

const int CS_Pin = 10; // this sets the pin for the CS connection
// to the SD card reader

L1717 77777777777 7777 77777777777 7777777777777777777777777777777777777777

void setup () {
// Open serial communications and wait for port to open:
Serial.begin (9600) ; // the 9600 tells our Arduino how fast to send dat

// Check to see if the serial port is working
while (!Serial) {

; // wait for serial port to connect.

// If it is, Jjust keep going (don’t do anything)

}
// Send a message to the Serial Monitor telling us that we are starting
// to use the SD card.
Serial.print("Initializing SD card...");

// See if the card is present and can be initialized.
// If there is a problem, tell us using the serial monitor.
if (!SD.begin(CS Pin)) {

Serial.println("Card failed, or not present");



Using an SD Card Reader 91

// it didn’t start the SD card write, so don’t do anything more:
return;
}
// But if the SD card did initialize, tell us on the serial monitor.
Serial.println("card initialized.");

}

[IT17777 77070777777 7777 7777777777777 7777777777777777777777777777777777777777
void loop() {
// We will have to turn our voltage numbers into text to send to our file
// let’s make a text variable (called a string) for this
String dataString = "";

// let’s choose our analog input 0 to read
int analogPin = 0;

// read the analog input
int sensor = analogRead (analogPin) ;

// make 1t text
dataString += String(sensor);

// open the file. note that only one file can be open at a time,
// so you have to close this one before opening another.
File dataFile = SD.open("datalog.txt", FILE WRITE);

// If the file is available, write to it, but then close it
// right after. We will only keep the file open while we are
// writing to it. This is safer. It helps prevent getting files
// corrupted, and let’s the Arduino keep adding to the file after
// a problem.
if (dataFile) {

// print our data point

dataFile.println(dataString) ;

// close the file for safety
dataFile.close();

// print to the serial monitor too:
Serial.println(dataString);
}

// 1f the file isn’t open, pop up an error:
else {
Serial.println ("error opening datalog.txt");
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LI 777777777 77777777777 777777777 7777777777777777777777777777777
LI 777777777 77777777777 777777777 7777777777777777777777777777777
Make sure you understand each line of this code. It is a little fancy in that it tries to
check to make sure the SD card file is working properly and warns you if something is
wrong. But most of the code is comments. So don’t be discouraged by the length.

Lab Assignment

1. Finish any part of the last lab that you haven’t done.

2. Using Python, Save Arduino data to a file on your computer

a. Wire up a simple voltmeter and load its sketch. Build a simple circuit to test like
we did back in section (3.1). Start your Arduino and check to make sure voltages
are going to the serial port by looking at the serial monitor or plotter.

b. Check with your group members to make sure their simple voltmeters are working.
Help if they are not.

c. Start your Python system (Spyder or Canopy if you are following the instructions
given above) and write the program to read the serial port and save the data to a
file.

d. Close the serial monitor and/or serial plotter. Then run your Python code. Check
to make sure that the file of data is written properly. The voltages written in the
file should match what your power supply and circuit provided.

e. Make sure you save this program and record what you did in your lab notebook.

f. Make sure your lab group members all have Python programs that run and save
data correctly. Help if they do not.

. Together with your group, fill out a “brainstorming sheet” in preparation for your

design project later in the semester.

. If there is time...add an SD card reader to your Arduino setup.

a. Wire up an SD card reader

b. Write the new sketch. The instructions given above should help.

c. Record data from your Arduino like a simple voltmeter.

d. Check to see if the SD card file has the voltages you expected.

e. Make sure you save your new sketch and record what you did in your lab notebook.
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What physicists do is to try to understand how the universe works. To do this we use
the Scientific Method. And what makes the Scientific Method different from philosophy
is the use of experimentation to verify our ideas. So in a physics lab class, we need to
test ideas about how the universe works. We call these ideas “mental models” or just
“models.” We have been using one of these models in making voltage measuring devices
already. It was called Ohm’s law. Let’s start out by testing Ohm’s law to see if it really
works.

Ohm’s Law Revisited

We learned several labs ago that voltage and current are linearly related to each other.
This is what we would call a model, a mental understanding of how part of the universe
works. Usually in physics we distil the model into an equation . We call this equation a
law. In this case, Ohm’s law.
AV =1R

where R is the slope of the AV vs. I curve. We can see the model relationship between
AV and I relected in the equation. Note that being a “law” doesn’t mean the equation
is always true. The word “law” generally implies that the equation is true at least some
of the time, but really it is telling us we have distilled our model into math.

We might plot our equation to show the AV vs. I relationship.

DeltaV * ]

1+

0 #F—————————
00 01 02 03 04 %5

But as scientists, we should ask, does our model work for all materials? What if we
graphed AV vs I for some device and found a graph that looks like this?
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DeltaV 2 “
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Such a device would not follow Ohm’s law. We would say that such a device is nonohmic.
Today we will test our model by taking AV and I measurements and seeing if the equa-
tion AV = IR describes the data well. Of course, this means we need to measure two
things at once with our Arduino. We need both AV and I. But this isn’t a problem
because our Arduninos have five analog inputs. So we just need to have one measure-
ment attached to, say, pin A0 and another to, say, pin Al. Of course both will need to
be connected to GND as the second measurement because AV measurements take two
leads.

But wait if we are testing Ohm’s law, we don’t want two AV measurements, we want
AV and I. How do we get [ measured by an Arduino?

Measuring current with our Arduino

Arduinos and other DAQs only measure voltages. Let’s review how we measure the
voltage across a resistor, and then review how to turn that voltage measurement into a
current measurement.

Battery —_—+ Riest :é @
’—/

We put the two leads of a voltmeter (shown as a circle with a AV in it) on either side
of the resistor that we are testing. If the voltmeter is our Arduino, the leads on the side
of the resister connected to the positive side of the battery should go to A0 and the lead
connected to the negative side of the battery should be connected to GND. This is all
what an Arduino (or any other DAQ) can do.

To measure a current with our Arduino we have to somehow turn that current into a
voltage. This is true of most measurements we will do. We need to turn temperature, or
humidity, or magnetic field, or light intensity into a voltage. Turning magnetic field into
a voltage is a little tricky, but we already know all we need to know to handle current.
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To turn a current into a voltage, think of Ohm’s law again.

AV, = IR,
we can solve for
I= —AVS
=%

so if we add a new resistor, R, to the circuit,

-+
Battery “mmm Riest o

and measure the voltage across that circuit, we will be able to calculate the current.

Of course, if R, is very large, then Ry, itself, will slow down the current. So we want to
choose a R, that is much less than R;q;.

Rs < Rtest

But so long as this is true, our R won’t change the current much, and since we know

R, we know the current

AVy
===
R

S
We have turned our current measurement into a voltage measurement!

Actually making an Arduino measure current

This idea is great, but let’s talk a little bit about how to wire this dual measurement.
Think again about our two voltage measurements, AV and AV;. Each A implies two
measurements. That means we need a total of four measurements to make this work!
Let’s see where these measurements would be on our circuit diagram.
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Battery

By drawing the diagram, we realize that we can create both AV measurements with only
three individual voltage measurements because the voltage at point 2 and the voltage at
point 3 should be the same. So we could wire our circuit like this:

-+
Battery g
GND =

@

®

Pin A2

test

1O
©

QO rinAl

Pin AO

and of course we need to wire the negative pole of the battery or power supply to the
GND pin. Then our two voltage difference measurements will be formed from

AV
AV

= Vi —Va
= Va1 —Vao

If we keep our voltage from our battery or power supply in the 0 V to +5V range, then
we can use our simple voltmeter sketch. We do need to modify it to take three different
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voltage measurements. And we need to add the math to make AV; into 7. We could

even modify this so that our code would report out
AV
R=—
1

and we might as well. Here is an example sketch.

L1710 7777777777777 777777777777777777777777777777777777777777777777777777777
// very simple voltmeter and equally simple ammeter
// will measure 0 to 5V only!
// Voltages outside 0 to 5V will destroy your Arduino!!!
// Delta V shunt must therefore be much much less than 5V
// The shunt resistor should be much less than the resistance of the
// rest of the circuit.
L1777 0 7777777777777 777777777777777777777777777777777777777777777777777777777
// Shunt resistor value goes here:
float R shunt= 220; //ohms - remember you have to replace this with you
// actual shunt resistor value

// make some integer variables that identify the analog input pins we will us
int AIO = 0;
int AI1l = 1;
int AI2 = 2;

// you also need a place to put the analog to digital converter values
// from the Arduino

int ADCO = 0;

int ADC1 = 0;

int ADC2 = 0;

// Remember we will have to convert from Analog to digital converter (ADC) uni
// to volts. We need our delta V min just like we did in lab 3
float delta v min=0.0049; // volts per A2D unit

// We need a place to put the calculated voltage and current.
float voltage = 0.0;
float amperage = 0.0;

[17177 777777707777 7777077777777 7777777777777777777777777777777777777777777777
void setup() {

// put your setup code here, to run once:

//Initiate Serial Communication

Serial.begin (9600) ; //9600 baud rate
}
L1777 7777777777777777777777777777777777777777777777777777777777777777777777
void loop () {

// Read in the voltages in A2D units form the Arduino Analog pins

ADCO = analogRead (AIOQ);
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ADC1l = analogRead (AIl);
ADC2 analogRead (AI2) ;

// Convert the voltage across the test resistor to voltage
// units using delta v _min
voltage = (ADC2-ADCl) * delta v min;

// Convert the voltage across R _shunt to voltage units using
// delt v min, then convert to current using R _shunt
amperage = (ADC1-ADCO)* delta v min / R shunt;

// output the voltage, amperage, and resistance
Serial.print (" voltage ");

Serial.print (voltage, 6);

Serial.print (" amperage ");

Serial.print (amperage, 6);

Serial.print( " resistance " );
Serial.println(voltage/amperage, 4);

}

Choosing shunt resistors

It’s harder than you might think to choose a good shunt resistor. The shunt resistor
resistance shouldn’t be big enough to cause too much error in our AV measurement
for the resistor we want to measure. Nor should it be so large that it effects the current
much. But suppose we find the smallest resistor that we can, say, 10 €2. Surely that will
not affect the actual AV or I measurements. But still, we may have a problem. Let’s
consider an actual circuit to see why.

Suppose we have a circuit where the input voltage from the power supply is AV, =2V
and our test resistor is R = 5000 2. And suppose we try to use R, = 10 ).

AV, =3V —_;" R = 500002

R, = 100
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The two resistors together are a voltage divider. We recognize this from our previous
labs. So we expect the voltage drop across each resistor to sum to the voltage given by
the power supply

AVys = AVr + AVg
and we know the current will be the same in the entire circuit. We can use Ohm’s law to
find the current.

Avps = IRtotal

so that
AV
Rtotal

AV
R+ R;
Now we can find the voltage drop across just R

AVy = IR,

AV,
- <R+Rs> R

2V
AV = (50009 +10 Q) (10€)

= 3.992x 1073V
= 3.992mV

Remember that for our simple voltmeter,
5V

AViin = To2d ~ 4.88mV

and this is larger than AV; so once we use our Arduino analog to digital converter
(ADC), AV; will appear to be zero! Our current meter that we built will say our current
measurement will be zero even thought there is a current [owing. That is a 100% error!
We might try to improve things by increasing the power supply voltage. Even if we
increased the voltage from the power supply to, say, 5 V (our maximum) we would only

have
5V
AV = (50009 +10 Q) (10€)

= 9.98mV

We should compare this value to our ADC minimum detectable value
AVs
Ve =N

A‘/Inim
the number of ADC units that will be used. We can see that for R, = 102

_9.98mV

~ 4.88mV
ADC units. With our entire value of AV split into only two numbers our uncertainty in
our AV would be something like 50%. That won’t make a very good current measure-
ment
Suppose instead, we use Rs; = 170 2. This is much bigger, so it will affect the voltage

I =

and let’s put in numbers
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measurement of the test resistor a little. But in the end will work better. If we set our
power supply back to AV,,; =2V the R, = 17012 gives.

2V
AVs = (50009+17OQ) (1705Y)
= 65.764mV
This would give
65. 764 mV
N7—88 v = 13.476

4.88m
or about 13 ADC units spread across our 65.764mV. Then each of our ADC units

would be worth 65. 764 mV

This is very near the AVj,i, = 4.88 mV value, but a little bit higher. If AV from our
calculation is larger than 6 Vi, then we have to use the larger value as our uncertainty
in AV;. So we would say dAV,; = 5. 1mV. But still this is not a terrible error.
5.058 8mV

100> G5 Toamy —
This is much better than 50% or 100% error. You might guess that we can do a little
better by trying other resistance values. And you would be right. But if you only need
an 8% error, this value would be fine.
Our stand-alone meters have lots of shunt resistors inside of them. You are changing
shunt resistors when you change the dial setting, trying to balance these errors. By
changing shunt resistors in our circuit we are doing the same thing as turning the dial on
the current settings of a multimeter.

Finding Uncertainty in a calculated value

In the last section I gave errors in AV, but didn’t finish the error in the current, I. Of
course, since we had to calculate the current, we also need to find the uncertainty in
our current using error propagation. Fortunately we “remember” how to do this from
PH150. We use our basic form for standard error propagation. If we have a function
f (z,y, z) then the uncertainty in f would be

o=@ ) - (@) (Do)

In our current case, our function f is the current [ and it is a function of AV and R,
AV,
f=1=—""=

R,
so we will have an uncertainty like this

I (AT (Ea)

and we can find the partial derivatives

or 1
OAV, R,
oI AV,

OR,  R2
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o= () ) - (o)

Let’s try this for our example in the last section. We have AV; = 9.98mV and R, =
170 Q. We know that AV, = 5.058 8 mV and our resistors are only good to 1% so that
would be 6Rg = 1.7Q)

1 2 65. 764 mV ?
§I — (<m> (5.0588rnV)> +<<W> (1-7Q)>

= 3.0008 x 107° A

This looks small. Is it a good uncertainty? We can’t tell until we compare it to our
expected current. We expect for our example
AV,
I = —/£&
R
2V

5000 2
= 0.0004A

4x10*A

so the fractional uncertainty in the current will be

3.0008 x 107° A
100~ = 7-502%

This still isn’t great, it’s about what we got for the error in JAV; (but it’s better than
50%). We might be able to do better. But if 8% is OK for our application, then we stop
here!

Let’s try to figure out what the biggest contributor to our uncertainty might be. To do
this we look at the terms in our uncertainty calculation separately

((Ri) (6AV3)>2 = ((ﬁ) (5.0588mV))2 =8.8552 x 10710 A?

((—AR‘@ (6Rs)>2 = ((—%) (1.79.))2 =1.4965 x 107 A?

The first term is about sixty times the second. So to make an improvement we would
want to first concentrate on the first term. We could change our dAV; or change our
R, value. Changing AV} is harder than changing R,. Maybe we could even make R,
a little bigger to improve our current measurement. Notice that this was not the obvious
solution! At first it seemed that smaller R values would give better uncertainties. But
after doing the uncertainty calculations, we find that there is an optimal range for R;.
Big R; is still bad, but very small Ry is also bad. You have to do the math to find this
out.

so we have

Iterate to find an optimal value

Since there is an R in the bottom of both terms in our current uncertainty, let’s try
changing the R; value and see if the uncertainty gets better. We have to start all the
way back at the top with AV;. We will have to go through all our calculations again! A
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spreadsheet or symbolic math processor might be a good way to go so you aren’t putting
the same things in your calculator over and over.

We start by finding the current in the circuit

[ AV,
- \R+R,
Then an estimate for AV} across the shunt resistor would be
AV, = IR,

B AVps
_ <R+RS>RS

and then the number of ADC units we used will be

AVy
N =
ADC = Ay
rounded to the smallest integer, which gives a new estimate of our uncertainty in AV
AV,
0AV, = .
Napc

and now we need can find the uncertainty in I

o= ((E) ) () )

and its fractional uncertainty
dI

fr=—
1
As you can see, it is probably best to put all this in a symbolic package (like Mathmatica
or Maple, or Sage, or whatever your favorite symbolic math processor might be). That
way, you can change values of, say, R; and AV, without redoing everything. At least
consider using a spreadsheet program or even in Python!.

Let’s try this once more with R, = 500 €2 just to see what would happen.

;o 2V
~ \ 50002 + 5009

3.6364 x 1074 A

)
AV, = IR,
2V
o (5000 Q4500 Q) (5009)
= 0.18182V
and then the number of ADC units we used will be
0.18182V
Napo =gy = 3728
which gives a new estimate of our uncertainty in AV
SAV, = % =4.9141 x 1073V

and now we need can find the uncertainty in /. We will need 6 R; = 5002 x 0.01 =
5.0Q
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- {((atm) o) (i) )
51 = ((ﬁ) (4.9141><10—3V)>2—|—<<—%> (5.OQ)>2

= 1.0479x107°A
and its fractional uncertainty

1.0479 x 10° A
fr=100 % J ey = 2.8817%

This was a bit of an improvement! We could continue to iterate. I had my computer do
this for R = 5000 €2 and AV, = 2V I asked it to plot f; as a function of R,

fI10

0-t + T + T + T + T + {
0 1000 2000 3000 4000 5§00
R_

Notice that after about 500 {2 we are not going to get much of an improvement. So our
choice of R, = 500 (2 seems good for this situation. Once you have a symbolic pack-
age or spreadsheet version of this calculation, picking different shunt resistors becomes
fairly easy.

We should check, though. What did our 500 {2 resistor do to our AV measurement? We
found our current in the circuit to be

I=3.6364x10"%A
and our test resistor is 5000 2 so
AViest = (3.6364 x 1074 A) (50002) = 1.8182V

We know the power supply was providing AV, = 2 V. So we have introduced an error.
We can find the percent difference

1.8182V -2V
(100) 1332V —9.998 9%

which means the AV measurement will be 10% low due to our inserting the shunt
resistance. If we can live with a 10% error, then we are fine. If not, it is back to iteration
to find a better shunt resistance.

Of course, so far we have just found uncertainty in AV and I. These are the uncertainties
in our measuring devices that we built. Since you are the manufacturer of these devices,
you have had to calculate what their uncertainties will be. When we design our own
measuring devices, we always have to do this. Of course you could have built the devices
and then watched the output to see where the digits [ uctuate like we did with our stand-
alone multimeters. But the risk is that it might take a long time to find a value for each
part of our device that works together with the other parts, and in the mean time we
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might burn up our equipment if we don’t plan for what we want first. You can check
your uncertainty calculations by looking at the [uctuation of the digits to see if we are
right (or if some other uncertainty factor has crept in that we haven’t handled yet).

When we started this lab we said we were testing Ohm’s law, and we wanted to find
Ryest uncertainty d Ry.s; to see if Ohm’s law really works. In finding the uncertainty in
our measuring devices we haven’t found 0 Rs.s;. We will review a different way to do
that analysis.

Using statistics to calculate uncertainty

By now in a experimental design, | am usually at my tolerance limit for calculating
uncertainties. You might ask, can’t we get our powerful computers to help us out a little
bit with finding the uncertainty? After all, we went to all the trouble to get the data on
the computer. The answer is, yes!

Let’s suppose we have done our experiment and we have some data that look like this:

140000
120000
100000

80000

AV (V)

60000 ®
40000

20000 °

0o ®
0 20 40 60 80 100 120

This looks pretty good. It seems to be sort of linear. We might guess from this that
Ohm’s law is begin obeyed. But we want R;.s; and Ryes; is the slope of this line. We
could calculate Ry.s; from each pair of AV and I points and find it’s uncertainty using
standard error propagation. But it seems that it would be better to take all the points into
our analysis to find R;.s;. More data should give us a better estimate for R.,;. Back in
PH150 you may have done such a thing using a curve fit. In the next figure, a curve fit
is shown for the data from the last figure.
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140000

y = 1092.9x + 1969.2

120000 R? =E.88§1 * ’
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Notice that I performed this curve fit in MicroSoft Excel, but if you are a great Python
programer you could do this directly in Python. You could also do this in LoggerPro or
many other data analysis programs. From the curve fit equation we can see that we have
a slope of 1092.9. Since our graph has AV on the vertical axis and [ on the horizontal
axis we recognize
AV = Rl +0
y = mz+b

that R.s; must be the slope. In the data above the we can see that the resistance is a
little more than 1092 €2 because that is the slope of our fit line. But we know we need an
uncertainty along with this nominal value. Can we get the computer to do this as well?

The answer is, of course, Yes! And that will save us a bunch of math! In some data
analysis programs this is easy. LoggerPro, for example, just gives you the uncertainty
in m and b. Excel does not. If you want to use LoggerPro, that is fine. If you know how
to do this in Python, go ahead. But, if you want to use Excel, let’s see how to find the
uncertainty.

We will use the 1inst function in Excel. To find this, select the insert function tool.
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Insert Page Layout Formulas Data

“ —
gfc”t Calibri -l -|K & ==8
E@ Copy ~
Paste e X =
2 ¥ Format Painter BIU = & = =
Clipboard [ Font
E6 M S
_ A B E D E F
1 -
2._
3 | 1 1.670045
4| 2 2.140032
5 3 4.939967
Y = I - - A I ‘

This will bring up a dialog box that allows you to select functions. We want the linst
function and it is categorized under statistical, so in the category drop down box

Insert Function ? X

Search for a function:

Type a brief description of what you want to do and then click Go Go

Or select a category: | Statistical
Date & Time ~
Math & Trig
Statistical

Select a function:

A
AVERAGE Lookup & Reference
AVERAGEA Database
AVERAGEIF Text
AVERAGEIFS Logical
BETA.DIST Information
BETA.INV Engineering o
Cube
AVEDEV (nunaber 1. Compatibility
Returns the average q\web O ootmends b

numbers or names, arrays, or references that contain numbers.

Help on this function Cancel

Then in the Select a function: box you should find LINST in the list.
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Insert Function ? X
Search for a function:

Type a brief description of what you want to do and then click Go Go

Or select a category:  Statistical ™

Select a function:

KURT ~
LARGE

LOGEST

LOGNORM.DIST

LOGNORM.INV

MAX

LINEST(known_ys, known_xs,const,stats)

Returns statistics that describe a linear trend matching known data points, by fitting a straight line
using the least squares method.

Help on this function Cancel

When you choose LINST, another dialog box will open.

Function Arguments ? X
LINEST
Known_ys E&E| = reference
Known_xs 5| = reference
Const B = ogica
Stats E&| = logica

Returns statistics that describe a linear trend matching known data points, by fitting a straight line using the least squares method.

4
q
q
q
g
4
4
P
4
g
3 Known_ys is the set of y-values you already know in the relationship y = mx + b.
g

Formula result =

Help on this function Cancel

™

It will ask you for your y-values and your z-values. It asks for a Constant, but leave
that input blank. It also asks if we want statistics. We do, so fill this in with the word
“TRUE” in all caps.

When you click on OK, you will get a number in a spreadsheet cell. That is good, It
should be our slope. But we want the uncertainty in that slope. To do this highlight the
cells near the slope value. The region needs to be two columns by five rows.
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1092.893234

With the region highlighted, click the formula in the formula bar with your mouse.
ge Layout Formulas Data Review View Add-ins A

11 - A A | E=E¥- BWapText
U-|Bi-1Q-A-I===|E=3=
Font fu Align
fr | =LINEST(C3:C14,B3:B14,TRUE)
ol F E. b e | H

.561 1015.972

3.74 10364.27

4.89 14718.67

2.59 19973.68

6.85 52902.98

7.27 50904.88 E—

773 602181
It should light up parts of your spreadsheet.



OV LINEST{C3:C14,63:814, TRUE)

B = D | LINEST(nown_ys, [known_xs], [const], [stats]

1| 1488.561 | 1394.086
11| 15063.74 | 6475.704
21| 18504.89| 20648.05
31/ 33892.59| 27737.02
41 30736.85| 50692.49
51| 74177.27| 44189.17
61| 59047.73| 78536.35
71(96992.19| 105113 120000
81 106056.1| 76839.9
91 112578.5| 52831.47
101| 115013.9| 97552.69

140000

100000

o 80000
= -

Type CTRL+SHIFT+ENTER all at the same time
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ACROBAT Q) Tell me what you want to do..

3::14,33:3.

¥ = 1092.9x + 1965.2

s

08871 .
L
.

. This will fill in the region with statis-

tics on our data. The top left cell in our region is still the slope, but now right under this
slope is the uncertainty in the slope. We also have in the top, right cell the y-intercept

and below it the y-intercept uncertainty.

Slope —

Slope Uncertainty —

T

1092.893234  1969.21888
123.3208612 8112.66327
0.887054732 14747.0301
78.53845911 10
17080143366 2174748978

«—Y-Intercept

Y-Intercept
Uncertainty

There are other numbers that are useful, but for now the two rows have given us what we
needed. We have the slope, m, the y-intercept, b, and their uncertainties. For the data in

the figures, we would have

Riest = 110092 £ 1002

This was a little tricky, but was far less mathematical work than doing the uncertainty
for every (I, AV) pair. We will often use this technique to find uncertainty.

Also notice that in this analysis technique, we can afford some error in our AV and [
values. So maybe a 9% error (like we found in one of our instrument desigs) is not so
bad. We may not have to work too hard to get a wonderful choice of shunt resistor if we
are going to use many data points and the power of statistics to analyze the data in the

end!
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Proposals

Philosophical warning

There was a lot to this reading. We talked about designing and building an instrument.
We used some physics, Ohm’s law, in our design process. Then we tested a physical
model, Ohm’s law, with our instrument. All these were good things, but maybe you
wondered along the way if it is acceptable to test Ohm’s law with an instrument that
depends on Ohm’s law. And the answer is a big NO!

This lab is practice, but it is imperfect practice. We do know that Ohm’s law works,
so we are going to use it in designing instruments. But you really need a different
instrument, one that does not depend on Ohm’s law, to test Ohm’s law in a credible
way. In next week’s lab, we will test a different physical model with the same basic
instrument that we build today. The instrument will depend on Ohm’s law, but the new
physical model must not if the experiment is to be valid.

It’s time to start thinking of what experiment you and your group will design. You are
required to write a proposal for this experiment. This is a document that is intended to
persuade someone (your professor, funding agency, yourself, etc.) that you should be
given the resources and support to perform the experiment. The proposal consists of the
following parts:

1. Statement of the experimental problem
2. Procedures and anticipated difficulties
3. Proposed analysis and expected results
4. Preliminary List of equipment needed

Each of these are discussed below.

Statement of the experimental problem

This is a physics class, so our experiment should be a physics experiment. The job of an
experimental physicist is to test physics theory. So your statement of the experimental
problem should include what theory you are testing and a brief, high level, overview of
what you plan to do to test this theory.

Procedures and anticipated difficulties

Hopefully, your reader will be so excited by the thought of you solving your experi-
mental problem that he or she will want to know the details of what you plan to do.
You should describe in some detail what you are planning. If there are hard parts of the
procedure, tell how you plan to get through them.
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Proposed analysis and expected results

You might think this is unfair, how are you supposed to know what analysis will be
needed and what the results should be until you take the data? But really you both can,
and should, make a good plan for your data analysis and figure out what your expected
results should be. After all, you have a theory your are testing! You can encapsulate that
theory into a predictive equation for your experiment. You can design your experimental
apparatus, and put in the numbers from your experimental design. From this you can
calculate what should be the outcome.

If you don’t do this, you don’t know what equipment you will need or how sensitive
that equipment needs to be. If you are trying to measure the size of your text book, an
odometer that only measures in whole miles may not be the best choice of equipment.
To know what you need, do the calculations in advance.

You should also do the error analysis. You will want to predict the uncertainty. A mea-
surement of your text book length that is good to -3 m is not very satisfying in most
cases. Uncertainty in your result is governed by the uncertainty inherent in the mea-
surements you will take. The uncertainty calculation tells you what sensitivity you will
need in your measurement devices. Since you are choosing those measurement devices
as part of your proposal, and you are choosing the inputs to your model equaiton (like
the resistance and the capacitance in today’s lab) you will know how much uncertatinty
they have, so you can do the calculation in advance.

You should do all of this symbolically if you can, numerically if you must, but almost
never by hand (meaning not using your calculator) giving single value results. Some
measurements will come back poorer than you anticipated, or some piece of equipment
will be unavailable. You don’t want to have to redo all your calculations from scratch
each time this happens. For example, in the event of an equipment problem, your analy-
sis tells you if another piece of equipment is sufficiently sensitive, or if you need to find
an exact replacement. When I perform an analysis like this, try for a symbolic equation
for uncertainty. I like to program these equations into Scientific Workplace, or Maple,
or SAGE, or MathCAD, or whatever symbolic math processor I have. Alternatevly, you
could code it into Python. Then, as actual measurements change, I instantly get new pre-
dictions. In the absence of a symbolic package, a spreadsheet program will do fine. A
numerical program also is quick and easy to re-run with new numbers when no symbolic
answer is found.

Preliminary List of equipment needed

Once you have done your analysis, you are ready to list the equipment you need and
the sensitivity of the measurement equipment you need. Final approval of the project
and the ultimate success of your experiment depend on the equipment you choose or are
granted. You want to do a good job analyzing so you know what you need, and a good
job describing the experiment so you are likely to have the equipment granted.

Designing the Experiment

Of course, as part of your proposal, you will have to design your experiment. In PH150
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we learned that to design an experiment we needed the following steps. Some evidence
of these steps should be found in your lab notebook:

1.

5.
6.

7.

Identify the system to be examined. Identify the inputs and outputs. Describe your
system in your lab notebook.

. Identify the model to be tested. Express the model in terms of an equation repre-

senting a prediction of the measurement you will make. Record this in your lab
notebook.

. Plan how you will know if you are successful in your experiment. Plan graphs or

other reporting devices. Record this in your lab notebook. This usually requires you
to calculate the predicted uncertainty and to evaluate the relative size of the terms in
the uncertainty equation (see below).

. Rectify your equation if needed. Record this in your lab notebook.

Choose ranges of the variables. Record this in your lab notebook.
Plan the experimental procedure. Record this in your lab notebook.

Perform the experiment . Record this in your lab notebook (see next section).

Using Uncertainty to refine experimental design.

Suppose you plan to test our model for resistance from your PH220 text book. The
equation for resistance is

R=p—

where p is the resistivity, the material properties of the material that makes wire or
resistor have friction. The length of the wire or resistor is ¢, and A is the cross sectional
area. We could find the uncertainty in R

OR . \?> [OR_\?> [OR. \?

The first term in the square root is

OR _\?* ¢ \?
() - (i)

and the other two terms are

(5F5) = (59

R .\’ ¢ N\
(5%4) = (~o7m04)

And suppose that our design is to have a copper wire with

p = 168+0.03x107%Qm
¢ = 504+0.1m
A = 50x107%m?m?
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This would give a resistance of
Rpew = 1.68x107°Qm

= 168.0Q
We can calculate each of our terms from the J R equation.

14 ? 5m _8 ? 2

2
PN 1.68 x 1078 Qm _ 9
(Lor) = (—5.0>< oy (01m)) = 11,2000

5m
5.0 x 10-10m2

2
YA 2 _ (5111) _ 2
(—pﬁ(m) = (— (1.68 x 107 Q'm) 50 100w (0.1x 10 9m2)> =1129.00

The overall uncertainty then would be

SR =149.002 +11.290 0% + 1129.00Q2 = 33.901Q

So with this design we predict a fractional uncertainty of

33.901Q
16800 — 0.20179
or a little over 20%. This is not a great design. We would like a much lower uncertainty,
something that gives a fractional uncertainty more like 1%. It is clear that the last term
has the highest contribution to the uncertainty, so this is the term that needs fixing. One
method of fixing the problem would be to increase § A. We could try 1.0£0.1x 10~? m?.
In order to have the same resistance we will also have to change the length of the wire
from 10m to 5m.

p = 1.68+0.03x108Qm
¢ = 10.0£0.1m
A = 1.0£01x107"m?
Checking we see we do get the same resistance
10m
R = 168x107°%Qm———-—
* T X 109 m?
= 1680

But now for the last term we would get

2
14 2 _ (10m) _ 2
(—Pﬁ6A> - (— (1.68 x 10-° Qm) (10 x 10-9m2)’° (0.1x10 9m2)> =282.240

which is better. But we have to check to make sure our design change didn’t cause a
large rise in the other two terms.

Lsp) = —10m 0,03 x 1074 Q) " goe?
A°%) “\Tox109m2 \* -

P N2 (L68x1073Qm z >
(AM) - <—1.0>< s (01m) ) = 282240

The first term was hurt by our new design change, but not badly. So with the new design
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the overall uncertainty would be

SR =1/9.002 +2.82240% 1+ 282.240% = 17.148Q

So with this new design we predict a fractional uncertainty of
17.148 Q
168.0Q2
which is about 10.%. This is much better. From our uncertainty terms, we can see that
to do better we need to improve both the § A term and the §¢ terms because they are now
about the same size. The terms in our uncertainty calculation tell us how to modify our
experimental design.
There is a refinement we could make to our process. really there are no area measure-
ment devices available, so what we would do is measure the diameter of the wire and
calculate the area.

=0.10207

A= %TFD2
we could find § A by using our propagation of uncertainty equation again, or we could
modify our resistance equation so that it is in terms of what we actually measure.

40

R=rimm
and calculate our uncertainty in terms of p, ¢, and D. That is preferred and usually less
work. The general rule is to express your model equation in terms of what you will
actually measure before you calculate the uncertainty terms.
The moral of this long story is that we must calculate the uncertainty as part of the design
process. It is probably best to use a symbolic math processor or at lease a spreadsheet
so that as the design changes your uncertainty estimate will change too without having
to manually recalculate it.
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Lab Assignment

1. Build the instrument

a. Choose a test resistor in the 1k(2 to 10k range and a shunt resistor. You will
have to check your values using the math we discussed above to make sure they
will work. If your first shunt resistor choice works, use it. If not, iterate until you
have a shunt resistance that will work.

b. Modify your voltmeter sketch to measure both the voltage and the current. (Check
the voltage, currents, and their uncertainties with the serial monitor to make sure
things seem good).

c. Build your voltmeter and ammeter so your Arduino is taking (I, AV') pares and

WARNING

If done wrong this step can
destroy your Arduino

if you based your sketch on the simple voltmeter, make sure you don’t use voltages
outside the 0 V to +5 V range! Include expected uncertainties for your AV and I
measurements.

d. Check your lab group’s instruments to see if they work, and have your lab group
members check yours.

2. Test Ohm’s law

a. Take 10-15 measurements of AV and I. For each AV measurement change the
AV setting on the power supply a small amount (don’t go over 5 V if you are using
the simple voltmeter!).

b. Plot voltage vs. current and fit a curve to the data.

c. Determine the resistance from this curve fit and its uncertainty.

d. Finally, determine if your results support the Ohm model for how potential and
current are related?

e. Compare your data and conclusions to the data and conclusions of your lab group
members. Have them look at your results as well.

3. If you still have time, repeat part 2 for a diode. Do your results support the Ohm
model for how potential and current are related?

4. Could you have your Arduino sketch report the calculated uncertainties for AV, I,
and R? If you have time (you probably won’t) give this a try.
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7 Resistors and Capacitors

In this lab, we will not build a new instrument. We will use an instrument we built in
a previous lab (or at least only a new version of that instrument adjusted for today’s
resistance values). You will notice a pattern in what we do from now on in PH250. We
will build an instrument and then test a model with that instrument. The instrument must
be designed so that it can take the data needed to test the model. In today’s lab, we will
test the model of how capacitors work in a circuit. If your PH220 class is moving along
nicely, this model will be familiar.

The Model to Test

Charging
Il
1
C
+ =
AVbattery _- -_ R ;:

Let’s start by thinking of hooking up a capacitor and a resistor in series with a battery.
The capacitor will become charged. The voltage across the capacitor as a function of
time will be given by

AVe (t) = AViax (1 — e*é> charging
where
7= RC (1)
is the product of the resistance, R, and the capacitance, C. The current in the circuit as
a function of time will be given by

I(t)= Imaxe*% charging
while we charge up the capacitor. The quantity
7= RC
is called the time constant.
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We should review what a time constant is. Think of a particular case, say,

A%att&ry = 15V
R = 2Q
C = 10F
then t
Ve(t) = (1L5V) (1 — e—m)
and
T = (2Q)(10F)
= 20.0s
We can plot this
5T —— — — — — — — =
Delta V. C |
10 — -~ — — — — — — .
05T
0.0 —t
0 20 40 60 t

Notice, that by about ¢ = 70s we essentially have AV = AViagtery. But up to that
point, the voltage across the capacitor changes in a very non-linear way. The part of the
equation that looks like

(%)

0
e =1
So att = 0 we do have AV = 0 on the capacitor because

(1—e—%) —(1-1)

For any positive time, e~ wc will be less than 1. For large positive times R—% gets to be

is interesting. What is ¢°?

a big number. So e~ ®c gets very small. Then <1 - e*%> gets very close to 1. That
means that
tli)IEOAVC = tligloA%attery (1 — e_%) = AViattery (1) = AViastery
just as we saw in the graph and as we know it must.
But what if t = 7 = RC? Then
AVe = AViattery (1 — 6_%) =
AViattery (1 — 671)
= 0.63212AVpastery

63%Avbattery
The time 7 is the time it takes for the capacitor to be 63% charged!

The quantity 7 is called the time constant because it tells us something about how long
it takes for AV, to go from 0 to get to AVjqttery- The “t-looking-thing” is a Greek letter
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“t” It is pronounced “tau.” This quantity will be useful in planning your experiment.

Notice what we have done. We have used our model to form an equation, and we have
used part of that equation to understand how much time it will take to perform a test
(experiment) of the model. This is typical, we have to get an idea of how to make the
measurement from the model we are testing.

But! you say, I don’t really remember where all of these equations came from. Or maybe
your PH220 class hasn’t gotten to allowing current to [low yet so you have not done this.
If any of this is mysterious, please read the section of our PH220 book that covers RC
circuits. But if it is vaguely familiar or seems to make sense, really we can test our
model of how capacitors work just knowing a little about capacitors and the equations
that came from the model.

The Instrument

To test our capacitor model we need to measure the voltage across the capacitor as a
function of time. We could also measure the current in the circuit as a function of time.
One of these is sufficient to test the model. I am going to describe measuring the voltage
across the capacitor as a function of time. But you know from a previous lab how we
might add current as a function of time.

We need a device that measures voltage and how it changes as a function of time. But
that is just what our Arduino’s do! We already know how to build this device. Suppose
we can live with a 0 V to +-5 V range of AVyq4teryy. Then even our simple voltmeter will
work. Since it is a function of time that we are testing, we need to output both voltage
and time from our Arduino. We can’t guarantee that either of our capacitor leads will be
at ground, so we will have to be careful in wiring this voltmeter to give AV

Remember that AV is the difference between two voltage measurements.

@, @

C
+
AVipattery = R
SO
AVe =V =V

neither of which will be ground, so we really have to measure both with our Arduino.
We also need a ground connection. The wiring diagram might look like this:
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PinAl O Q PinA0

I+
po)

AVbattery __

GND —=

and our sketch will be a little like the one from our last lab.

[IT177 77777770770 7777 7777777777777 77777777777777777777777777777777777777777777
[IT177 7777770777777 77777777777 7777777777777777777777777777777777777777777777
// very simple voltmeter
// will measure 0 to 5V only!
// Voltages outside 0 to 5V will destroy your Arduino!!!
// Delta V shunt must therefore be much less than 5V
[IT177 7777777077077 7777777777777 7777777777777777777777777777777777777777777777
// we want to have voltage vs time, so make a place to store a time value
unsigned long time;
// make some integer variables that identify the analog input pins we will u
int AIO = 0O;
int AIl = 1;
// you also need a place to put the analog to digital converter values
// from the Arduino
int ADCO = 0;
int ADC1 = 0;
// Remember we will have to convert from Analog to digital converter (ADC) uni
// to volts. We need our delta V min just like we did in lab 3
float delta v _min=0.0049; // volts per A2D unit
// We need a place to put the calculated voltage
float voltage = 0.0;

[IT177 7777777077077 7777777777777 7777777777777777777777777777777777777777777777
void setup () {

// put your setup code here, to run once:

//Initiate Serial Communication

Serial.begin (9600) ; //9600 baud rate

}

[1T177 7777777777777 7777777777777 77777777777777777777777777777777777777777777
void loop () {

// Read in the voltages in A2D units form the serial port

ADCO = analogRead (AIOQ);



The Instrument 123
ADC1l = analogRead (AIl);
// Convert the voltage across the test resistor to voltage
// units using delta v _min

voltage = (ADC1-ADCO) * delta v min;

// output the time since we started and the voltage

Serial.print (" time in sec, ");
// this next line uses millis() which gives time in ms since we started
time = millis();

// convert to seconds and print.

Serial.print (time/1000.0, 6);

Serial.print (", voltage across C, ");

Serial.println(voltage, 6);
}
L1717 077770 7777777777777 77777777777777777777777777777777777777777777777777777
[IT177 7777077777777 7777777777777 77777777777777777777777777777777777777777777

This is just a voltmeter, but one with two A2D pins and a ground. This sketch also gives
us time using the millis() function. This function gives the number of milliseconds since
our experiment began. We can use our python code from a previous lab to save the data
into a file. I modified the previous code just a bit, so here is an updated version.

B i i i
FHAF S
# Python Code to read a stream of data from the serial port

# and save it to a file

B i i i i
# The idea is to read a series of voltages from an Arduino

connected to the serial port where the Ardunio is being

used as the Analog to Digital converter. Both the voltage

and the time the voltage was taken are sent to the serial port.

We will use two libraries, serial and time
The serial library is used to read the serial port
The time library is used to space out our data collection by
adding a delay in between data points. The amount of time
to wait in between data points is called "timeBetween."

We may have to install the serial library. If you have the
Anaconda Python for Windows, you can open an Anaconda
window and use the command ’conda install pyserial’

This must be done before the code can run.

Debugging issues: The Anaconda Python distribution tends to
hang on to the serial port even if the program does not run.
If this happens, try sending the python command ser.close()

o S S S S S o S S S S S 3 S S



124  Chapter 7 Resistors and Capacitors

at the command prompt. If this doesn’t work, You may have to

restart Python.

In windows, closing (after saving) the IDE and reopening it

# might be enough.
B i i i
# import libraries

import serial

import time

HH= FH=

# define variables for the delay time we wait between data points
timeBetween=4 #seconds

# define the number of data points to collect
N=40

#the next line opens a file and creates a pointer or handle for that file
# to use as a reference. You have to use double slashes in the path.

# The pointer, "dataFile" takes the place of all the path and file

# name so it 1s easier to use in the code below

dataFile=open ("C:\\Users\\rtlines\\Documents\\RCdata.csv","w")

#the next line opens the serial port for communication
ser=serial.Serial (' COM3’, baudrate = 9600, timeout=1)

#the next line clears out the serial port so we get clean data.
ser.flushOutput ()

#there will be a delay before the first data point comes from the
# serial port, warn the user so they don’t worry.
print ('getting started...’)

# set our index to zero
i=0

# Now for N points, collect data and write it to a file
while (i<N): #Begin data collection loop
#We will take data every "timeBetween" seconds. We need to know
# when we start waiting so we can tell if it is time to collect

# data yet. Use the time.time() to get the current time in seconds
# since Jan 1,1970. Yes that is a weird way to measure time, but
# computers do it this way.

waltStart=time.time ()

#Data comes to the serial port fast. We will continually collect
# the data as fast as it comes, but only save it every timeBetween
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# seconds. The next while loop keeps us reading in data, but only
# when the current time - waitStart >= timeBetweem will we use

# the data.

while (time.time ()-waitStart<timeBetween): #Begin Data read loop

# Get data from the serial port

# it should have a time and a voltage
arduinoData=ser.readline () .decode ("ascii’)
# end of the Data read loop

# the next line just prints the voltage point on the console so the user

# feels like something is happening.

print (arduinoData)

# This next line writes combines the time since we
# value from the serial port into one string
writeString=str (arduinoData) #+ " \n"

# The file write command adds a new line character
# new line character, so we have double spacing.
# them before we write to the file.

writeString = writeString.replace ("\n", "")

# The next line writes our time plus Arduino value
dataFile.write (writeString)

# and finely we increment the loop counter

i=i+1 # end Data collection loop

# Print out a message saying we are done

print ("done with data collection, closing the file and
# Close the file

dataFile.close ()

# Close the serial port

ser.close()

FHAF S
FHAF S R

The resulting data could be plotted in Excel. It might look something like this.

3.5

Delta_V C (V)
[ ]
)

0 20 40 60 80 100 120 140 160 180

Time (sec)

started and the Arduin

The Arduino added a
Let’s remove one of

to the file.

the serial port")

I plotted this in Excel, and that is great. But Excel doesn’t have the right function built
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into it for a curve fit. So we will use a new analysis program named LoggerPro. It is
not hard to use, and you can copy your data from a file, or from Excel into LoggerPro
easily. The next section shows how to make this work. If you are a fantastic Python
programmer, you could use Python for this part. If you are a die-hard Excel user, we can
show you how to use Excel and get the same result. But LoggerPro will make this very
easy.

LoggerPro Curve Fitting.

Let’s start by noting that you can download LoggerPro to your own computer if you
would like. You should have received a notification about this on I-Learn. If you wish
to install LoggerPro, follow the announcement instructions.
Once you have LoggerPro on your computer or on one of our lab computers, we will
use it for fitting a curve to our data just like we did last time in Excel. Suppose you have
already imported your data in Excel. It might look like this:

Insert Page Layout Formulas Data Review  View  Add-ins Al

& Cut Calibri -l KA | SE=E# 5P Wrap Text
Eg Copy -
CEE e e e :
# Format Painter | B 1 U - O-A- === Merge & Center
Clipboard e Font 3 Alignment
€3 UPLOAD FAILED You are required to sign in to upload your changes to this location. | Sign In
B4 - S 2.326
| »~ W ¢ | o | e | ¥ | 6 | H
1 delta v 335V
2
5 delta_V_C (V)
4 0.2009 0.061844 2
5 0.3969 0.126105 3
6 05929 0.194781
7 07742 02628 =% . ot
8 0.9457 0.331702 Qo i
9 11074 0.401324 >
10 1.2544 046912 @ 1°
@ .
11 13965 0.539338 8 %
12 1.5239 0.606778 .
i 38.502 1.6464 0.676217 05 | 4°

Now highlight a— column (I highlighted the time column) and select copy to copy the
data to the clipboard. Then open up LoggerPro. You will see a data area, a graph area,
and the toolbar.

Toolbar with Curve Fit Function

54 Logger Pro - Untitled /
File Edit Experiment Data Analyze Insert Options Page Help

D& @ <Peget ~|[>MBAQQLNIETALMIR N
1%\lc device (Unne((;d. =
Data Set 10—
Data Area ~ e

By B

s | Graph Area
4

5 8|

]

7

8

9

10

11

We want to past the data into a column in LoggerPro. If you also selected the time data,



paste it into the z-column in Logger Pro.
%4 Logger Pro - Untitled*

File Edit Experiment Data Analyze

E=2=F=]

No device connected.
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Insert Options Page Help

[Paget v[=E@ARAILL(LMA:

0

Data Set

(=]

X

ot

-
B

2326
6.328
10.336001
14.36
18.382999
22.408
26.430999
30.454
34.479
38.501998
42.526
46.549999

50.574001
R4 RA7

|»
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Do the same for the voltage data. Paste it into the y-column. Once you do this, the data
will automatically be graphed.

4 Logger Pro- Unitied®

File Edit Expermert Data Anslyze Iset Oplias Page Help

HilAaQ[LL(ErCHie I

DS U@ <Pmet -
No gevice connected.

Data Set
X Y

il 2326 02000
2 6326 03969
3 |10.336001 05829
4 1438 07742
5 |1s382988 09457
8 22408 11074
7 |26.430000 1254
8 30.454 13985
£l 34479 15239
10 |38.501938  1.8484
11| 42528 1784
12 46549999 18718
13 |50.574001 1.9747
14 54597  2.0629
15 |58.620998  2.1462
16 62645 22344
| 17 |66668908 23128
18 | 70692001 23786
18 |74.716003 245
20 | 78738987 25088
21 82763 25627
22 86788002 26186
23 |90.810997 26656
24 94834908 27195
25 | 98859001 27636
28 |02880996 28028
27 |06.924003 2842
28 110967002 28763
29 115011001 29156
30 119055  2.8449
31 123007999 29743
32 |27.140998  3.0037
33 |31.184997  3.0282
34 35220003  3.0527 |
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We now want to fit a curve to this data. The curve fit function can be accessed from the
tool bar. It looks like this:
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AMG

= #(x)=

Click on the icon and a new dialog will appear.

G h Curve Fit -
Data Gra i
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3 3 MR A . .

.
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functions P

3 Ty . Cancel

\

“Try Fit” Button

It is tempting to try just any function to see if it fits. But the goal is not to have a great
fit. The goal is to see if our data fit the equation from our capacitor model.

AVe () = AV (1 - e*%)

so we need to find this particular function. This is why I didn’t suggest using Excel.
Excel does not have the equation we need in it’s list.

- 5000
[ |
T T T T
0 50 100 150
X
General Equation:
O A=In(ex) Natural Logarithm =
The function | Oeeoc Base-10 Eaponent
(O A*log(Bx) Base-10 Logarithm
We want TTOsaesccre Inverse Exponent
(O A*sin(Bx+C)+D Sine
(O A*cos(Bx+C)"2+D Cosine Squared v
[Jime offset

Of course we won’t find a match with our exact notation. The one we want is given as
y=Ax(1—exp(—C=x*z))+ B
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and now we have to match our variables with theirs. Let’s compare the equations.
y = Ax(1—exp(—Cx*z))+ B
AVE(t) = AV (1 - e—%) 40
We can see that
Ours Theirs
AVmax
0
T

ol by i

We can see this

Curve Fit X
Ry
E i @ Automatic Owanual
q [ create Calculated Column
Coefficients:
A(rep(-cx) + B
The function e—
General Equation: ;
We want : < [ome g
O am107(Ex)+C Base-10 Exponent
\ O Alog(ex) Base-10 Logarithm S oo 'I.
@ A™(1-exp(-C)+8 Inverse Exponent e/
Oasin(x+C)+0 Sine
O Acos(Bx+C)2+D Cosine Squared
O 1i(sart(2=pi)*5)"exp(-(x M)~2/(275"2)) Normalized Gaussian ¥
[JTime offset
Define Function... Delete Function
Correlation: 0.999993
Status: RMSE 0.00320721

\

“Try Fit” Button

If the fit looks good, choose the “OK” button. You get the graph back with the curve fit
and a new little box.
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The curve fit looks nice and that is comforting. For my data, it looks like our capacitor
model might be correct, but we can’t be sure until we add in error bars. Before we do
that, let’s look at the new little box.

L
Auto Fit for: Data Set | Y
y = A*(1-exp(-C™x))+B

A 3.330 +/-0.002144
C:0.01681 +/- 3.475E-05

B: 0.06315 +/- 0.002300

Correlation: 1.000
RMSE: 0.003297 P

The box has our fit equation that we chose and it has values for the fit parameters and
their uncertainties. We will need those later!

Let’s add on the error bars now. Right click on the graph if you have a PC or do the
Mac equivalent if you have a Mac. A new dialog appears and in this case choose “Graph
Options.”



# Graph Options...

Column Options
it for: Data Set Zoom Graph In

1-exp(-C™X))+E
10 +-0.002144  £00i Graph Out

1681+/-3475E  Autoscale

1315 +/- 0.0023 Cut
tion: 1.000
£0.003297 Copy

Delete

Move To Front
Move To Back

Help
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Ctrl++
Ctrl+-
>

Ctrl+X
Ctrl+C
Del

On the “Graph Options” dialog make sure both = and y-error bars are checked.

Graph Options

Graph Options  Axes Options

New Data: # [ Error Bars
[[] Add New Data Sets and CW ] rror gars

Help

Title:
| ML | black -
Examine: Appearance:
[Jinterpolate Point Symbols Note: Error bar calculations

. and Point Symbol styles are
Mouse Position and Delta (] connect Points set in the Column Options
[Jiegend [Jear craph dialog for each column.

[TJuncertainty Boxes
[Joraw visible Spectrum (Wavelength Graphs)

Grid:
Major Tick Style: |— Solid v| r ||:| gray v[
Minor Tick Style: l No Line v| [ “:| gray V'

e

Chose “Done” and right click on the graph again. This time choose “Column Options.”
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Graph Options...
Column Options >

i1‘ il Dg:ta SE{E Zoom Graph In Ctri++

-exp(-C X))+

0 +,_pé 002)1) 44 Zoom Graph Out Ctrl+-

1681 +/- 3.475E Autoscale >

ie’.1 5+-0.0023 Cut Ctrl+X

tion: 1.000

£ 0.003297 Copy Ctrl+C
Delete Del

Move To Front
Move To Back

Help

and choose the y-data set. Another dialog appears with two tabs. Choose the “Options”

tab.

Manual Column Options X

Column Definition Options

Point Symbols: Color:
Style: _‘ » Empty Circle VJ size: |Medium v .
@ Display every |1 ~  points. - red v :
(O use Column
Displayed Precision: # []Error Bar Calculations
Automatic v (O Percentage (@) Fixed Value

(®) Decimal Places
() significant Figures

* (@ Error Constant +/-: | 0.0049

[Juse Scientific Notation (O use Column:

Cancel

You will see a place to choose how error bars are calculated. If you used the simple volt-
meter sketch as your basis, you know the quantization error is about 4.9 mV. That will
be true for every voltage measurement so we can input this as a constant value. If you
used a voltage divider, you will have to use your calculated error value here. When you
have your error value in place, choose “Done.”
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o

The voltage error was so small that it is hard to see the error bars! That is fine. What
this tells us is that our fit line must go right through the center of each data point. But it

does. So we are really doing fine. The data supports the model.
But now let’s go back to our little box of curve fit parameters. We identified

T ==
C

and for my data I have
C =0.01681 + 3.475 x 107°

We need units, and looking at the equation we know 7 has units of seconds, so C must

have units of inverse seconds.
1
C = (0.01681 £ 3.475 x 107°) S
so we can find a value for 7. For my data, [ have
1
0.016814
= 59.488s

Tmeasured

Note that we will have to calculate the uncertainty in 7. I will leave that for an exercise.
But I can compare this 7,,,cqsureq t0 the 7 = RC value I started with. If they are within

each other’s error range, this is a powerful confirmation of our capacitor model.

*
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Lab Assignment

We have two equations for charge as a function of time for a RC circuit. They are

AVe (t) = AViax (1 — e*§> charging
I(t)= maxeff charging

where

7=RC 2)

is the time constant.
1. Using a capacitor with a capacitance of about 20 xF and a resistor of about 1 M€,

create a circuit as shown. This will be our system that we will use to test our capaci-
tor model.

Charging
Il
1l
C
+ =
T ——— R<

You can use one of our power supplies, but be careful to either stay inthe 0 Vto +5V
range, or to use a voltage divider to achieve this range at the Arduino input. Follow
good lab notebook procedures by recording the model you are testing and your test
setup in your lab notebook. Just a note, we will be using directional capacitors. You
haven’t studied directional capacitors in class. For today’s lab, the only difference is
that these capacitors only work one direction. This is a little like our diodes. If the
circuit doesn’t work, try turning your capacitor around.

. Build your instrument. and write the sketch and Python collection codes. Test every

part of the instrument before you start collecting capacitor data. Don’t forget to
find your uncertainties. Follow good lab notebook procedures by recording your
instrument design in your lab notebook.

. Now get ready to collect data for a capacitor charge. Work with a lab partner from

your group to achieve the data collection. Compare your data among your group to
make sure things went well. Follow good lab notebook procedures by recording your
data or giving a location of the stored data in your lab notebook.

. Take the data from your file and graph it. LoggerPro is fine for both graphing and the

curve fit (next item). You should include this graph in your lab notebook (but might
also include the curve fit described in the next item on the same graph).

. Perform the curve fit. As in the last lab, having the proper curve fit the data is a

validation of our model! So if the thoretical curve fits the data, it makes sense that
something about the model is right. Include the graph of the curve fit and the data



Lab Assignment 135

in your lab notebook as well as the fit equation and fit parameters (don’t forget their
uncertainties).

6. Find the time constant and compare to your predicted value. If these compare within
their uncertainties, we have a further validation of the model. Record the time con-
stants and their uncertainties in your lab notebook.

7. Draw a conclusion, is our capacitor model good?






8 Semiconductors and Trans-
duction

We have studied devices that follow Ohm’s law. But not all electrical elements follow
Ohm’s law. And many Non-ohmic devices are very useful. Your cell phone is full
of non-ohmic devices and so is your computer. We will study one of these today, a
semiconductor PN junction or a diode. We have already seen light emitting diodes
(LEDs) used as light sources that we could turn on and off. But today we will use this
non-ohmic device to convert light energy into a electrical signal!

To convert energy from one form to another is called transduction. There are thousands
of different types of transducers. Even in your own body you have sound, light, pressure,
and chemical energy transducers that convert sound, light, pressure, and chemical energy
to nerve signals. In lab, we will convert such energies to electrical signals that our meters
or Arduino DAQs can detect. We will choose just one today, the transduction of light
energy to electrical signals using a diode.

The Model to Test

The model that we will test comes from the end of PH220. And it is a simple model.
For a point light source, the intensity of light goes like
P
I=——

472
where P is the output power and r is the distance from the point source to the detector.
Our model says that from a point source the light energy will go out equally in all direc-
tions.

r LED Used as
Light Detector

Light Point Source
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We have some old-fashioned light bulbs that we can use as light sources. They con-
veniently have the power that they use marked on them. So what we expect from our
model is that the intensity of the light from the bulb should decrease with distance like
1/r2.

The Instrument

We will allow light from the bulb to strike our diode. If the light is the right color (has
the right energy per photon) it can knock an electron loose in the inner workings of the
diode (see the section 8.4 for more details on how this works). When this happens, a
small current is formed (very small, one electron is moving). If we have more light,
then we can create a steady current. It will still be small, but will be measurable, about
2.5nA. To measure our current, we will use our Arduino directly, which may sound a bit
strange. But our Arduino has an internal resistance inside of it. That internal resistance
is not small! It is on the order of 10 M€2. With this large resistance, we expect a voltage
of around

AV = IR
= 2.5nA x 10MQ
0.025V
With our simple Arduino voltmeter we have an uncertainty of
OVpin = 4.9mV
0.0049V
so we expect to be able to see this voltage. And the voltage is proportional to the current.

And the current is proportional to the light intensity. This means that we can make a light
detector with just a diode and an Arduino! That is just what we are going to do.

The circuit is super simple. Just wire the LED between the GND and AO pins. It might
be helpful to use a prototyping board so that you can handle the instrument more easily.
If you do use a proto-board, you will need some wires. But still, the instrument is very
simple.

There are some things we need to know, however. The LED is sensitive to light of just
one wavelength. Our light bulbs will give us many wavelengths. So we won’t detect all
the light power. Also the LEDs we have are in little plastic cases. The plastic cases are
curved on top, which makes them a lens.
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Effective Lens

Actual LED

The lens makes the LED detector very directional. You have to point the LED right at
the light. I measured the angular dependence of one of our LEDs by placing the LED
at about 30 cm from the light bulb and then rotating it in 5 © increments. Here is what |
found:

Voltage [V] at 30ucm

-20 -15 -10 -5 0 5 10 15 20 25

Angle [degrees]

If we are about 15 degrees off, we lose about 12% of our voltage. Since the model we
are testing tells us voltage goes down with distance, we will have to be very careful to
not misinterpret a voltage drop as due to distance when really it is just that we didn’t aim
well! It is probably worth using a ring stand or something and taping your proto-board
or Arduino to the stand to give stability to the set-up.
Though we are measuring amount of light, our Arduino is just acting as a simple volt-
meter. The sketch is very simple, It is just our simple voltmeter sketch modified to output
only the voltage. That will make it much easier to grab the data using our Python code.
We just need to input a single number at a time from the serial port. Here is an example:
L1777 7777 77777777777 777777777 7777777777777777777777777777777
// very simple voltmeter used to measure light with a LED
// will measure 0 to 5V only!
// Voltages outside 0 to 5V will destroy your Arduino!!!
/////DEFINITIONS//////////////////////7777777//7777/777777/77/77/7777777777777777
// Define a variable as our analog input pin number
int AIO = O;
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// Remember we have to convert from A2D units to voltages
float delta v _min=0.0049; // volts per A2D unit
// Two more variables to use in calculations
int value = 0;
float voltage = 0.0;
/11 /SETUR/ /)11 777777777777 777777777777 777777777777777777777777777777
void setup () {

// put your setup code here, to run once:

//Initiate Serial Communication

Serial.begin (9600) ; //9600 baud rate

}
1117 IL00R2/ /111111777777 77777777777777777777777777777777777777777777777777
void loop () {

// read in the voltage in A2D units form the serial port

value = analogRead (AIO);

// convert to voltage units using delta v min

voltage = value * delta v min;

// send the voltage to the serial port

Serial.println(voltage, 4);
}
LITTLTT0 0007777777077 777777 777777777777 777777777777777777777
LITTLTT0 0007777777077 777777 777777777777 777777777777777777777
We also will need a Python code that can not only collect data, but tell us when to move
our instrument to the next position. And can use a trick from PH150 to help with our
data collection. The light detection using a LED can be noisy, especially at low light
levels. We can improve the measurement by averaging several measurements to get rid
of some of the uncertainty. We can use a mean and standard deviation as the measured
value and uncertainty in that measured value. But this complicates our code a little.
We will have to fill up a list of voltages from the Arduino to average. That will require
an additional loop.
There are also some issues with reading the serial port. Think back to our sketch. We
used a Serial.println() command. The “In” part of this command tells the Arduino to
separate the voltages onto separate lines as they go to the serial port. But when the
Python code gets the serial data, it will have that command to separate the voltages into
separate lines embedded in our data. We need to remove this “new line” character. We
will use a new library to do this. It is called the “Regular Expression” library. It has
commands to remove types of characters from a data stream. The sub() command in the
regular expression library is what we want. We will add in a line like

aD =re.sub("\n","",aD)

that replaces “new line characters” with no character (where no character is written as
“). In the code below I also decided to remove any “carriage return characters” because,
depending on if you have a PC or a Mac, you may have a new-line and a carriage-return
character to separate voltages onto separate lines. And for good measure, I included
removing all spaces. I also included a line to take just the first six characters of each
line. That might be overkill. But we need to make sure our voltage numbers are made
from just number characters and a decimal point.
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The reason for this is that we are going to convert these text-based numbers into a nu-
meric format that the computer can recognize as a number. Think of the difference
between a word processor and a spreadsheet program. We can type a number like 1.234
into both. But one can do math with what we input and the other can’t. Coming off the
serial port, our numbers are like word processor numbers. They look good, but we can’t
do math with them. To convert these numbers into computer math format we use the
Loat() command. It works like this:

computerNumber=[ oat(textNumber)

See the code below for an example of how to do this in today’s lab. the command
“[bat()” stands for “["oating point” which is a computer science term for “decimal num-
ber.”

Once we have our numbers from the serial port in computer [bat form, we can collect
them and average. We will have a loop to do this inside our collection loop. We call
this “nesting” loops when we have one inside the other. There are two nested loops in
the example code below. One nested loop gives us a countdown for each collection for
while we move the sensor. The other does the averaging of our voltages. Read through
the example code and make sure it makes some sense. This code is more complicated,
so it make take some time to understand what it does. If you have questions, ask your
instructor or TA.

FHAFAA AR A R A R R R A R R R R R R R R R
FHAFAA AR A R A R R R A R R R R R R R R R

# Code to time a collection and use an average as the data point and the

standard deviation as the uncertainty. The average and
stored in a file.

We will use a light sensor, but a noisy one. So we want

the uncertainty.
So this code gives you a countdown for while you are
voltages. The number of sensor voltages to average is

nToAverage.

4

with the values we read until we have a chance to get
in place and our countdown has stopped.

4

number. What comes from the serial port is just text.

o S S G o o S S S S S 3k S S S S S S 3k S S S

std data is

to average

the voltage from the light sensor to get a better estimate of
the actualvoltage value. We will use a standard deviation for

We will have to move the light sensor for every data point.

moving the sensor, then takes a data point and saves it to a
file. Each data point is an average of many individual sensor

given by

As usual with data from our Arduino, we need to keep reading data
from the serial port all the time or it backs up in a buffer. So
we will keep reading data during the count down, but not do anything

the sensor

We also need to turn our Arduino data from the serial port into a

Think about

how a Word document is different than an Excel document. We need
the numbers we are sending from the Arduino to be actual numbers.
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To do this we need to get rid of any extra characters. No spaces,

no letters, no strange characters. We will use the Regular Expressions
(re) library to do this. The function re.sub("\n\r\s","",aD) will

kill new lines (\n) and carriage returns (\r) and any white space (\s)
removing these characters from our data.

H= = = H

FHAF SRR R R
# Libraries to import, Time for timing, numpy for mean and std functions,
# and serial for reading the serial port

import time

import numpy as np

import serial

import re

# Define some variables ############444##4HH#HHHHFHEHHHERFHFRHHEHSHHIESSHS
N=10
#Total number of data points that we want

timeToWait=15 #seconds How long to wait while we move the sensor
elapsedTime=0 #seconds How long we have waited while moving the sensor
nToAverage=30 #Number of points to average

# 4+ 4

i=0 # a loop counter

J=0 # a second loop counter

voltages=1[] # A place to put our voltages to average.

vAve=0 # A place to put the average once we calculate it

vStd=0 # A place to put the standard deviation once we calculate it
abD=0 #Place to put our Arduino data

floatAd=0 #Place to put our Arduino data once we have turned it into a

# Open the serial port ########H#4H##4HHAHHAHHAHAHEAAHAHAHHHASAASFHSHHFHSHHS
print (’set up serial port’)
ser=serial.Serial (' COM3’, baudrate=9600, timeout=1)

# Open the file #########H#HHHHHHFHHHFHFHHHHIHHHHHFAHHHHFFHHFHFERHSHFHSHHSSS
print (’Open the file’)
fileObject=open ("C:\\Users\\rtlines\\Documents\\LightSensorData.csv","w")

# Collection loop starts here. #######4# 444 #FHHHHHHHHHHHHHSHHHFHSHHSHSEHS
# We will collect N average voltage points
while (i<N):
#To know how long we wait, we have to know when we start, Get that now.
startTime = time.time ()
# Tell the user to move the sensor
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print ("Move the sensor")
# Determine if we have waited long enough. If not, print the count down
while (elapsedTime<timeToWait) :
# keep reading the serial buffer so it doesn’t back up
aD=ser.readline () .decode (’ascii’)
#Find out how long we have waited
elapsedTime=time.time () -startTime
#Print the countdown. If we are under 5 seconds tell the user to
# GET READY
if ((timeToWait-elapsedTime)<5) :
#The next line is to long to print in the book so I split it
# into two lines, but you can make it just one if you want.

print ("Point ", i, " Collect in ",
int (timeToWait-elapsedTime)," ------ GET READY")
else:

print ("Point ", i, " Collect in ", int(timeToWait-elapsedTime))
# If we got here, the wait is done, so take a data point and save to file
print ("taking data point ", 1)
# We are going to form an average. We need at least nToAverage
# data points to start with. So at first we just fill up the list.

3=0
while (j<nToAverage) :
aD=(ser.readline () .decode ("ascii’))
# Our serial data could have end-of-line characters or letters or

# other characters we don’t want. Let’s remove these from the

# serial port input

aD=re.sub ("\n\r\s","", aD)

# And now we should be left with just numbers, Take the first six
# characters (number, decimal point, and four digits after the
# decimal point)

aD=aD[0:6]

# Now our number has just numbers and a decimal point, but the

# computer still thinks it is text. We need the computer to

# use it as a number, so let’s turn it into a number. The float
# function does this.

floatAd=float (aD)
#Now add the Arduino data to our list of voltages to average
voltages.append (floatAd)
j=3+1
# If we got here we have a list of voltages to average, so let’s do it!
vAve=np.mean (voltages)
vStd=np.std(voltages)
# Save this average and std as data point i into our data file.
writeString = str (vAve) + ", " 4+ str(vStd) + "\n"
fileObject.write (writeString)
# now clear out our list for the next data point
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del voltages][:]
# and get ready to wait for the next data point
elapsedTime=0

# finally increment the counter so for the next data point

i=i+1

# And we are done! Close the file and the serial port
fileObject.close ()
ser.close()

FREF R A AR A R
FREF R A AR A R

Analysis issues

Finally, there is (at least) one more problem. In analyzing the data we know P from the
light bulb, but only a fraction of the power will be detected by the LED because it only
detects a single color of light. So now what? We could write our equation as

fP
4mr?
where f is the fraction of the light with the right color. But we don’t know f. Still, f
won’t change during our data collect, so we could find f as part of our curve fit to see
if I goes like 1/r2. So it really isn’t so bad. If we understood how LEDs work and
did some prior measurements, we could even find f. But we won’t in today’s lab. Still,
understanding how a LED works is fascinating, and involves a little quantum behavior.
So it is worth a brief semi-classical look. The next section describes how our LEDs
detect light. We don’t really need it for today’s lab. But it is fun to know!

I detected —

Semiconductors

Semiconductors are mentioned in PH 220, but not really explained. But the basic idea
is not hard. Unfortunately you will not get this explanation until you take PH279, but |
will include it here. You don’t really have to know how our diodes work, so you may
skip this section if you want and go on to the explanation of the circuit (The last section
before the assignment), but the lab will be more meaningful if you know how a diode
works.

Basics of semiconductors

I will assume you know about the Bhor theory of the atom, or better, that there are a se-
ries of orbitals that represent the allowed energy states of the electrons in the atom. We
can plot a graph of these energy states.
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E4
E3

E2

Energy

Lowest Energy Level, E1

Zero Energy

This Type of graph shows the energy levels that an electron can have. These energy
levels are like a series of shelves, with each shelf representing a different gravitational
potential energy. But like a shelf does not always have something on it, the energy level
of the atom may not have an electron at that energy. If we force an electron to go higher
in energy from a low “energy shelf” by giving it energy, it will eventually fall back
down, giving up that energy as it moves to a lower shelf. Light may provide this en-
ergy to move electrons up to higher shelves or orbitals, and light may be given off again
when the electron falls to the lower shelf.

But so far we have only dealt with individual atoms. What happens if we have more
than one atom, or a group of atoms like a solid?

Let’s take two identical atoms. When they are far apart, they act as independent systems.
But when they get closer, the start acting like one quantum mechanical system. What
does that mean for the electrons in the atoms?

From the Pauli exclusion principle, we know that they must not occupy the same states.

Energy

Distance, r

(Schematic)

We see as the atoms get closer, the states split. So each electron is now in a different
state. Suppose we bring 5 atoms together.

2s

Energy

Distance, r
(Schematic)

We get additional splitting of states. Now we have five different 1s states. But solids
have more than five atoms. Let’s bring many atoms together.
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2s

Energy

Distance, r

(Schematic)

Now there are so many states that we just have a blue blur. A nearly continuous set of
states in two bands. The atoms won’t allow themselves to be to close. They will reach
an equilibrium distance, , where they will want to stay.

2s

Energy

o Distance, r

(Schematic)

Since this is where the atoms usually are. We will not draw the whole diagram. We will
instead just draw bands at r,. Here is an example.

3p

38{
2

2s A

15 {

Notice that this means we have bands of energies that are allowed, that electrons can
use, and gaps of energy where no electron can exist.

Conduction in solids

Notice that in our last picture, the 3s and 3p bands have grown so much that they overlap.
The situation with solids is complicated. Also notice that the lower states are blue. We
will let blue mean that they are filled. The upper states are only partially filled. Yellow
will mean empty. If we look just at the upper bands. We will call the highest completely
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filled band the valance band and the next higher empty band the conduction band. We
will not try to calculate the details.

We have three different conditions possible.

Metals

In a metal, the highest occupied band is only partially filled

The electrons in this band require only very little energy to jump to the next states
up since they are in the same band and they are very closely spaced. Remember that
movement requires energy. So if we put a potential difference across our metal, the
electrons must be allowed to gain the extra energy. But in the case of a metal, there are
easily accessible energy states to move to, and the electrons [ow through the metal.

Insulators

A second condition is to have a full valance band and an empty conduction band. The
bands are separated by an energy gap of energy F,.

Conduction Band

Energy Gap, E,

Valance Band
In this case, a potential cannot move the electrons, because there is no easy close energy

state to move to. If a potential is very large, then electrons can jump the gap, which is
why we said that any material can conduct, but many will not want to.

Semiconductors

The third condition is one where there is a band gap, but it is small.
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Conduction Band
I Energy Gap, Eg4

Valance Band

If you have studied thermodynamics you will be aware that each degree of freedom
should give us
3
KE = 5]{: BT

This is quite small for electrons, something like 0.04 eV. So for insulators, at normal
temperatures the thermal energy won’t push electrons across the band gap. But for
semiconductors, the gap is small. At normal temperatures, some of the electrons will
cross the gap to the conduction band. This allows them to move like electrons do in a
metal.

Conduction Band

Energy
Gap, E;

Electrons leaving the valance band can jump to the conduction band. Both the electrons
(blue) and the “hole” left by the electron in the valance band can act as charge carriers.

Energy

Notice that this leaves empty states in the valance band. Now a strange thing happens. If
we put a potential across this material, electrons from neighboring atoms can still travel
even if they are in the valance band. They hop from one atom to the next. They fill the
“holes” left by the electrons that moved to the conduction band. Now we could say that
we have two current mechanisms. One is electrons moving in the conduction band. The
other “holes” moving the other way in the valance band. Note that “holes” would be
positive charge carriers.

Actually, if we add the right trace chemicals, we can control whether a semiconductor
will predominately have negative charge carriers or positive charge carriers. If the ma-
terial has predominately negative charge carriers it is called a n-type semiconductor. if
it has predominately positive “holes” as the charge carriers, then it is called a p-type
semiconductor.

p-n Junctions

Let’s see what happens when we put these two types of semiconductors together.
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Depletion Zone

P-type ® + \':Vpe
r% - @
e T
Low Potential High Potential
E-field

You might guess that the negative and positive charge carriers would try to combine.
Electrons from the n side move to the p side leaving behind positive ions. these ions
can’t move, they are part of the semiconductor material. So they must stay put. Some
“holes” from the p side also can move. They go from the p side to the n side, leaving
behind negative ions. So now in the region marked as the depletion zone in the figure,
we have a region that has positive charges on one side and negative charges on the other.
This will create a field in the middle with a potential difference.

You might ask why the rest of the electrons and holes don’t join in. That is because the
potential that has been created stops the rest from traveling across the border.

Diodes

Suppose we hook a battery to the p-n junction so that the positive side is connected to
the p side of our semiconductor junction and the n side of the semiconductor junction
is connected to the negative side of the battery. Then we would decrease the potential
across the semiconductor, and charge could then [ow across the boundary.

Suppose we hook it up the other way. Then we would increase the potential, and no
charge would [‘ow across the boundary at all.

This device is called a diode. It acts like a one-way valve for electrons.

When we hook the battery plus side to the diode p side, then we say we have given the
diode a forward bias. The other way is called reverse bias.

The current equation looks a little bit familiar.
PN
=1, (et —1)

and a plot looks like
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Lab Assignment

For this lab, you will need many hands. Work in groups of at least three, but no more
than six.

1. Use a light emitting diode as a transducer to form a light meter using your voltmeter.

2. Test the following model. Light from a point source becomes less intense following

the formula
P

2
(just like sound for you PH123 studenztlgr!g so our light detector should follow a
1/r? like curve. You might test your light transducer by plotting voltage (which is
proportional to light intensity—do you have to convert to intensity to show the model
works) as a function of distance.

3. Work with your group to begin your proposal.

a. Talk to your instructor about your project, you will need instructor approval before
you start writing your proposal

b. Plan how to divide the work and, start writing a proposal for your group project.
This is a group effort. Science is done with collaboration. So plan how you will
work together and work your plan.
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It today’s lab, we are going to measure temperature. We will use a transducer that
turns temperature (energy of the air molecules around us) into a voltage. So we are
still learning to use trasducers. But instead of concentrating on validating a physical
model for temperature, we are going to concentrate on building an independent system
to measure temperature, one that doesn’t have to be connected to our computer.

Often we need to have a data collection device that can operate far from our computer,
but still save data for later use. For example, if you were to launch your Arduino-
instrument on a high altitude balloon.

We already saw a SD card reader before. Some of us got them working. But today we all
need to be able to have our Arduino collect data and save it with no computer attached.

Using an SD Card Reader

Some of us succeeded in incorporating a SD card into our Arduino based instruments.
But today we will revisit this. To do this we will need a SD card and to wire up an SD
card breakout board. i

;

(% {
(g ;
BLY r—
[ :
[c=4]
L'y ] -

Recall that there are six pins on our SD card reader board. Those six pins need to be
wired to the following Arduino pins:
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SD Card Reader  Arduino

GND GND
vCC +5V
MISO Pin 12
MOSI Pin 11
SCK Pin 13
CS Pin 4

The pin names on the SD card reader board are usually on the back of the card.

('_‘-LT.; EXx

MicrcSD Card Adapter

vi.0 11,-01,2013
¢ at al ex. taobao. Com

\ e
o sme | EERES Vi =i, Sioel 50 EAR ¢

This figure includes a sensor, in this case a temperature sensing thermistor. Of course,
we will need a sketch to tell the Arduino what to do with this new hardware. Here is an
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example:

L1717 7777777777777 7777777777777777777777777777777777777777777777777777777777
L1117 77 707777777 7777777 777777777777 777777777777777777777777777777777777777777
// DataLogger that gives time and voltage and saves it to a SD card.

//

L1777 7777777777777 7777777777777777777777777777777777777777777777777777777777
// Two input simple voltmeter

// will measure 0 to 5V only!

// Voltages outside 0 to 5V will destroy your Arduino!!!

[11177 777077777777 7777 7777777777777 7777777777777777777777777777777777777777777
////Load Libraries//////////////////////7//777//7/7//7/7/77/777/7/77//7/77/7/77/7/7

#include <SPI.h> // Serial Peripheral Interface
#include <SD.h> // SD card library

//DEFINE VARIABLES///////// /1777777777777 /77777777777777/7777777777777777777777
const int CS Pin = 4; // this sets the pin for the CS connection

// to the SD card reader
// we want to have voltage vs time, so make a place to store a time value
unsigned long time;
int delayTime = 1000; // time to wait in between data points.
// make some integer variables that identify the analog input pins we will u
int AIO = O;
int AIl = 1;
// you also need a place to put the analog to digital converter values
// from the Arduino
int ADCO = 0;
int ADC1 = 0;
// Remember we will have to convert from Analog to digital converter (ADC) uni
// to volts. We need our delta V min just like we did in lab 3
float delta v _min=0.0049; // volts per A2D unit
// We need a place to put the calculated voltage
float voltage = 0.0;

//SETUPR/////// /1117777777777 77777777777777777777/77777777777777777777777777
void setup() {
// Open serial communications and wait for port to open:
Serial.begin (9600) ; // the 9600 tells our Arduino how fast to send d
// Check to see if the serial port is working
while (!Serial) {
; // wait for serial port to connect.
// If it is, Jjust keep going (don’t do anything)
}
// Send a message to the Serial Monitor telling us that we are starting
// to use the SD card.
Serial.print ("Initializing SD card...");
// See if the card is present and can be initialized.
// If there is a problem, tell us using the serial monitor.



156  Chapter 9 Datalogging

if (!SD.begin(Cs _Pin)) {
Serial.println("Card failed, or not present");
// it didn’t start the SD card write, so don’t do anything more:
return;
}
// But if the SD card did initialize, tell us on the serial monitor.
Serial.println("card initialized.");

}

//LOOPR/// /1 /1111117777777 7/777777777777777777777777777777777777777777777777
void loop () {
// We will have to turn our voltage numbers into text to send to our file
// let’s make a text variable (called a string) for this
String dataString = "";
// Read in the voltages in A2D units form the serial port
ADCO analogRead (AIO) ;
ADC1 analogRead (AIl) ;

// Convert the voltage across the test resistor to voltage
// units using delta v _min
voltage = (ADC1-ADCO) * delta v min;

// get the time stamp
time = millis();

// make an output string that has the time and voltage
dataString = dataString + String(time) + ", " + String(voltage);

// open the file. note that only one file can be open at a time,
// so you have to close this one before opening another.
File dataFile = SD.open("datalog.txt", FILE WRITE);
// If the file is available, write to it, but then close it
// right after. We will only keep the file open while we are
// writing to it. This is safer. It helps prevent getting files
// corrupted, and let’s the Arduino keep adding to the file after
// a problem.
if (dataFile) {
// print our data point
dataFile.println(dataString) ;
// close the file for safety
dataFile.close();
// print to the serial monitor too:
Serial.println(dataString);
}
// 1if the file isn’t open, pop up an error:
else {
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Serial.println ("error opening datalog.txt");
}
delay(delayTime) ;
}
[0 0777777777777 777777777777 777777777777777777777777777777777777777777
[T 7007777777777 777777777777 777777777777777777777777777777777777777777

Make sure you understand each line of this code does. We will modify this to include a
special sensor today. So you will need to understand exactly what it does. It is a little
fancy in that it tries to check to make sure the file is working properly and warns you if
something is wrong. But most of the code is comments. So don’t be discouraged by the
length.

Note that this is a very basic sketch. You should consider improving this sketch (there
will be suggestions in the lab assignment below). You may need to improve this sketch
for your group project.

Time Stamping

Very often, we need to know exactly when a data point was taken. We saw this in our
RC circuit lab. Saving data to a SD card could be more useful if we knew the collection
time of each data point and could save that along with the data point, itself. We could
use a stop watch and write it down, but that defeats our goal of having the computer do
the data collection. We want the Arduino system to be able to do this on it’s own. To do
that, we need to add another hardware piece to our data logger. We need to add a clock.
There is a breakout board that is a stand-alone clock. It has it’s own battery that keeps
the clock going when the rest of the instrument is turned off. When the Arduino starts
up, the data logger code can get the time from the breakout board clock. This will allow
the data logger to know the exact time for each measurement and to place a time stamp
on that measurement when the data point is recorded. These breakout boards are called
Real Time Clocks (RTC) and the ones we have are the Adafruit DS3231 Precision RTC
breakout boards (https://www.adafruit.com/product/3013).

Adafruit DS3231 Precision RTC Breakout Board Front and Back views.
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Connecting the RTC to an Arduino

The real time clock uses the 12c bus on the Arduino. A “bus” is a set of pins that can
be used by more than one instrument at a time. Each instrument has a special code or
“address” to identify it. In your Arduino code, you use this address to tell the Arduino
processor which instrument to get data from.

The RTC only needs four wires. The wiring is as follows:

RTC  Arduino

Vce 3.3V
GND GND
SCL SCL

SDA  SDA

Since this is an Adafruit product, there is a nice tutorial on wiring up the RTC and a
library to download and use to make it run (https://learn.adafruit.com/adafruit-ds3231-
precision-rtc-breakout/). The Adafruit example code is shown below. I have commented
out the section that would set the clock. Hopefully your clock will already be set, so you
won’t use that part of the code. If not, ask for help from your Instructor or TA.

// Date and time functions using a DS3231 RTC connected via I2C and Wire 1lib
#include <Wire.h>
#include "RTClib.h"

RTC DS3231 rtc;

char daysOfTheWeek[7][12] = {"Sunday", "Monday", "Tuesday",
"Wednesday", "Thursday", "Friday", "Saturday"};

void setup () {
Serial.begin (9600); // set up the serial port
delay(3000); // wait for console opening
// now let’s start communication with the real time clock

if (! rtc.begin()) {
Serial.println("Couldn’t find RTC");
while (1);

}

/* We will use a Raspberry Pi to set all the clocks ahead of time so we won’t
Do this part
if (rtc.lostPower()) {
Serial.println ("RTC lost power, lets set the time!");
// following line sets the RTC to the date & time this sketch was compile
rtc.adjust (DateTime (F(_DATE ), F(_ TIME )));
// This line sets the RTC with an explicit date & time, for example to se
// January 21, 2014 at 3am you would call:
// rtc.adjust (DateTime (2014, 1, 21, 3, 0, 0));
}



*/

void loop
// use

Connecting the RTC to an Arduino

0 A
the RTC to get the time

DateTime now = rtc.now();

// now

Serial.
Serial.
Serial.

Serial

Serial.
Serial.
Serial.
Serial.

Serial

Serial.
Serial.
Serial.
Serial.
.println();

Serial

Serial.
Serial.
Serial.

Serial

Serial.

print out the time in various ways.
print (now.year (), DEC);

print (' /");

print (now.month (), DEC);

.print (/") ;

print (now.day (), DEC);

print (" (");

print (daysOfTheWeek [now.dayOfTheWeek () ]);
print (") ");

.print (now.hour (), DEC);

print(’:");

print (now.minute (), DEC);
print(’:");

prlnt(now.second(), DEC) ;

print (" since midnight 1/1/1970 = ");
print (now.unixtime ());

print("s = ");

.print (now.unixtime () / 86400L);

println ("d");

159

// We also don’t need the next part, but it is interesting to know

//

that you can do time calculations with the RTC library functions.

// calculate a date which is 7 days and 30 seconds into the future

DateTime future

Serial.
Serial.
Serial.
Serial.
Serial.

Serial

Serial.
Serial.
Serial.
Serial.

Serial

(now + TimeSpan(7,12,30,6));

print (" now + 7d + 30s: ");
print (future.year (), DEC);
print (" /") ;

print (future.month (), DEC);
print (' /")

.print (f uture day (), DEC);
print(’ 7);

print (future.hour (), DEC);
print(’:’);

print (future.minute (), DEC);
.print (" :");
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}

Serial.print (future.second(), DEC);
Serial.println();

Serial.println();
delay (3000) ;

You will need to modify today’s data logger code to use the RTC. You can do this by
reading the example code and figuring out how it prints the time. Then modify this to
print to our SD card instead of the serial port.
For our final group designed lab, you will likely want a RTC. Because our real time
clocks will have to eventually be resent, it is probably not a good idea to solder the
breakout board directly into your instrument.

Lab Assignment

Work in groups of three to five for this set of problems. We have enough equipment for
you to each build your own data logger, but work together and don’t go on to another
step until each team member has completed the previous step.

1

2.

. Build a datalogger using a SD card breakout board.

Modify the code to take data from a thermistor (included in your kit) and do the
math to turn the thermal resistance into a temperature. You will have to look at your
Arduino kit manual to know how to write this code. You can start with the example
code, but you will have to modify it for the thermistor measurement. Record the
temperature on the SD card.

. Remove the SD card after the data collection is complete, and make sure the data

makes sense (compare to a thermometer in the room) and that the SD card writing is
working.

. Add a Real time clock (RTC) to your data logger. You will have to determine how to

code the sketch by looking at the example code and modifying the data logger code
to use the same RTC commands. It might be a good idea to get the example code
(and it’s libraries) working before you try your modified data logger sketch so you
can be sure the RTC is working.

. If there is time, try powering your sensor system on a battery to make sure it can

operate independently.

. If there is time, switch to the digital temperature and humidly sensor. Modify your

sketch to read in and output both temperature and humidly values. Again you will
have to look at the Arduino kit manual to figure out how to do this. Check your data
file to make sure all is working
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Hopefully by now you have learned in your PH 220 class that magnetism is related to
current. Oersted discovered this by accident (so all those accidents we have experienced
in our lab could be telling us something!). If you don’t know yet, you will soon learn that
changing magnetic fields can cause currents. This is called induction. Electronic circuits
often use the ability of currents to cause magnetic fields and the ability of changing
magnetic fields to cause currents. Devices that use magnetic fields are called inductors.
I will give some review material here on how magnetic fields, currents, and inductances
are related. Lenz’s law is involved, and I will assume you know this rule.

We’re not going to use our Arduino’s today. Instead, we are going to use a device that
measures voltage as a function of time and plots it. We studied this device briel y back
in our second lab. It is called an oscilloscope. We will get some experience with this
device today, and then try to build such a device with our Arduino in our next lab.

The Model: Self Inductance

When we put capacitors and resisters in a circuit, we found that the current did not jump
to it’s maximum value all at once. There was a time dependence. But really, even if we
just have a resister (and we always have some resistance!) the current does not reach
it’s full value instantaneously. Think of our circuits, they are current loops. So as the
current starts to Low, Lenz’s law tells us that there will be an induced emf that will
oppose the [ow. The potential drop across the resister in a simple battery-resister circuit
is the potential drop due to the battery emf, minus the induced emf.
We can use this fact to control current in circuits. To see how, we can study a new case
B
P s mvan A i

1 B

Let’s take a coil of wire wound around an iron cylindrical core. In the picture, we start
with a current as shown in the figure above. If you have studied inductance, you can find
the direction of the B-field using our right hand rule number 2. But we now will allow
the current to change. As it gets larger, we know
dd
E= NP
and we know that as the current changes, the magnitude of the B-field will change, so
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the [ux through the coil will change. So we will have an induced emf. The induced emf

is proportional to the rate of change of the current.

Al
E=-L—
At
You might ask if the number of loops in the coil matters. The answer is yes. Does the

size and shape of the coil matter. Yes, but we will include all these effects in the constant
L called the inductance. It will hold all the material properties of the iron cored coil.
And in designing circuits, we will usually just look up the inductance of the divide we
choose, like we looked up the resistance of resisters in our labs.

For our special case, we can calculate the inductance, because we know the induced emf
using Faraday’s law

so for this case

Inductance of a solenoid

We will use a coil much like the one above, but with no iron bar in the middle. We will
try to find the inductance of this coil. Fortunately, this is one easy case we can do by
hand. So let’s do it! We call a coil a solenoid. Take a solenoid of N turns with length
£. We will assume that ¢ is much bigger than the radius r of the loops. We can use
Ampere’s law to find the magnetic field in this case
B = p.nl
N
= Mo?‘[
where n = N/{ is the number of turns of the coil per unit length. The [ux through each
turn is then

N
by =BA = M"YI A
then we use our equation for inductance for a coil
bp
L = N—&

1
(17 IA)
1
o N?V
02
= p,n’V

= N

L = p,n*Vv 3)
where V here is the volume of the solenoid, V = A/.
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RLC Series circuits

Today we will use a coil of wire, a solenoid, as your inductor. We will also use a ca-
pacitor and will have some resistance—because there is no way to have real wire without
some resistance. We will connect these in series with a source of alternating voltage.
We will use our signal generator to get a sinusoidally changing voltage. The circuit dia-
gram should look like this.

I
(@!

Iag e gt

L

where the small coil shaped element is the inductor.

Some of you will remember from PH123 that when a harmonic oscillator was driven at
the natural frequency we had resonance. Let’s look at the current of our RLC circuit. It
has an equation very like a harmonic oscillator. The current is given by
A‘/r'ms

Z

A‘/rms

VR + (X, - Xc)?

where Xy = 2nfL and X¢ = %Ifc. When X = X this will be a maximum. This
is a form of resonance. You will remember resonance from swinging as a child. When
your parent pushed you at just the right time, you went higher. We would say your
swing “amplitude” got bigger. The same thing is happening here. The signal generator
is “pushing” the current through the capacitor. If it pushes at just the right frequency,
the current will get large.

Starting with X; = X, we can find the frequency that will be the resonant frequency,
the frequency of the “push” that will make the current biggest.

I rms —

or

I rms —

X, = Xeo
1
2nfL =
wf 2 fC
then 1
2 _
F= Am2LC
or

1
f on /IO “4)
Why do we care? This is a tuning circuit used in radios! We can include a variable
capacitor or a variable inductor in the circuit, and make it resonate with a desired fre-
quency. Usually a variable capacitor is used. So when you turn the dial on your radio to
adjust the frequency, you are changing the capacitance of a variable capacitor!

If we had a superconductor with no resistance, the oscillation would go on forever. En-
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ergy would be stored in the capacitor, say, to start out, but as the current [ ows a magnetic
field is produced. Energy is stored in this magnetic field. The energy for a resistance-
less system would travel from the electric field to the magnetic field and back.

_n

Up Ug

Alter Haliday and Resnick Figure 35-1

The cycle would go on forever. But we will need to be careful. We have real resis-
tance in our lab wires, and the resistance acts like, well, resistance. Resistance is a
non-conservative force, so the resistance will dissipate energy and our oscillation will
eventually die out. But since we are adding in energy from the signal generator, the ef-
fect of resistance will be to make the maximum voltage of our sine wave less. So in
designing your circuit, you will want to make sure your R is not too big.

I’m going to suggest that we take the resonance part of our inductance model to perform
our model test. Consider the resonant frequency of a LRC circuit. If we could find the
frequency at which our LRC circuit goes into resonance, then we could solve for L
1
L =
dm2 f2C
Since the capacitance is marked on the capacitor, we can calculate L knowing f. We
could compare to our calculated value using
L = p,n*v
to see if our solenoid inductance model worked. All we have to do is to measure f.

Really we know enought to make our experiment work. We find f such that the system

is in resonance and then use 1

L= dm2 f2C

to find the inductance of the coil. But we can envison this better if we do a little bit of
higher math and draw another graph. Suppose we hook up our series LRC circuit as
described above, and we acknowledge that we do have resistance. We would find that
we could describe our physical situation with a differential equation. Not everyone is
taking differential equations (M316) concurrently with this class, but most of us will
take this class at some time. We would find that the differential equation for the amount
of charge on the capacitor for our circuit would look like this

Q| ,dQ  Q o
LW—I—RE—I—E—Esm(u)t}
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where £ is the maximum emf of our signal generator setting and w’ is the frequency

setting of our frequency generator. Now think, resonance means that the amount of

charge on the capacitor gets big. After taking a differential equations class, you will be

able to solve for the charge on the capacitor as a function of frequency. And then, using
Q =CAV

you will be able to find the voltage across the capacitor as a function of signal generator

driving frequency, f/ = ‘2"—7; Your solution will look something like this

L
AVp = CL sin (W't — @)

\/ (2r (1)~ n ) +2(E) (2n )’

2
Notice the term ((27 () = @2nf’ )2> in the denominator. When the resonance fre-

quency f and the driving frequency f’ are the same, this term will be zero, and the
denominator will be small. That makes the size of our AV sine wave big. That is res-
onance. Let’s plot just the amplitude term (the part in front of the sine function) so we
can see what it looks like. For a circuit with

E = 5V

L = 23x1073%H

R = 1MQ
fresonance = 18.552kHz

C = 32x107°F

142.3 x 10—3 H

we get the following graph

Delta V.C (V)T
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14 1
12

10

N T T T T N ":
0 10000 20000 3000 40000 000
0Frequency (Hsz(s




166 Chapter 10 Inductance and Series RLC circuits Part 1

Let’s interpret this graph. Suppose we start with our signal generator with a low fre-
quency, say, 100 Hz, We should see a sine wave on the oscilloscope at the same fre-
quency as the signal generator frequency, but with an amplitude of about 5V (from the
midpoint to the peak). Then we change the signal generator driving frequency until the
measured voltage across the capacitor becomes very large. We want the maximum am-
plitude. That will be when f = f’ and we can read the resonance frequency off of the
indicator on our signal generator because the signal generator frequency is equal to the
resonance frequency. If we increase the frequency more, the amplitude will go down,
making our sine wave smaller. You should check this to make sure you have found the
maximum amplitude.

Lab Assignment

1. Estimate the inductance of your coil using equation .

2. Find The inductance of the coil using an Oscilloscope

a. Predict the resonant frequency of your L RC' circuit using the large wire coils and
something close to a non-electrolitic capacitor. Note that we are not putting in
a resistor, the resistance of the wire in our indictor is enough to create damping.
Also notice that some of the multimeters have a capacitor tester on them. You
might want to check your capacitance for the capacitor you choose.

b. Set up an LRC circuit . Make sure your resistance is not too high using equation
??. Use one of our signal generators to produce as the source of variable emf.

Inductor
Oscilloscope
Leads

Inductor

Capacitor

Capacitor

Signal |/
Generator
Leads

Generator
Leads

c. Test the circuit using the oscilloscope. Make sure you see a nice sine wave. Either
side of the capacitor is a nice place to hook the oscilloscope probe, if your oscillo-
scope has a ground lead, hook it to the other side of the capacitor.
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d. Adjust your signal generator near your natural frequency of oscillation. Note what
happens to the amplitude as you tune the dial.

e. Determine your actual resonant frequency, f4.

f. Calculate your inductance based on f 4. Compare to your calculated value. If there
is a difference, try to explain it.
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In our last lab, we used an oscilloscope to measure voltage and to plot it as a function
of time. Of course our Arduino can do this. You have seen the serial plotter already as
you have used the Arduino software. But you may see a problem with building an actual
oscilloscope. For one thing, our signal generator voltage goes negative. Let’s consider
how we could design a circuit for our Arduino that will allow us to make this kind of
measurement.

The Instrument

We have a new challenge. Our signal from our LRC circuit is sometimes negative.
We will have truly negative voltages compared to our ground. Can we send a negative
voltage into our Arduino? The answer is an emphatic NO! Negative voltages will also
destroy our Arduino. But we really have a sinusoidal signal.

Voltage "
1.0

The easiest way to fix this problem is to use, once again, use our voltage divider. but
this time we will fix each end at a different voltage. We will need one end at a positive
voltage. The other can then go as negative as the first end is positive. Let’s take a
concrete example to show how this works.

Suppose we want to measure a voltage that could be as negative as —5 V or as positive
as +5 V. We still need to map this to our 0 to 5V Arduino range. Consider the follow-
ing voltage divider.
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From the Power Supply

From the Signal Generator

Let’s start by setting ;7 = R». Then any voltage at the junction between R; and Ro
should be midway between the voltages input on the top of R; and the Bottom of Rs.
We put in +5V from our power supply on the top. And suppose we hook —5V to the
bottom (say, from our signal generator). We expect the voltage divider to divide the
total voltage difference in half. We have 10 V range from —5V to +5V. We expect the
junction between R; and R to be right in the middle of that range. So we expect to see
0V on pin A0 when the signal generator outputs —5 V. So far so good! Now suppose
the signal generator gives us +5V. Half way between +5V and +5V is still +5V.
This is just what we want! Any voltage from the signal generator between +5V and
—5V will end up between 0V and +5V at input AO. For example, say we have —2V
from the signal generator. The at AQ we will have a voltage half way between +5V and
—2V. Pin A0 would have 1.5 V.

We must be very careful to get this one wired right before we hook it to our Arduino. We
also need to make sure our signal generator and power supply are plugged into grounded
outlets so they have a common ground.

The oscilloscope, power supply, and signal generator are all grounded through their
grounded plugs. But our Arduino is not. We need to tie all the grounds of all our
equipment together. So put a wire on the power supply negative output and wire it with
an alligator clip to the grounded exterior of the signal generator TTL BNC connector.
Then take another wire and connect it to the power supply negative output and wire this
to a GND pin on the Arduino. This should ensure that all three devices have the same
ground point (so we won’t get a spark from one to another).

Before we hook this bit of electronics to our Arduino, we want to check it on one of our
meters. But our multimeter is not the best choice. For this test, let’s use the oscilloscope.

Our oscilloscopes have two channels where we can hook probes. Let’s use one to mea-
sure the signal as it comes directly from the signal generator. Let’s use the other to
measure at the junction in between R; and Ry right were we will connect pin A0. That
should be our output.
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Oscilloscope lead
measuring in between
the two resistors

Oscilloscope lead measuring
the signal generator signal.

+5V from the
Power Supply

------------- : +5V from the
Signal
Generator

© /17.6v ]
i i
Coupling §Inverted | {LEwat i
i Probe L
| ON

The red trace is the signal from the signal generator. The yellow trace is from our voltage
divider. Notice that our signal generator is giving us —5 'V to +5V and our output from
the voltage divider is 0 to 5 V just as we hoped.

Of course in our sketch, we have to do a little math to have our output at the serial
monitor be values from —5V to +5 V. We mapped this to O to 5 V. That is a 10 V range
into a 5 V range. So each volt measured pin A0 is really worth two volts that were input
from the signal generator. But we are offset by 5 V, so we need to multiply our 0 to 5V
ADC units by 2 and subtract 5V

Avmeasun—zd = 2A‘/AC’D -5V

Notice that our minimum detectable voltage difference of AVape min = 4.9mV will
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map to
oV = 2(4.9mV)
= 9.8mV

We have a much higher uncertainty using this set up! So there was a cost to using this

method of measuring both positive and negative voltages.

We can use the Oscilloscope stand-alone device to measure our voltages before we hook

up our delicate Arduino. The Oscilloscope is designed to make this type of measure-

ment. It likes periodic signals and it likes positive and negative voltages. It can handle

fairly large voltages. It is nice because it plots the voltage vs. time graph. It has adjust-

ment knobs to change the scale of the graph axes.

We can set up our circuit and clip the oscilloscope probe to either side of the capacitor.

As we change the frequency of the signal generator the frequency of the voltage across

the capacitor will change. As we get near the resonant frequency, the amplitude of the
capacitor voltage will grow. Right at the resonant frequency, AV will be largest. We

will need to measure this before using our Arduino to be sure the voltage won’t go

over 5 V. We need to keep it to less than +5V at resonance. If we keep changing the
frequency the amplitude will go back down. So when we see the amplitude grow, max

out, and then diminish we know we have just passed resonance. This is just what we

saw in last week’s lab.

Once we have this working on our oscilloscope, we can try it on our Arduino.

Of course we need a sketch for this. Here is a simple example.

L1170 7777777777777 777777777777 777777777777777777777777777777777777777
// Extended Voltmeter for plus and minus five volts

// This voltmeter with the values given below

// 1is designed to measure a-5V0 to +5V range with 1014 discrete
// values of with an uncertainty of about 98mV.

// A voltage divider is use with equal resistances.

// +5V is given to one side and our +-5V signal to the other side
// The output voltage is taken in between the two resistors.

// I think we need to wire all the voltage devices to the GND

// pin to keep common ground.

L1177 0777777777777 7777777777777 777777777 777777777777777777777777777777
int AIO = O; //set up a variable to represent Analog Input O
int value = 0; // Place to put the A2D values

float voltage = 0.0; // calculated signal voltage

L1177 7777777777777 7777/77777777777777777777777777777777777777777777777777777
void setup() {

//Initiate Serial Communication

Serial.begin (9600) ; //9600 baud rate

}

[177777777777777777777777777777777777777777777777777777777777777777777777777
void loop () {

// read the serial data from AIO

value = analogRead (AIO);
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// if you want to, print out the channel A2D values. Uncomment if you want
//Serial.print ("analog channel value ");

//Serial.print (value) ;

// calculate the signal voltage

voltage=(2*value* (5.0/1024.0))-5;

// print out the signal voltage

Serial.print (" voltage ");

Serial.println(voltage, 4);

}
L1170 777770077777 77 777777777777 7777777777777777777777777777777777777777

L1777 7777777777777 7777777777777 77777 77777777777777777777777777777
So our new instrument takes in an alternating voltage, and displays it. We will have to

adjust the input voltage on the signal generator. When the signal generator frequency

is just right, the voltage we measure should become large. By noting the resonant fre-

quency we can check our model for inductance.

Sampling Theory, a complication

Before we finish designing this experiment, we need to think about another limitation
of our Arduino devices. That is that they can only take up to 2000 measurements in a
second. We say they have a maximum sampling rate of 2000 Hz. To try to understand
this, consider trying to measure a sine wave.

Voltage (V) b0 “

0.5
0.0

-0.5 7

-1.0 -

There are an infinite number of points in a sign wave. That is,

V (t) = sin (wt)
for every t at all. So ideally we would have an infinite number of ¢ values between 0 and
1s so that we would not miss any V' (¢) values. But our Arduino can’t take an infinite
number of values. It an only take up to 2000 values a second. Suppose we have a signal
frequency of 1000 Hz. That means there should be

1
ooz ~ 00Ls

in between peaks of our sine wave. And suppose we wish to measure this. We can only
measure at a rate of 2000 Hz, so there will be

1
2000H, — 0.0005s

between measurements. That would look like this
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Voltage (V) b0
0.5

0.0

where the red dots are the measurements. And look, we seem to have had back luck
and we got all zeros!. This is no good! Because we are taking measurements in sync
with the sine wave, we get the false impression that we are measuring a constant volt-
age. Even if we offset the dots, it wouldn’t help much.

Voltage (V) b0

Now we do see that we have some change in the voltage, but the measurements aren’t
representing the actual change. The solution to this problem is to lower our signal fre-
quency so that we have more points per signal period. Say, we have a sine wave with a
frequency of 250 Hz. Now our graph would look like this.

Voltage (V) b0 1

0.5 1

0.0
L 0.001 0.082 0.003 0004 0.005 0.0
-0.5 T

Now if we just plotted the measurements, we could still tell it was a sine wave.

W6 0.007 0008 0.009 0010
time (sec)
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Voltage (V) b0 1

0.5

0.0 1
0.001 0.0 08 0.009 0.010

time (sec
05T

-1.0 —

Granted, it doesn’t look great, but we wouldn’t mistake it for a straight line. This prob-
lem of having to take measurements faster than our signal changes is called aliasing
(because if you get it wrong, it looks like the wrong function came from the signal gen-
erator). We need to make sure our signal frequency is much lower (like ten times lower)
than the frequency at which we can take measurements, or we will be fooled. Last lab,
we had resonance frequencies that were around 20000 Hz. That is way too high for our
Arduinos. We need to change capacitors so that our resonance frequency is more like
200 Hz or our measurements will be aliased. Suppose we use the following

E = 5V

L = 23x107%H

R = 100009
fresonance = 18.552kHz

C = 32x107°F

We should get something like this for our resonance plot.

Voltage (V)

) e — 1 1 e e S e B |
0 200 400 600 800 1000 1200 1400 1600 1800 2000
Frequency (Hz)

And this we could reasonably detect. Our measurements might look somewhat ratty, but
we should be able to see a sine wave and find when it is maximum.
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Lab Assignment

1. Estimate the inductance of your coil using equation . You may use your estimate
from last week and any insight into that estimate that last week’s measurements
might have given you.

2. Measuring the inductance using resonance with an Arduino based oscilloscope

a. Set up an LRC circuit like we did last lab. Make sure your resistance is not too
high using equation ??. Use one of our signal generators to produce as the source
of variable emf.

Inductor

Inductor

' Oscilloscope
Leads
% S Capacitor \ b

'/

Capacitor
Signal \f
Generator |
Generator ~J Leads
Leads

b. Build the circuit described above to measure positive and negative voltages with
our Arduios and the serial plotter.

c. Predict the resonant frequency of your L RC' circuit using the large wire coils and
something close to a 330 nF' capacitor (Note, this is a different capacitance than
last lab!). This is necessary because our Arduinos can only collect data 2000 times
a second. That limits the frequencies we can see.

d. Setup an LRC circuit with the new capacitor in it (really just keep the same circuit
and swap out capacitors

e. Test the circuit using the oscilloscope. Again you should see a nice sine wave,
but now we need to be sure that the voltage is far less than our 5V limit for our
Arduino. We know the voltage is going to get bit at resonance. So we need to be

ful!
o _OOOrr:

WARNING

If done wrong this step can
destroy your Arduino

N

7

T

7

T

7

Y
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f. Adjust your signal generator near your new natural frequency of oscillation. Note
what happens to the amplitude as you tune the dial. This should be the same as
what you saw on the Oscilloscope (I might suggest just leaving the oscilloscope
connected).

g. Once again, determine your actual resonant frequency, f4.

h. Once again, calculate your inductance based on f4. Compare to your calculated
value. If there is a difference, try to explain it.

3. Now just for fun (time permitting), place a metal rod in your solenoid. Observe what
happens to the amplitude. What happens to the resonant frequency? Discuss how
metal detectors might work.

4. Check with your professor to make sure everything is set to start your student de-
signed project next week.
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Proposal

Student Designed Experi-
ments

The rest of the course (up to the final) consists of student designed experiments. The
process for the student designed experiments is as follows:

1. You and your lab group fill out a brainstorming sheet to come up with possible ex-
periments. You and your lab group prioritize the list and hand it in.

2. From that list I will approve an experiment to try.

3. You will have to write a proposal that describes what you plan to do for your experi-
ment.

4. Upon approval, you will perform the experiment, and report on the results in a written
paper and a (formal) oral presentation.

We have talked about each of these parts along the way. In this section of the manual,
I will describe what I am expecting for each of these assignments. You will have seen
some of this before.

You already have produced a proposal. This document was what you used to convince
me that your experiment could work and that you should be given the resources and
support to perform the experiment. Your proposal has the following parts:

1. Statement of the experimental problem
2. Procedures and anticipated difficulties
3. Proposed analysis and expected results

4. Preliminary List of equipment needed

We will now reuse these parts to perform the experiment and produce your final paper
and presentation.

Performing the experiment

I will provide you with the equipment we have agreed upon from your proposal. You
will have three lab days to perform your experimentation. I will be available for advice
and to watch for problems or safety issues. But you and your team will perform the
experiment. You will want to keep good notes in your lab notebook. You will likely
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have to change your procedure after you start because of problems. Take careful note
of what was actually done, and what your measurements were. Note any unusual things
that happen. Carefully record what you do.

Written report

The written report is designed to match a normal format for an applied physics article in
a journal likeApplied Optics or the IEEE Transactions journals.. There should be an in-
troduction, description of the procedure, description of the data and results, a description
of the analysis, and a conclusion. These sections are described in detail in the following
table.
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Oral report

Your group will have ten to fifteen minutes to explain your experiment and present your
results and conclusions. I will grade your presentation on the following areas:

Professionalism in the delivery 25

Clarity of the delivery 25
Quality of Visual Aids 25
Team support and Participation 25
Total 100

The format of the presentation should follow the format of the written report. Don’t
forget to give proper credit for pictures, or ideas and quotations in your presentation just
as you will in your written report.

Lab Notebook

Hopefully you noticed that a lab notebook is required for this class. The lab notebook
is designed to be a record of what you did. If you had to repeat today’s experiment five
years from now, could you do it based on what you write today?

At most professional labs and major engineering companies your lab notebook is con-
sidered the property of the company or organization. It is the proof that you did the
experiment that you say you did, and that you got the results you say you got. It has to
be readable and understandable to someone who did not participate in the lab with you.
This is a pretty tall order.

Of course the evidence that you participated in the group project will all be found in
your lab notebook. You have had experience in PH150 and throughout PH250. So you
are an expert in keeping lab notebooks. But as usual with a group project not all of what
happens will be written in your notebook. Some will be in your coworker’s notebooks.
That is fine, because you know to refer to that work in your notebook with a reference
to the notebook of the person that did the work. Note that the grade for the lab notebook
isa large part of your semester grade, this represents the fact that your lab notebook
isa large part of what a scientist does. Remember that the lab notebook must be kept
as you go. It is not OK to try to recreate it after the experiment is over. This takes time
away from fiddling with equipment and thinking about procedure, but it IS PART OF
PERFORMING THE EXPERIMENT. So recreating something at the end is the same as not
doing the assignment. When you are practicing in your field you will find that courts of
law feel the same way about lab notebooks. To prove you own the intellectual property
you have developed, the lab notebook has to be kept as you go.

Here are reminders from PH150 on how to keep a lab notebook:

Designing the Experiment

In PH150 we learned that to design an experiment we needed the following steps. Some
evidence of these steps should be found in your lab notebook:
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1. Identify the system to be examined. Identify the inputs and outputs. Describe your
system in your lab notebook.

2. Identify the model to be tested. Express the model in terms of an equation repre-
senting a prediction of the measurement you will make. Record this in your lab
notebook. (If you have not solved this problem in your PH121 class yet, call me
over and we will go through it together).

3. Plan how you will know if you are successful in your experiment. Plan graphs or
other reporting devices. Record this in your lab notebook.

4. Rectify your equation if needed. Record this in your lab notebook.
5. Choose ranges of the variables. Record this in your lab notebook.
6. Plan the experimental procedure. Record this in your lab notebook.

7. Perform the experiment . Record this in your lab notebook (see next section). You
will need your uncertainty equations from the proposal.

Performing the Experiment

Step 8 is really many individual steps recording the actual performance of the experi-
ment. You learned this in PH150, but here is a review of the criteria I will use to grade
your lab book:

e Describing the goal for the work
o Usually this takes the form of a physical law we will test.
e Give predictive equations and uncertainties for the predictions based on the physical
law.

e This usually involves forming a mathematical model. You should record any as-
sumptions that went into the model (e.g. no air resistance, point sources, massless
ropes, etc.).

e Give your procedure

e Recording what you really did (not the lab instructions), tell what changes you
make in your procedure as you make them.

e Record as you do the work.

e Record the equipment used and settings, values, etc. for that equipment (see next
item).

e Did you learn how to use any new equipment? What did you learn that you want

to recall later (say, when taking the final, or when you are a professional and need
to use a similar piece of equipment five years from now).

e Record the data you used. . The data are all the measurements you took plus your
best estimate of the uncertainties in the measurements. Record any values you got
from tables or published sources (or from your professor) and state where you got
these values. You don’t always want to write down all the data you use. If you have
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a large set of values, you can place them in a file, and then record the file name and
location in your lab notebook. Make sure this is a file location that does not change
(emailing the data to yourself is not a good plan).

e Give a record of the analysis you performed. You should have given some idea of
how you got your predictive equation. Now, what did you do to get the data through
the equation? Were there any extra calculations? Did you obtain a set of “truth data”
(data from tables or published sources, or from an alternate experiment) for your
experiment? If so, did you do any calculations, have any uncertainty, etc. associated
with the truth values?

e Give a brief statement of your results and their associated uncertainties.

e Draw conclusions

e Do your results support the theory? Why or why not? What else did you learn
along the way that you want to record.

o This is where we may compare the percent error to our relative uncertainty.

This may seem like a lot of work (that is because it IS a lot of work). It takes practice to
be able to do this professionally, which is why we do it here.



